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Abstract
Altered stress reactivity is a predominant feature of sex-biased neuropsychiatric diseases, with
hyperreactivity and hyporeactivity of the hypothalamic-pituitary-adrenal (HPA) stress reported in affective,
neurotic, and psychotic disorders. Stress dysregulation may precede symptom onset, and has been
characterized as a vulnerability that predisposes males and females to disease. Environmental factors,
particularly prior stress history, contribute to the developmental programming of stress reactivity in
exposed individuals and their offspring. Epigenetic marks in the brain are uniquely positioned to act at the
interface of stress and lasting changes in behavior and physiology, and epigenetic signatures in germ
cells are similarly poised to communicate experience-dependent information across generations. In this
dissertation, mouse models are used to examine the consequences of chronic stress on later stress
reactivity, and to define the molecular mechanisms involved in transgenerational and brain programming.
Results of the first set of studies revealed that paternal exposure to chronic variable stress elicits a
reduced HPA axis response in offspring, and that nine microRNAs (miRs) increased in the sperm of
stressed sires mediate this transmission, as zygote microinjection of the nine miRs remarkably
recapitulated of the paternal stress phenotype. Broad repression of the hypothalamic transcriptome
following paternal stress or miR-microinjection suggested that epigenetic reprogramming underlies
altered offspring stress reactivity. Further, targeted degradation of maternal mRNA transcripts in miRmicroinjected zygotes provided the first step in the complex regulatory cascade by which sperm miRs
impact the adult offspring brain. The final study offers evidence of the direct reprogramming of
neurodevelopment by chronic stress, highlighting the disruption of sex differences in the prefrontal cortex
by peripubertal stress as particularly relevant to the onset of sex-biased neuropsychiatric diseases.
Together, research presented in this dissertation support that epigenetic mechanisms mediate the
transgenerational transmission of chronic stress and allow lifetime adversity to program later stress
dysregulation.
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ABSTRACT
TRANSGENERATIONAL EPIGENETIC MECHANISMS
OF STRESS AXIS PROGRAMMING
Ali B. Rodgers
Tracy L. Bale
Altered stress reactivity is a predominant feature of sex-biased neuropsychiatric diseases,
with hyperreactivity and hyporeactivity of the hypothalamic-pituitary-adrenal (HPA)
stress reported in affective, neurotic, and psychotic disorders. Stress dysregulation may
precede symptom onset, and has been characterized as a vulnerability that predisposes
males and females to disease. Environmental factors, particularly prior stress history,
contribute to the developmental programming of stress reactivity in exposed individuals
and their offspring. Epigenetic marks in the brain are uniquely positioned to act at the
interface of stress and lasting changes in behavior and physiology, and epigenetic
signatures in germ cells are similarly poised to communicate experience-dependent
information across generations. In this dissertation, mouse models are used to examine
the consequences of chronic stress on later stress reactivity, and to define the molecular
mechanisms involved in transgenerational and brain programming. Results of the first set
of studies revealed that paternal exposure to chronic variable stress elicits a reduced HPA
axis response in offspring, and that nine microRNAs (miRs) increased in the sperm of
stressed sires mediate this transmission, as zygote microinjection of the nine miRs
remarkably recapitulated of the paternal stress phenotype. Broad repression of the
hypothalamic transcriptome following paternal stress or miR-microinjection suggested
that epigenetic reprogramming underlies altered offspring stress reactivity. Further,
iv

targeted degradation of maternal mRNA transcripts in miR-microinjected zygotes
provided the first step in the complex regulatory cascade by which sperm miRs impact
the adult offspring brain. The final study offers evidence of the direct reprogramming of
neurodevelopment by chronic stress, highlighting the disruption of sex differences in the
prefrontal cortex by peripubertal stress as particularly relevant to the onset of sex-biased
neuropsychiatric diseases. Together, research presented in this dissertation support that
epigenetic mechanisms mediate the transgenerational transmission of chronic stress and
allow lifetime adversity to program later stress dysregulation.
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CHAPTER 1
GENERAL INTRODUCTION
Much of the content in this chapter was originally published in Biological Psychiatry (in
press), PMID: 25895429, or adapted from work originally published in Neuroscience,
2014 Apr 4, Vol. 264:17-24, PMID: 24239720.
I. Stress dysregulation in neuropsychiatric disease
In the face of threat, the human body mounts a wholesale physiological defense,
activating a careful symphony of hormonal and neuronal responses that speeds heart rate,
mobilize energy reserves, and focuses attention (Ulrich-Lai and Herman, 2009). This
acute activation of stress regulatory pathways is an adaptive biological response, essential
for survival in an ever-dangerous world. But the chronic activation of these pathways
negatively affects the body and the brain, fostering vulnerability for a myriad of diseases
from hypertension to schizophrenia (McEwen and Stellar, 1993; de Kloet et al., 2005;
McEwen, 2008). Neuropsychiatric disease risk is especially influenced by chronic stress,
with stress exposure both precipitating and exacerbating affective, neurotic, and
psychotic symptoms (Lupien et al., 2009). It’s not surprising then that two related
theories of neuropsychiatric disease etiology incorporate experience-dependent factors.
The G x E x D model characterizes disease as a consequence of the dynamic interplay
between genetic predisposition and environmental factors across development (Lewis and
Levitt, 2002; Caspi and Moffitt, 2006; Meaney, 2010; Babenko et al., 2015), and the
Two-Hit Hypothesis similarly describes disease onset as a result of an environmental
insult acting on underlying genetic factors (Bayer et al., 1999). In these models, stress
exposure is one salient and robust environmental perturbation, though immune activation
and nutritional intake certainly play a significant role as well (Bale et al., 2010).
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Stress dysregulation is a hallmark of neuropsychiatric disease, with both
hyperreactivity and hyporeactivity of the hypothalamic-pituitary-adrenal (HPA)
neuroendocrine stress axis reported in patient populations (de Kloet et al., 2005).
Individual differences in stress sensitivity as regulated by the HPA axis may be an
underlying component of disease risk (Russo et al., 2012), as in post traumatic stress
disorder (PTSD), where only a subset of those who experience a severe traumatic event
develop pathological symptoms (Skelton et al., 2012). In fact, disruption of stress
neurocircuitry has been characterized as a pre-trauma vulnerability that increases the
probability of developing PTSD, rather than a symptom that develops in response to a
stressful experience (Yehuda, 2009). Thus, an understanding of factors contributing to the
development of the HPA axis promises insight into the clinical diagnosis and treatment of
neuropsychiatric diseases, affording the identification of at-risk individuals and
preventative treatment or early intervention.
HPA axis dysregulation has been observed in rodent models following parental
exposure to diverse environmental perturbations, including chronic stress, social defeat,
infection, malnutrition, and alcohol (Coe et al., 2003; Weaver et al., 2004; Virgolini et al.,
2006; Hellemans et al., 2008; Kapoor and Matthews, 2008; Mueller and Bale, 2008;
Harris and Seckl, 2011), as well as in response to direct exposure to adverse stimuli
during critical periods of development, such as adolescence (Paus et al., 2008; Holtzman
et al., 2013). Transgenerational evidence of supports the intriguing possibility of
experience-dependent inheritance, by which the parental environment can shape offspring
behavior and physiology. Reports of the transgenerational transmission of parental
experience have rapidly proliferated in recent years, indicating an increasing appreciation
2

of these robust environmental effects. Studies specifically examining maternal or paternal
experience occurring prior to offspring conception, so-called lifetime exposures, suggest
that transmission occurs through epigenetic modifications in germ cells, which may shift
the trajectory of offspring neurodevelopment to eventually impact adult phenotypes
(Franklin et al., 2010; Morgan and Bale, 2011; Zaidan et al., 2013). The reprogramming
of stress responsivity by direct environmental exposures similarly points to underlying
epigenetic mechanisms, as these regulators are uniquely positioned to both guide broad
developmental processes and respond to environmental inputs (Jaenisch and Bird, 2003;
Bale, 2015). This dissertation explores stress axis reprogramming in response to
transgenerational or direct environmental stress exposure, investigating patterns of
epigenetic regulation in germ cells and the adolescent brain.
II. Transgenerational effects of parental stress
Parental stress and neuropsychiatric disease risk Epidemiological studies have offered
strong evidence supporting altered offspring stress reactivity and neuropsychiatric disease
risk following maternal or paternal lifetime stress exposure. For instance, adult children
of Holocaust survivors were more likely to be diagnosed with a psychiatric disease such
as depression, anxiety, and PTSD (Yehuda et al., 1998; 2001; Scharf, 2007), and
offspring disease risk was found to increase similarly following parental exposure to
abuse or war-related trauma (Dubowitz et al., 2001; Miranda et al., 2011; Palosaari et al.,
2013; Rieder and Elbert, 2013). In these studies of parental lifetime stress experience,
offspring disease risk may have increased as a consequence of offspring HPA stress axis
reprogramming (van IJzendoorn et al., 2003; Brand et al., 2010; van Zuiden et al., 2013).
In fact, maternal PTSD among Holocaust survivors has been associated with increased
3

offspring sensitivity to glucocorticoid stress hormones as well as with decreased
methylation of their glucocorticoid receptor NR3C1 promoter region, both of which
correlated with their PTSD risk (Lehrner et al., 2014; Yehuda et al., 2014). Notably, the
association between parental stress and offspring PTSD may be driven more by the
presentation of parental pathology than by the initial parental trauma event (Yehuda et
al., 2014), suggesting that the stress of chronic disease may be required to induce
offspring neurodevelopmental reprogramming.
Retrospective human studies have historically emphasized parental behavior as
the primary mechanism by which lifetime stress experience can alter offspring stress
reactivity and mental health (Belsky, 1993; Oliver, 1993; Schofield et al., 2013). They
have proposed that disease or prior stress exposure alters parent-child relationships so as
to increase the level of stress experienced by offspring and thus impact disease
presentation, drawing on the well-known relationship of early life stress with later stress
axis dysregulation and disease risk (Nemeroff et al., 2006; Binder et al., 2008; Heim et
al., 2008; Mehta et al., 2013; Provencal and Binder, 2014). Interestingly, the impact of
early childhood experiences has also been characterized as bidirectional, where healthy
parental bonding, defined as the perception of low parental control and high affection,
has been associated with lower disease risk (Lima et al., 2014). However, the
contribution of alternative mechanisms of transgenerational transmission should be
considered alongside the role of experience-dependent changes to parental behavior.
Though not yet investigated following parental lifetime stress in humans, exposure to
smoking and other environmental toxins has been associated with epigenetic changes in
mature sperm, suggesting that molecular signatures in germ cells in addition to parental
4

behavior may be poised to pass on information about the parental environment to their
offspring (Li et al., 2012; Marczylo et al., 2012). The initiation of large-scale longitudinal
studies, such as the Avon Longitudinal Study of Parents and Children that has followed
approximately 14,500 English children from before birth into adulthood, offers the
exciting opportunity to estimate the relative contributions of genetic, behavioral, and
epigenetic

factors

in

human

transgenerational

transmission

(Golding,

1990;

GoldingALSPAC Study Team, 2004; Boyd et al., 2013).

Animal models of lifetime stress exposures The first evidence of the transgenerational
effects of parental lifetime stress experience in an animal model was reported nearly half
a century ago, where exposure of adult female rats to stress before mating altered
offspring behavioral stress responses, increasing exploratory behavior in a novel
environment through 2 subsequent generations (Wehmer et al., 1970). In the years since,
significant progress has been made in understanding mechanisms by which parental
experience reprograms offspring stress-related behaviors and physiology, afforded by
extensive evidence of offspring reprogramming in response to parental lifetime stress.
For example, in our model of early prenatal stress, exposure to chronic variable stress in
utero increased male HPA stress axis reactivity and altered male stress coping behaviors,
including increased immobility in the tail suspension test, and these phenotypes
transmitted to the next generation through the male lineage (Mueller and Bale, 2008;
Morgan and Bale, 2011). Postnatal stress has also been shown to induce stress
dysregulation in subsequent generations, including observations of behavioral deficits on
the forced swim task and decreased blood glucose in response to acute restraint in first
5

and second generation offspring of male mice exposed postnatally to unpredictable
maternal separation with maternal stress (Franklin et al., 2010; 2011; Bohacek et al.,
2014; Gapp et al., 2014). Notably, the transgenerational impact of parental lifetime stress
is not restricted to the perinatal window, and changes in offspring stress-related behavior
and physiology have been reported following parental exposure stress through
adolescence or in adulthood (Dietz et al., 2011; Saavedra-Rodríguez and Feig, 2013;
Zaidan et al., 2013). While sex-specific effects reported in some of these rodent models
offer the intriguing possibility that parental experience contributes to sex differences in
stress responsivity and, in humans, disease risk, the absence of these effects in other
models contrasts this hypothesis. Further study of behavioral and physiological
phenotypes in both male and female offspring will clarify potential sex-specific
vulnerabilities as well as mechanisms by which they may be programmed.
Potential modes of transgenerational transmission have been investigated in
rodent models specifically examining the paternal lineage, where the relative exclusion of
behavioral and environmental factors affords the mechanistic evaluation of epigenetic
marks in sperm, a readily accessible tissue (Rando, 2012). By contrast, transmission
through the maternal lineage relies on the complex maternal-fetal/neonatal interaction,
where changes in the intrauterine environment, parturition, lactation, and early maternal
care may impact stress sensitivity in future generations (Champagne, 2008). Few studies
have investigated animal models of maternal stress exposure prior to offspring
conception (Zaidan et al., 2013; Bock et al., 2014), likely due to the confounding effects
of the maternal milieu and behavior. Additionally, evaluation of potential epigenetic
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marks in these studies would require superovulation, a hormone-dependent process which
may itself change marks in oocytes (Mainigi et al., 2014).
In paternal stress studies, epigenetic signatures in sperm have been highlighted as
a likely substrate of offspring reprogramming (Rodgers et al., 2013; Gapp et al., 2014;
Petropoulos et al., 2014), supported by evidence of altered patterns of retained histone
modifications, DNA methylation, and/or populations of small noncoding RNAs in germ
cells following diverse paternal insults (Dias and Ressler, 2013; Fullston et al., 2013;
Lambrot et al., 2013; Vassoler et al., 2013; Guerrero-Bosagna et al., 2014; Milekic et al.,
2014; Radford et al., 2014). Though behaviorally-mediated mechanisms of transmission
have been proposed in paternal studies, such as potential shifts in maternal investment in
response to a perception of mate quality or the role of paternal behavior (Mashoodh et al.,
2012; Braun and Champagne, 2014), laboratory rodents typically are not bi-parental;
males do not participate in rearing offspring, and male-female interactions can be limited
to defined breeding windows to control for confounding effects of the male’s impact on
the dam (Rando, 2012). Further, artificial reproductive techniques including in vitro
fertilization and zygote microinjection have been used to directly assess epigenetic
transmission through the male germ line, demonstrating the role of sperm epigenetic
marks in transgenerational reprogramming (Dietz et al., 2011; Dias and Ressler, 2013;
Gapp et al., 2014). Recent development of enzymes capable of site-specific epigenetic
modification may offer additional opportunities to investigate the role of specific
epigenetic signatures in the sperm in the transgenerational transmission of paternal stress
experience (Konermann et al., 2013; Mendenhall et al., 2013).

7

Epigenetic signatures of stress experience. Three modes of epigenetic inheritance in
male germ cells—post-translational histone modifications, DNA methylation, and RNA
populations—have been proposed as likely substrates of transgenerational transmission,
noting their potential ability to both respond to paternal stress experience and reprogram
offspring stress reactivity (Jirtle and Skinner, 2007). Evidence suggests that these germ
cell marks are continuously vulnerable to environmental perturbations, as altered
offspring phenotypes following an initial paternal stress experience prenatally,
postnatally, in adolescence, or in adulthood have been reported (Dietz et al., 2011;
Morgan and Bale, 2011; Rodgers et al., 2013; Gapp et al., 2014; Petropoulos et al., 2014).
However, the effects of stress experience on the germline likely depend on the timing and
duration of exposure. Gestational or early life exposures likely reprogram primordial
germ cells in the embryonic gonadal ridge or immature postnatal testis, and insults later
in life may instead impact germ cells further along in spermatogenesis (Godmann et al.,
2009). Once sperm are fully mature, they are stored in the epididymis where epigenetic
marks are thought to be largely impervious to change or to the environment (Gannon et
al., 2014), although limited evidence of intercellular communication between mature
sperm and the epididymal epithelial cells suggests that small noncoding RNA populations
in mature sperm may still be altered (Belleannée et al., 2013; Sullivan and Saez, 2013). In
the following sections, we introduce evidence of transgenerational transmission through
the three classes of epigenetic marks in sperm cells, examining their regulation through
spermatogenesis and highlighting potential consequences on offspring reprogramming.

8

Post-translational histone modifications. The basic unit of chromatin is the nucleosome,
which consists of DNA tightly bound to a core of eight histone proteins. Covalent
modifications, such as acetylation, methylation, or ubiquitination, of the N-terminus tails
of these histone proteins determine the accessibility of chromatin and broadly regulates
transcription (Jenuwein and Allis, 2001). Until recently, the code of post-translational
modifications on paternal histone proteins was considered to be lost during the process
of spermatogenesis, when chromatin compaction is achieved through the incorporation of
the unique nucleosome proteins known as protamines, suggesting therefore that these
epigenetic marks could not directly mediate transgenerational transmission (Miller et al.,
2010; Jenkins and Carrell, 2012a). However, studies in C. elegans and Drosophila found
that a subset of histone modifications persist through spermatogenesis and fertilization,
and may act as a substrate of epigenetic inheritance (Greer et al., 2011; Seong et al.,
2011). Notably, a small percentage of histone proteins and their modifications have also
been observed in condensed mammalian sperm, with approximately 1% of histone
proteins retained in rodents and 10% in humans (Brykczynska et al., 2010). Histone
retention was found to occur preferentially at genomic regions critical to embryogenesis,
including developmental gene promoters, microRNA clusters, and imprinted loci,
supporting the potential of post-translational histone marks to afford paternal control over
early offspring development (Gatewood et al., 1987; Hammoud et al., 2009; Brykczynska
et al., 2010). Future studies will need to examine the mechanisms by which paternal
stress experience may influence post-translational modifications of retained histone
proteins and their ability to alter their offspring’s phenotype.

9

DNA methylation. Methylation of cytosine residues at cytosine-phosphate-guanine
dinucleotides (CpGs), as well as non-CpG sites, in sperm DNA has been characterized as
a potential substrate of transgenerational transmission, with reports associating changes
in specific or global methylation patterns in sperm with offspring phenotypes following
early life stress (Franklin et al., 2010; Bohacek et al., 2014) or adult glucocorticoid
administration (Petropoulos et al., 2014). Paternal exposure to cocaine self-administration
or olfactory fear conditioning has been similarly associated with changes in sperm DNA
methylation patterns (Dias and Ressler, 2013; Vassoler et al., 2013). These environmental
cues may reprogram DNA methylation in sperm through the direct interaction with germ
cell membrane receptors, as has been proposed for cocaine (Yazigi et al., 1991; Meizel,
2004), or through activation of complex signaling cascades, perhaps involving the
metabolic regulation of spermatogenesis by supportive Sertoli cells (Rato et al., 2012).
In order to impart offspring programming effects, experience-dependent changes
in DNA methylation patterns must be maintained through two waves of global erasure
and reprogramming, first immediately following fertilization and the second during
primordial germ cell development (Toth, 2014). However, methylation patterns at notable
loci, including genetically imprinted regions, can escape erasure, supporting the
importance of methylation as a potential mechanism of transgenerational epigenetic
transmission (Hackett et al., 2013). While the maintenance of DNA methylation patterns
through development is not fully understood, imprinted genes that escape erasure
function primarily in embryonic and neonatal growth, perhaps reflecting differential
evolutionary pressures in the maternal and paternal lineages (Barlow and Bartolomei,
2014). Defects in gene imprinting result in Angelman, Prader-Willi, and Beckwith10

Weidemann syndromes (Lawson et al., 2013), suggesting both that the careful regulation
of DNA methylation is essential for offspring development and that it may be resistant to
dynamic regulation by environmental stress. Interestingly, DNA methylation patterns in
the early embryo may differ between developing somatic and germ cells (Barlow and
Bartolomei, 2014). Depending on the timing of stress exposure, this distinction may
underlie differences in transmission to first and second generation offspring, such as
instances when phenotypes appear to skip a generation (i.e., the pattern of methylation
affected in somatic cells does not produce a phenotype in the first generation, but affected
germ cells giving rise to the second generation seemingly produce a phenotype).

Sperm RNAs. The third class of epigenetic mark implicated in transgenerational
transmission, sperm RNA populations, was first proposed in C. elegans, where induction
of RNA interference induced gene silencing through four to five generations in the
paternal lineage (Fire et al., 1998). More recently, mRNA and small non-coding RNA
populations have been identified in mammalian sperm (Krawetz et al., 2011; Kawano et
al., 2012; Sendler et al., 2013), where changes in RNA populations have been implicated
in the programming of offspring stress-related phenotypes following paternal stress
exposure, including HPA axis hyporeactivity (Rodgers et al., 2013; Gapp et al., 2014). In
fact, total RNA isolated from the sperm of stressed sires and injected into zygotes was
shown to recapitulate aspects of the offspring phenotype (Gapp et al., 2014). Sperm
mRNA populations may mediate transgenerational transmission to some extent
(Rassoulzadegan et al., 2006), however, due to their key role in regulating
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embryogenesis, small non-coding RNA populations have emerged as a primary mediator
of transgenerational reprogramming (Pauli et al., 2011).
Populations of small ~22bp RNA molecules known as microRNA are essential to
early embryogenesis, where they regulate the selective degradation of stores of maternal
mRNA in the zygote through the activity of the RNA-induced silencing complex (RISC)
(Ostermeier et al., 2004; Pauli et al., 2011). Loss of Dicer, the protein which preprocesses
microRNA and loads them into the RISC, or of Argonaut 2, the functional component of
the RISC with endonuclease activity, in mouse oocytes results in early embryonic
lethality (Bernstein et al., 2003; Lykke-Andersen et al., 2008). As each microRNA
directly targets hundreds of different mRNAs, disruption of specific microRNA may
elicit profound programmatic and developmental effects (Baek et al., 2008; Selbach et al.,
2008). Recently, the targeted silencing of miR-34, a microRNA present in sperm but not
oocytes, was reported to significantly restrict early embryogenesis, supporting a critical
role of paternal microRNA in offspring development (Liu et al., 2012b). The
interdependence of epigenetic machinery, such as crosstalk between microRNA and other
epigenetic marks, may be crucial for the transgenerational transmission of paternal stress.
The genomic loci of sperm microRNA are associated with regions of hypomethylation
and the histone mark H3K4me3 (Sendler et al., 2013), suggesting that the expression of
sperm microRNA may be controlled by these upstream epigenetic marks. Additionally,
post-fertilization, microRNA may program lasting effects by inducing transcriptional
activation or repression within the nucleus through other epigenetic mechanisms
(Roberts, 2014). In fact, microRNA can regulate de novo methylation in embryonic stem
cells (Sinkkonen et al., 2008).
12

Far less is known about the potential role of PIWI-associated RNAs (piRNAs) as
a potential mediator of epigenetic inheritance. piRNAs are small ~30bp noncoding RNAs
expressed mostly in spermatids at much higher levels than microRNA, and primarily
function to silence transposable elements during spermatogenesis (Grivna et al., 2006;
Siomi et al., 2011). piRNAs have been associated with transcriptional silencing in C.
elegans through multiple generations (Ashe et al., 2012), but their role in mammalian
epigenetic inheritance requires further study (Fu and Wang, 2014).

Influence of germ cell marks on offspring neurodevelopment. The mechanisms by
which sperm epigenetic marks program lasting consequences on offspring stress
reactivity and shape disease susceptibility or resilience remain unclear. In this section, we
explore potential pathways by which these molecular signatures may facilitate brain
reprogramming; specifically how germ cell marks may influence maturation of the HPA
axis and behavioral stress responses. Activation of the HPA axis is critical for the body’s
physiological response to homeostatic challenge and, as described earlier, stress axis
dysregulation is a predominant feature of neuropsychiatric diseases (Yehuda et al., 2014).

Epigenetic marks persist from sperm to brain. Transgenerational models of parental
lifetime exposures first suggested that an initial epigenetic mark in germ cells could be
maintained throughout developmental stages and into the adult brain, where it was
directly or indirectly responsible for changes in behavior or physiology (Figure 1.1). For
example, in a mouse model of early life stress, changes in DNA methylation status of two
specific genes, Crhr2 and Mecp2, was altered in both the sperm of the stressed sires and
13

in the brains of their female offspring (Franklin et al., 2010). The persistence of
microRNA changes has also been observed, where an increase in miR-339 initially
identified in the paternal sperm was similarly detected in their offspring’s hippocampus
and associated with offspring behavioral changes (Gapp et al., 2014).
Evidence from models of diverse paternal exposures support the potential of
epigenetic marks to persist from the mature sperm into the adult brain reported in models
of early life stress (Dias and Ressler, 2013; Lambrot et al., 2013; Vassoler et al., 2013;
Bohacek et al., 2014; Milekic et al., 2014), yet the specificity and permanence of the
proposed epigenetic signatures is remarkable. The precise activation of sperm epigenetic
machinery at genetic loci involved in stress axis regulation suggests a very specific
targeting mechanism that stands in contrast to the more commonly characterized role of
epigenetic marks as broad transcriptional control mechanisms (Jenkins and Carrell,
2012a). However, such limited epigenetic changes reported might actually represent more
global modifications that were not examined in these studies. Secondly, as gametes fuse
to form the zygote, which is a pluripotent cell that gives rise to all differentiating cell
lineages, an epigenetic modification that persists from sperm into neurons may be
expected to propagate universally (Gannon et al., 2014). Studies have reported
correlations in epigenetic signatures between peripheral tissues such as white blood cells
and postmortem brain tissues of psychiatric patients (Mill et al., 2008; Dempster et al.,
2011), supporting the persistence of germ cell changes and offering a potential biomarker
of brain epigenetic status or parental experience. However, others have described
significant between-tissue variability (Christensen et al., 2009; Davies et al., 2012),
perhaps because various cell types may not uniformly maintain inherited epigenetic
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marks across development (Li et al., 2014; Shipony et al., 2014). Such differential
maintenance of epigenetic marks may underlie the tissue- or brain region-specific
outcomes observed in offspring following parental stress (Bohacek et al., 2014; Gapp et
al., 2014).

Sperm epigenome alters the trajectory of offspring development. Alternatively, a germ
cell epigenetic mark programmed by parental environmental exposure may initiate a
cascade of molecular events in the early zygote, eventually altering offspring
development and affecting long-term changes in behavior or physiology (Figure 1.1).
Evidence of dissimilar epigenetic signatures in sperm and offspring brain tissue following
paternal perturbation support the notion of a cascading signal (Guerrero-Bosagna et al.,
2010; Morgan and Bale, 2011; Fullston et al., 2013; Radford et al., 2014). For example,
in a recent study examining the specific role of stress hormones in programming
epigenetic marks, different methylation patterns were observed in the sire sperm and the
offspring hippocampus or kidney following glucocorticoid administration (Petropoulos et
al., 2014). Mechanistically, it is likely that epigenetic alterations in the zygote subtly shift
developmental processes, where slight changes in cell proliferation, migration, or
differentiation are the next step in the molecular cascade from the sperm epigenome to
offspring brain function (Gannon et al., 2014). The links between a germ cell epigenetic
mark and eventual changes in offspring stress responsivity are no doubt complex and
currently unknown. A careful step-wise approach can forward our understanding of this
cascade of molecular events and offer insight into transgenerational consequences of
parental stress experience for offspring stress axis reactivity.
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III. Stress dysregulation precipitated by pubertal adversity
Studies investigating the epigenetic regulation of long-term changes in the brain
and behavior following adolescence exposures have focused on commonly encountered
adverse stimuli, chiefly cannabis and alcohol use, and have identified altered brain
patterns of post-translational histone modifications in males following adolescent
exposure to Δ(9)-tetrahydrocannabinol or ethanol (Pascual et al., 2012; Tomasiewicz et
al., 2012). Chronic stress during adolescence may similarly exploit epigenetic
mechanisms, altering brain development and inducing adult neurobehavioral deficits
relevant to stress axis regulation. In fact, recent studies report changes in promoter
methylation of the glucocorticoid receptor and corticotropin-releasing factor in the
amygdala, or of tyrosine hydroxylase in mesocortical VTA projecting neurons following
chronic stress of pubertal male rodents (Niwa et al., 2013; Tran et al., 2013). It is
important to note too that positive stimuli such as physical exercise may also impact the
adolescent brain through epigenetic mechanisms, and voluntary wheel running in
adolescent male mice induced elevated hippocampal histone acetylation (Abel and
Rissman, 2013). However, insofar as these studies investigate long-term epigenetic
reprogramming of development only in males, they have overlooked the incredible
importance of sex differences during the adolescent window and the potential for sexspecific patterns of epigenetic regulation.
Puberty is a period of considerable sex-specific vulnerability to stress, with lasting
impacts on the maturing neural systems and consequences for adult behavior (Walker et
al., 2004; Romeo and McEwen, 2006; Toledo-Rodriguez and Sandi, 2011; Eiland and
Romeo, 2012; Markham et al., 2013). In humans, neuropsychiatric disorders often onset
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during or immediately following puberty (Kessler et al., 2007; Paus et al., 2008).
Considerable and well-established sex biases in disease presentation, with depression,
PTSD, anxiety, and eating disorders more prevalent in females and higher levels of
aggression, substance abuse, and risk-taking behaviors in males, support that sex
differences in adolescent neurodevelopment may be critical determinants of disease
trajectory (Becker et al., 2007; Paus et al., 2008). Further, puberty involves broad and
sex-specific changes in the regulation of the HPA axis, including neural activation of the
paraventricular nucleus and glucocorticoid-dependent negative feedback (Viau et al.,
2005; Romeo, 2010; Liu et al., 2012a; Mohr and Sisk, 2013). Thus, the establishment of
sex differences in the stress response neurocircuitry in adolescence, and any experiencedependent epigenetic modification to these differences, are integral to our understanding
of adolescent disease vulnerability.
Following a period of relative quiescence during late childhood, massive brain
reorganization and maturation occurs during puberty, and this occurs in a sex-specific
fashion (Ingalhalikar et al., 2014; Satterthwaite et al., 2014). Sex differences in
peripubertal maturation of the prefrontal cortex (PFC) may be of particular importance,
as disruption of PFC function is central to many sex-biased neuropsychiatric diseases and
chronic stress during this window has been shown to alter aspects of PFC development,
including oligodendrocyte populations and dopamine and serotonin systems (Makinodan
et al., 2012; Márquez et al., 2013). Hormone-dependent and hormone-independent
processes regulate the appearance of sex differences, and these mechanisms have been
investigated extensively through use of the “four core genotypes” model in which the
testes determining factor gene, Sry, has been transposed onto an autosome, the “XY*”
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model in which a pseudoautosomal region on the Y chromosome affords abnormal
crossover events during meiosis, and ChrY substitution strains (Arnold, 2014). Likely,
both gonadal hormones and sex chromosomes regulate the sex-specific maturation of the
peripubertal PFC. However, while both of these processes require the careful regulation
of chromatin state, the role of epigenetic signatures in shaping PFC development and/or
its disruption by chronic stress have not been well characterized.

IV. Overview of Dissertation.
Thus, in light of the established relationship between stress regulation and
neuropsychiatric disease discussed above, the broad motivation for this dissertation was
twofold—to characterize the role of transgenerational stress in disease predisposition and
to examine the role of adolescent stress in disease precipitation. Establishing a mouse
model of paternal stress where male exposure to chronic variable stress alters the
offspring HPA axis stress response in Chapter 2, we adopt a mechanistic perspective to
investigate

germ

cell

epigenetic

marks

responsible

for

experience-dependent

reprogramming of stress reactivity in Chapter 3. Using zygote microinjection, we
demonstrate that sperm microRNA can induce long-term change in the PVN and thus
affect HPA axis reactivity. Chapter 4 then introduces a second a mouse model that
instead examines the direct impact of peripubertal stress exposure on brain maturation
and adult stress reactivity, highlighting the disruption of sex differences that suggest
underlying epigenetic regulation. The dissertation concludes in Chapter 5 with a general
discussion of the implications of this work and potential future directions.
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Figure 1.1 Proposed effects of sperm epigenetic marks post-fertilization. Histone
modifications, DNA methylation patterns, and small noncoding RNA populations contained in
the mature sperm may direct development in the zygote through transcriptional and
posttranscriptional mechanisms, initiating a molecular cascade that may eventually impact the
brain. Alternatively, these epigenetic marks may persist through development into the adult brain,
exerting continual control over gene regulation. By altering these epigenetic signatures in sperm,
environmental exposure to chronic stress can ultimately reprogram offspring behavior and/or
physiology, influencing disease risk. Illustration by Jay LeVasseur / www.appliedartstudio.com.
miR, microRNA; mRNA, messenger RNA; RISC, RNA-induced silencing complex. Figure is as
originally published in Biological Psychiatry (in press), PMID: 25895429.
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Abstract
Neuropsychiatric disease frequently presents with an underlying hypo- or hyperreactivity of the HPA stress axis, suggesting an exceptional vulnerability of this circuitry
to external perturbations. Parental lifetime exposures to environmental challenges are
associated with increased offspring neuropsychiatric disease risk, and likely contribute to
stress dysregulation. While maternal influences have been extensively examined, much
less is known regarding the specific role of paternal factors. To investigate the potential
mechanisms by which paternal stress may contribute to offspring HPA axis
dysregulation, we exposed mice to six weeks of chronic stress prior to breeding. As
epidemiological studies support a heightened susceptibility of paternal germ cells to
reprogramming during limited developmental windows, male stress exposure occurred
either throughout puberty or in adulthood. Remarkably, offspring of sires from both
paternal stress groups displayed significantly reduced HPA axis stress responsivity. Gene
set enrichment analyses in offspring stress regulating brain regions, the paraventricular
nucleus (PVN) and the bed nucleus of stria terminalis (BNST), revealed global pattern
changes in transcription suggestive of epigenetic reprogramming and consistent with
altered offspring stress responsivity, including increased expression of glucocorticoidresponsive genes in the PVN. In examining potential epigenetic mechanisms of germ cell
transmission, we found robust changes in sperm miRNA (miR) content, where nine
specific miRs were significantly increased in both paternal stress groups. Overall, these
results demonstrate that paternal experience across the lifespan can induce germ cell
epigenetic reprogramming and impact offspring HPA stress axis regulation, and may
therefore offer novel insight into factors influencing neuropsychiatric disease risk.
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Introduction
Stress dysregulation is a common underlying feature in neurodevelopmental and
affective disorders, with hyper- and hypo- reactivity of the HPA stress axis reported in
schizophrenia, autism, and depression (Arborelius et al., 1999; Moghaddam, 2002;
Nestler et al., 2002; Walker et al., 2008; Corbett et al., 2009). Parental exposures to
stress, infection, malnutrition, and advanced age have been linked with increased
offspring presentation of neuropsychiatric diseases (Kinney et al., 2008; Rosenfield et al.,
2010; Brown, 2011; Hultman et al., 2011; Patterson, 2011). The HPA stress axis is
remarkably vulnerable to environmental perturbations, and parental experiences likely
influence disease risk by altering stress pathway regulation (Matthews, 2002). While
maternal insults experienced during pregnancy can directly impact fetal development, the
mechanisms by which lifelong maternal or paternal exposures can affect offspring
neurodevelopment are less well understood (Bale et al., 2010).
Epigenetic marks in germ cells are a proposed mechanism by which parental
environmental exposures shape offspring neurodevelopment (Jirtle and Skinner, 2007;
Guerrero-Bosagna

and

Skinner,

2012).

When

examining

mechanisms

of

transgenerational transmission, studies of maternal experience must consider the complex
maternal:fetal/neonatal interaction, including changes in the intrauterine environment,
lactation, and maternal behaviors (Champagne, 2008). However, paternal studies in
rodent models, where the sire does not participate in rearing of the offspring, allow for
relative exclusion of factors outside of the germ cell contribution, providing a
homogenous and easily accessible tissue for examining epigenetic marks (Rando, 2012).
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Research from rodent models of male exposure to dietary challenge, drugs of
abuse, or social defeat support the transmission of paternal experiences to offspring
through epigenetic marks in sperm (Carone et al., 2010; Guerrero-Bosagna et al., 2010;
Ng et al., 2010; Dietz et al., 2011; Vassoler et al., 2013). Although mature sperm lack
the machinery necessary for chromatin remodeling, spermatozoa RNA populations,
histone modifications, and methylation patterns reflect heritable responses to
environmental challenges that may occur during spermatogenesis (Godmann et al., 2009;
Skinner and Guerrero-Bosagna, 2009). Of specific interest is the sperm microRNA
(miR) content, as miRs are a mode of dynamic epigenetic regulation that rapidly respond
to environmental perturbations and likely regulate gene expression post-fertilization
(Giraldez et al., 2006; Rassoulzadegan et al., 2006; Grandjean et al., 2009).
Epidemiological evidence from Swedish famine years suggests that germ cell
susceptibility to reprogramming, and its subsequent effects on future generations’
disease risk, is greatest during the slow growth period of preadolescence (Kaati et al.,
2002; Pembrey et al., 2006; Kaati et al., 2007)
Therefore, in order to examine the effect of paternal stress exposure across the
lifespan on offspring HPA axis regulation, male mice were exposed to six weeks of
chronic stress, prior to breeding, either throughout puberty or only in adulthood.
Offspring stress reactivity and gene array analysis of offspring stress regulatory brain
regions, the PVN and BNST, were subsequently examined. Paternal sperm miR content
was assessed as an indication of potential epigenetic marks associated with the
reprogramming of offspring physiology or behavior.
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Materials & Methods
Animals: All mice bred for paternal stress studies were virgin, in-house C57BL/6:129 F1
hybrid mice. The hybrid vigor of this background strain provides a reproducible balance
of stress responsivity, behavioral performance, and maternal care (Mueller and Bale,
2006; Bale et al., 2010). All mice were housed in a 12:12 light:dark cycle with ambient
temperature 22°C and relative humidity 42%. Food (Purina Rodent Chow; 28.1%
protein, 59.8% carbohydrate, 12.1% fat) and water were provided ad libitum. All studies
were performed according to experimental protocols approved by the University of
Pennsylvania Institutional Animal Care and Use Committee, and all procedures were
conducted in accordance with the NIH Guide for the Care and Use of Laboratory
Animals.

Chronic Variable Stress: Administration of chronic variable stress was performed as
previously described (Mueller and Bale, 2006). Briefly, males were randomly assigned
to a control non-stressed group (n=13) or to one of two experimental groups, receiving
42 days of chronic variable stress throughout puberty (PN28-70, n=13) or in adulthood
(PN56-98, n=13). Seven different stressors were randomized and administered one per
day. The order of seven stressors varied across weeks. The duration of stress (42 d) was
selected to encompass a complete round of spermatogenesis, exposing sperm to stress at
all stages of maturation (Oakberg, 1956). Stressors, selected because they are nonhabituating, do not induce pain, and do not affect food or water intake, included the
following: 36 h constant light, 15 min exposure to fox odor (1:5000 2,4,5trimethylthiazole; Acros Organics, Geel, Belgium), novel object (marbles) overnight, 15
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min restraint in a 50 mL conical tube, multiple cage changes, novel 100 dB white noise
(Sleep Machine; Brookstone, Merrimack, NH) overnight, and saturated bedding
overnight.

Breeding scheme: Following completion of chronic variable stress, all males were
experienced with a single female for 14 days to remove any acute stress effects on male
behavior and/or mature sperm stored in the epididymis. Males were then bred with naïve
females for 1-3 nights. To minimize male-female interactions, which may influence
maternal investment or care and subsequently affect offspring development (Curley et
al., 2011), pregnancy was established by confirmation of a copulation plug (identified
each morning within 1 hr after lights on) and signaled immediate removal of the female
to her own cage containing a nestlet. Breeding resulted in litters sired from control
(n=8), pubertally stressed (n=10), and adult stressed (n=9) males.

Characterization of offspring physiological & behavioral phenotypes
All reported experimental n’s refer to litter n’s. Same-sex littermates were split into three
groups for physiological and behavioral characterization. Groups were examined for
either HPA stress axis responsivity and prepulse inhibition (PPI), or performance on the
tail suspension test (TST) and Barnes maze, or performance in the light-dark (LD) box
and postmortem molecular measures. A minimum 10 d recovery period separated tests.

HPA axis responsivity: Plasma corticosterone was measured following an acute 15-min
restraint in a 50 mL conical tube. Testing occurred 2-5 h after lights on. Tail blood from
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adult mice (n=7-10 per group) was collected at onset and completion of restraint (0 and
15 min, respectively) and 15 and 75 min after the end of restraint (30 min & 90 min,
respectively). Tail blood collection requires <30 sec to complete. Samples were
immediately mixed with 50 mM EDTA and centrifuged 10 min at 5000 rpm. Plasma was
collected and stored at -80°C until analysis. Corticosterone levels were determined by
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I-corticosterone radioimmunoassay (MP Biomedicals, Orangeburg, NY) following kit

instructions. The minimum detection limit of the assay was 7.7 ng/ml, and the intraassay
coefficient of variation was 7.1%.

Prepulse inhibition: PPI of acoustic startle was recorded in SR-LAB startle chambers
(San Diego Instruments, San Diego, CA) as previously described (Geyer and Dulawa,
2003). All test sessions were conducted 2-6 h after lights off. A PPI test session began
with 5 min acclimation to background noise (65 dB) followed by five consecutive acute
habituation tones (40 ms duration; 120 dB). Ten repetitions of each of the following trial
types were then presented in pseudorandomized blocks: startle pulse only (40 ms; 120
dB), no stimulus (65 dB; background), & prepulses +4, +8, or +16 dB above background
(20 ms; 69, 73, or 81 dB) preceding the startle pulse (40 ms; 120 dB) by 100 ms.
Intertrial intervals averaged 15 sec. Acoustic startle response was defined as the peak
startle magnitude recorded during 65 consecutive 1 ms readings following the startle
pulse onset. Percent PPI for each prepulse intensity was calculated for each animal (n=56 per group) as [1 – (average response to prepulse + startle)/(average response to
startle only)] x 100 before group averages were compared. Animals with average
response in startle only trials of ≤ 50 mV were excluded from analysis.
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Tail suspension test: The TST was performed as previously described (Steru et al.,
1985). Briefly, adult mice (n=7-10 per group) were secured to a rod by adhesive tape
placed 1 cm from the tip of the tail and suspended 50 cm above the bench-top. Testing
occurred 2-5 h after lights on. Total immobility time, defined as the absence of
movement except whisker twitches and respiration, was recorded over the 6 min test
session. Testing was digitally recorded and analyzed manually using ANY-maze v4.75
software (Stoelting Co., Wood Dale, IL).

Barnes maze: A modified Barnes maze was performed as previously described (Mueller
and Bale, 2007). Briefly, adult mice (n=7-10 per group) were trained 2 trials/day for 3
days (4h separation between trials) to find a target escape box. The location of the target
escape box under 1 of 24 holes evenly spaced around the perimeter of a 90 cm circular
disk remained constant throughout training. Latency to identify the target escape box by
nose poke or head deflection was determined for each trial. Each trial ended when the
mouse identified and entered the target box or after 4 min of elapsed time. If the target
box was not successfully entered within 4 min, the investigator guided the mouse into
the target box and a latency of 240 s was assigned. Testing was digitally recorded and
analyzed manually using ANY-maze v4.75 software (Stoelting Co., Wood Dale, IL).

Light-dark box: The light-dark box test was performed as previously described (Bale et
al., 2000),(McEuen et al., 2009). Adult mice (n=6-8 per group) were placed in the light
compartment at the beginning of the 10-min test session. Light intensities were set at 5
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lux in the dark compartment and 300 lux in the light compartment. All testing occurred
2-5 h after lights off. Total time spent in the light compartment and the number of lightto-dark transitions were analyzed with ANY-maze v4.75 software (Stoelting).

Mechanistic evaluation of blunted stress responsivity
Acute selective serotonin reuptake inhibitor (SSRI): Activation of the HPA axis by
citalopram, in the absence of any additional stressor, was examined as previously
described (Goel et al., 2011). Plasma corticosterone was measured in offspring (n=5-8
per group) as described above, except that animals were injected with 15 mg/kg
citalopram (Sigma-Aldrich) or vehicle (0.9% saline) at time 0 min and were not
restrained.

Adult tissue collection: Adult male and female offspring of paternal stress or control
sires (n=6-8 per group) were rapidly decapitated under isoflurane anesthesia at 22-24
weeks of age. Whole brains were removed, immediately frozen on dry ice, and stored at
-80°C. The pituitary gland and left adrenal gland were removed, flash frozen in liquid
nitrogen, and stored at -80°C. Approximately 5x10^6 sperm were isolated from the
caudal epididymis of adult males into PBS with 1% BSA at 37°C through a swim-up
assay. After settling for 30 min, sperm-containing supernatant was centrifuged for 5 min
at 4000 rpm. Sperm pellets were stored -80°C.

Peripheral gene expression: Whole pituitary and left adrenal glands (n=6-8 per group)
were bath-sonicated for 7 min (30 sec on/off cycles) in TRIzol reagent (Invitrogen,
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Carlsbad, CA) and total RNA was isolated according to manufacturer’s protocol. cDNA
was transcribed using the High-Capacity cDNA reverse transcriptase kit (Applied
Biosystems, Foster City, CA). Changes in pituitary corticotrophin-releasing factor
receptor 1 (CRFr1; NM_007762.4, Mm00432670_m1), pituitary proopiomelanocortin
(POMC; NM_008895.3, Mm00435874_m1), adrenal melanocortin 2 receptor (Mc2r;
NM_008560.2, Mm00434865_s1), and adrenal 11-beta hydroxysteriod dehydrogenase 1
(11βHSD-1; NM_001044751.1, Mm00476182_m1) were measured by quantitative realtime PCR using TaqMan gene expression assays (Applied Biosystems, Foster City, CA).
Samples were run in triplicate for the target genes and endogenous controls (pituitary,
Gapdh,

NM_0080842.2,

Mm99999915_g1;

adrenal,

Actb,

NM_007393.3,

Mm00607939_s1) on the same 96-well plate. Analysis was performed by the
comparative Ct method, and expression levels were normalized to control male offspring
(Schmittgen and Livak, 2008).

Brain gene expression: Whole brains were cryosectioned at -20°C. Using a hollow
needle (Ted Pella Inc., Redding, CA), brain regions were micropunched according to the
Paxinos and Franklin atlas (Paxinos and Franklin, 2001) as follows: bed nucleus of stria
terminalis (BNST), 0.75mm bilateral punches from one 300 µm slice +0.25 to -0.05
relative to bregma, atlas figs. 25-32; paraventricular nucleus (PVN), 1.00 mm punch
along the midline from two successive 300µm slices -0.50 to -0.80 and -0.80 to -1.10
relative to bregma, atlas figs. 36-40. Punches were bath-sonicated for 2.5 min (30 sec
on/off cycles) in TRIzol reagent (Invitrogen, Carlsbad, CA). RNA was isolated by
RNeasy kit (Qiagen, Valencia, CA) and suspended in RNAse-free water. Total RNA
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(n=5-6 per group) was sent to the University of Pennsylvania Path BioResource
Molecular Profiling Core for Affymetrix GeneChip Mouse Gene 1.0 ST analysis. Gene
set enrichment analysis (GSEAv2.0.7, Broad Institute, Cambridge, MA) was used to
interpret patterns of gene expression (Mootha et al., 2003); (Subramanian et al., 2005).
Collections of c2 (curated: Kegg, Biocarta, and Reactome), c3 (motif), and c5 (gene
ontology) annotated gene sets were obtained from the Molecular Signature Database
(MSigDBv3.0.1, Broad Institute, Cambridge, MA) available for use with GSEA
software.

Analysis of sperm miR environment
Total RNA (n=4 per group) was extracted from sperm pellets using TRIzol reagent
(Invitrogen, Carlsbad, CA). 100 ng of total RNA was reverse transcribed to cDNA using
Megaplex RT pool A and B primers and Multiscribe reverse transcriptase, then
quantified using the TaqMan Array MicroRNA card A and B set v3.0 (Applied
Biosystems, Foster City, CA). Analysis was performed using the comparative Ct method
(Schmittgen and Livak, 2008). For each sample, the average of the Ct values of
mammu6 and sno202 was used as an endogenous loading control. Expression levels of
each sample were normalized to the average expression level of male controls. miRs
with expression in <50% of samples or Ct values >35 were excluded, such that analysis
of significant differences in expression of specific miRs was conducted with n=2-4 per
group. The miRWalk database, which identifies putative miR target sequences in mRNA
3’-UTR commonly predicted by miRWalk, miRDB.org, miRanda, and TargetScan
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algorithms, was used to determine predicted targets of significantly changed miRs
(Dweep et al., 2011).

Statistics
An investigator blind to animal treatment group conducted all studies and analyses. Total
corticosterone was analyzed by multivariate ANOVA (sex x stress for restraint
experiment; sex x stress x drug for citalopram experiment) with time as a repeated
measure. PPI was analyzed by two-way ANOVA (sex x stress) with prepulse intensity
as a repeated measure. Baseline acoustic startle, TST immobility time, and LD box
measures were analyzed by two-way ANOVA (sex x stress). Latency to find target on
the Barnes Maze was analyzed by two-way ANOVA (sex x stress) with trial as a
repeated measure. Adrenal and pituitary gene expression analysis was analyzed by twoway ANOVA (sex x stress). Data greater than two standard deviations away from each
group mean were considered outliers and excluded from analysis. Main effects and
interactions were further analyzed with Tukey’s HSD post hoc test. Significant
differences were identified at p≤0.05. All statistics above were performed using JMP8
(SAS) software, and all data are reported as mean ± standard error of the mean (SEM).
Microarray data were modeled as “control” vs “stress” in accordance with behavioral
and physiological data. Thresholds for multiple comparisons were set at false discovery
rate (FDR)≤0.05. Phenotype permutations (1000) were computed in GSEA to determine
FDR, nominal p value, and normalized enrichment score (NES) of each gene set. Gene
sets with FDR≤0.25, p≤0.01, and NES≥1.6 met significance thresholds. For miR
analysis, heat maps and hierarchical clustering were performed using MuliExperiment
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Viewer (TM4.org) with Pearson’s correlation, and miRs significantly altered in both
paternal and adult stress groups were identified by one-way ANOVA with post hoc
student’s t-test, p<0.05.

Results
Analysis of offspring physiology & behavior
Offspring HPA axis: To determine if paternal exposure to chronic stress during pubertal
or adult windows altered offspring stress responsivity, we examined plasma
corticosterone levels following a 15-min restraint stress. There were significant effects
of stress (F(2,35)=9.3, p=0.0006) and sex (F(1,35)=22.68, p<0.0001) on corticosterone
levels that did not interact (F(2,35)=0.58, p=0.56) and a significant effect of time
(F(3,33)=107.4, p<0.0001) (Fig. 2.1A,B). Similarly, there were significant effects of stress
(F(2,35)=5.9, p=0.006) and sex (F(1,35)=18.7, p=0.0001) on total corticosterone that did not
interact (F(2,35)=0.2, p=0.86). Total corticosterone was lower in stress conditions
compared to controls and in males compared to females (p<0.05) (Fig. 2.1A,B inset).

Offspring behavior: To examine the degree to which blunted stress axis responsivity was
representative of global stress-sensitivity in offspring of stressed sires, we assessed
offspring PPI, stress-coping behavior in the TST, spatial learning in an adverse
environment on the Barnes Maze, and anxiety-like behavior in the LD box. PPI did not
differ between males and females (F(1,23)=0.54, p=0.47) or between stress and control
groups (F(2,23)=0.28, p=0.75), though an expected within-subject effect of prepulse
intensity was observed with higher prepulses eliciting greater prepulse inhibition
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(F(2,22)=64.1, p<0.0001) (Fig. 2.2A,B). Max startle to 120dB tone was also unaffected by
sex (F(1,23)=0.55, p=0.46) or stress (F(2,23)=0.07, p=0.93) (Fig. 2.2C). In the TST, there
was no effect of sex (F(1,40)=2.2, p=0.12) or stress (F(2,40)=0.01, p=0.89) on total time
spent immobile (Fig. 2.2D). Analysis of latency to find the target on the Barnes Maze
similarly revealed no effect of sex (F(1,29)=0.66, p=0.78) or stress (F(2,29)=0.41, p=0.66),
and latency to find target decreased across trials for all groups (F(5,25)=44.83, p<0.0001)
(Fig. 2.2E,F). In the LD box, females spent significantly more time in the light than
males (F(1,32)=5.9, p=0.02), but there was no effect of stress (F(2,32)=1.5, p=0.21) (Fig.
2.2G). To determine whether Barnes maze and LD box results were affected by
locomotor ability, light-to-dark transitions were measured in the LD box. There was no
effect of sex (F(1,32)=3.44, p=0.07) or stress on the number of transitions (F(2,32)=0.20,
p=0.81) (Fig. 2.2H).

Mechanistic evaluation of blunted stress reactivity
Acute selective serotonin reuptake inhibitor treatment: As serotonin is an established
modulator of HPA axis responsivity, and as we and others have previously observed
programming changes in serotonergic regulation of the HPA axis following maternal
stress exposure, we evaluated offspring corticosterone levels in response to an acute
SSRI administration (Heisler et al., 2007; Mueller and Bale, 2008; Franklin et al., 2011;
Huang et al., 2012). Citalopram administration elicited similar HPA activation in all
groups, as there was a main effect of drug (F(1,50)=17.3, p=0.0001) on total corticosterone
that did not interact with sex (F(1,50)=0.005, p=0.95) or stress (F(2.50)=0.44, p=0.67) (Fig.
2.2I,J).
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Peripheral gene expression analysis: To determine if changes in peripheral control of
the HPA axis explain offspring blunted stress responsivity following paternal stress
exposure, we evaluated gene expression in offspring pituitary and adrenal glands.
Neither pubertal nor adult paternal stress significantly altered the expression of genes
involved in the offspring HPA axis response, including pituitary CRFr1 (F(2,27)=1.30,
p=0.29), pituitary POMC (F(2,27)=0.13, p=0.90), adrenal Mc2r (F(2,26)=2.32, p=0.12), or
adrenal 11βHSD-1 (F(2,26)=0.55, p=0.58). Consistent with previously reported sex
differences in the expression of these genes (Goel and Bale, 2010), significant effects of
sex were observed: CRFr1 was increased in males (F(1,27)=21.42, p<0.0001), POMC was
increased in females (F(1,27)=14.39, p=0.001), Mc2r was increased in females
(F(1,26)=24.28, p<0.0001), and 11βHSD-1 was increased in males (F(1,26)=16.92,
p=0.003). There were no interactions of stress and sex for CRFr1 (F(2,27)=0.24, p=0.79),
POMC (F(2,27)=0.01, p=0.98), MC2R (F(2,26)=2.0, p=0.16), or 11βHSD-1 (F(2,26)=0.05,
p=0.95) (Fig. 2.3A,B,C,D).

Brain gene expression analysis: To examine changes in central regulators of the HPA
axis following paternal stress, we evaluated patterns of gene expression in the PVN and
BNST with a microarray. By multiple comparison analysis, no single gene met both
threshold and significance criteria. By GSEA analyses, c3 gene sets in the PVN and c3
and c5 gene sets in the BNST were enriched following stress (Table 2.1). Gene sets
enriched in offspring PVN following paternal stress were sorted in according to the
degree of enrichment (Table 2.2). Due to the large number of significant gene sets in the
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BNST, enriched gene sets were organized according to predicted function or miR family
(Table 2.3). Members of c3 gene sets share known or likely regulatory elements in their
promoters or 3'-UTRs, and c3 gene sets are named according to the transcription factor
or miR that binds that conserved sequence. c3 gene sets sharing the same name represent
distinct binding sites for the given transcription factor or miR. Members of c5 gene sets
share a common gene ontology (GO) annotation, and c5 gene sets are named for that GO
annotation.

Analysis of sperm miR environment
To examine the role of paternal stress exposure in regulation of sperm miR environment,
we assayed changes in sperm miR expression following breeding of stressed and control
sires.

Hierarchical clustering analysis using Pearson’s correlation as a metric

successfully segregated pubertal and adult stress samples from control samples, as
visualized in a heat map (Fig. 2.4A). Expression of the following miRs was significantly
increased in both pubertal stress and adult stress samples: miR-193* (F(2,9)=7.3, p=0.01),
miR-204 (F(2,9)=5.7, p=0.02), miR-29c (F(2,8)=5.3, p=0.03), miR-30a (F(2,9)=17.2,
p=0.0008), miR-30c (F(2,8)=16.6, p=0.001), miR-32 (F(2,6)=5.3, p=0.046), miR-375
(F(2,8)=13.5, p=0.003), miR-532-3p (F(2,7)=5.4, p=0.04), and miR-698 (F(2,8)=6.3, p=0.02)
(Fig. 2.4B). Genes predicted to be targets of at least 3 of the 9 significantly increased
miRs are shown in Table 2.4.
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Discussion
Dysregulation of stress neurocircuitry is a common underlying feature in
neuropsychiatric disease (Arborelius et al., 1999; Moghaddam, 2002; Nestler et al.,
2002; Walker et al., 2008; Corbett et al., 2009). Adverse parental life experiences likely
contribute to offspring HPA stress axis dysregulation through germ cells epigenetic
modifications (Bale et al., 2010; Franklin et al., 2012). Recent studies have demonstrated
that transgenerational metabolic, endocrine, and stress phenotypes can transmit through
the male lineage following an initial maternal exposure, findings that emphasize the
dynamic reprogramming of male germ cells (Jimenez-Chillaron et al., 2009; Franklin et
al., 2010; Guerrero-Bosagna et al., 2010; Dunn and Bale, 2011; Franklin et al., 2011;
Morgan and Bale, 2011). Further, identification of offspring physiological and
behavioral changes following direct paternal perturbations has highlighted sperm
epigenetic marks as a potential mechanism of transmission (Carone et al., 2010; Ng et
al., 2010; Dietz et al., 2011; Vassoler et al., 2013). Therefore, in our study male mice
received six weeks of stress prior to breeding, and offspring outcomes were evaluated.
As epidemiological studies suggest that the greatest effects on offspring and grandoffspring health occur during developmental windows of increased germ cell
vulnerability, we exposed males to stress either throughout puberty or only in adulthood
(Kaati et al., 2002; Pembrey et al., 2006; Kaati et al., 2007). To identify potential
epigenetic marks in sperm associated with the transmission of offspring phenotype,
sperm miR content was assessed.
In our HPA stress axis assessment, we found that offspring from both paternal
stress groups displayed significantly blunted corticosterone responses to acute restraint.
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While maternal stress has been shown to elicit sex-specific responses in stress-related
outcomes, paternal stress surprisingly affected stress reactivity similarly in both sexes,
suggesting distinct modes of maternal vs. paternal transmission (Mueller and Bale, 2007;
2008; Franklin et al., 2010; 2011; Kapoor and Matthews, 2011; Morgan and Bale, 2011).
It was also unexpected that HPA stress axis dysregulation occurred irrespective of the
timing of paternal stress exposure. Though epidemiological studies of Swedish famine
years highlight preadolescence as a period of heightened germ cell susceptibility to
malnutrition, our data illustrate that germ cell reprogramming by stress exposure occurs
in adulthood (Kaati et al., 2002; 2007). Germ cell vulnerability may depend on the type
of perturbation encountered, with severe caloric restriction and chronic stress eliciting
distinct mechanisms.
The specificity of HPA stress axis reprogramming by paternal stress was
remarkable, highlighted by the absence of any significant differences in assessed
behavioral measures. These outcomes support divergent functioning and regulation of
physiological and behavioral stress reactivity. Stress pathway dysregulation, either
increased or decreased reactivity, reflects an organism’s inability to respond
appropriately to a changing environment, and thus may characterize a disease state or a
predisposition toward one. Alternatively, a reduced physiological stress response may
reflect an adaptive response programmed by the paternal lineage as a protective measure,
ensuring greater offspring fitness in what is expected to be a more stressful environment.
Interestingly, rodents models have previously demonstrated offspring HPA axis
dysregulation following maternal or paternal exposures to diverse challenges including
alcohol, lead, chronic stress, or social defeat, suggesting that the HPA axis is especially
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sensitive to environmental manipulations—the proverbial canary in the coal mine—thus
warranting greater mechanistic examination (Coe et al., 2003; Weaver et al., 2004;
Virgolini et al., 2006; Hellemans et al., 2008; Kapoor and Matthews, 2008; Mueller and
Bale, 2008; Dietz et al., 2011; Harris and Seckl, 2011; Morgan and Bale, 2011).
To assess the neural circuitry underlying the blunted HPA in paternal stress
offspring, we first utilized a pharmacological approach of an acute administration of the
SSRI, citalopram, to stimulate the HPA in the absence of external stress. The serotonin
system is a potent modulator of HPA stress axis reactivity, and has been previously
reported to be disrupted in offspring following maternal stress (Heisler et al., 2007;
Mueller and Bale, 2008; Franklin et al., 2011; Huang et al., 2012). However, we found
that citalopram evoked similar corticosterone production and recovery levels in control
and paternally stressed offspring, suggesting that the blunted response detected following
a restraint stress did not likely involve dysregulation of serotinergic projections to the
PVN. Given intact serotonergic regulation following paternal stress, principal
components of the HPA axis, the pituitary and adrenal glands, were also examined in
paternally stressed offspring for altered gene expression that may explain stress pathway
dysregulation. We found no expression differences between groups in the pituitary (CRF
receptor-1, the CRF receptor on pituitary corticotropes, and proopiomelanocortin, the
precursor to ACTH) or in the adrenal (melanocortin receptor-2, the ACTH receptor in the
adrenal cortex, and 11βHSD-1, the rate limiting enzyme in corticosterone production),
suggesting that the reprogramming of the offspring HPA axis by paternal stress exposure
lies centrally.
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By microarray analyses, we examined broad changes in gene expression in key
stress regulatory brain regions, the PVN and BNST. We hypothesized that paternal stress
would more likely affect transcriptional patterns, rather than single candidate genes, as a
complex cascade of programming events separates an initial paternal perturbation from
its eventual effects in the adult offspring brain. Gene set enrichment analyses provided a
characterization of these patterns by analyzing expression of a priori defined gene sets
based on known biological associations, e.g. shared biological pathway, conserved cisregulatory element, or common gene ontology category (Mootha et al., 2003;
Subramanian et al., 2005). The enrichment of gene sets related to HPA stress axis
regulation provided intriguing potential mechanisms that may underlie shifts in offspring
stress responsivity. Most notably, enriched PVN expression of glucocorticoid receptor
(GR) responsive genes could confer tighter control of CRF neurons in the PVN in
paternal stressed offspring. Additionally, the majority of enriched gene sets we found in
the PVN and BNST were those where member genes shared transcription factor or miR
regulation. These broad differences in gene expression suggest potential involvement of
broad chromatin changes and epigenetic programming. In particular, enriched BNST
expression of gene sets associated with the activity of CREB, histone acetyltransferases
such as CREB-binding protein, and 6 members of the miR-154 family, which are
transcribed from a maternally imprinted locus, support the hypothesis that epigenetic
mechanisms are likely involved in reprogramming of the offspring HPA axis circuitry
(Seitz et al., 2003; 2004).
Paternal models of transgenerational epigenetics offer the advantage of
examining germ cell transmission in the absence of confounding maternal factors, which
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can make deciphering the timing and identification of parental epigenetic transmission
difficult. Among the limited set of epigenetic marks carried in sperm, miRs are poised to
be products of a dynamic paternal environment and to uniquely contribute to postfertilization gene expression. Therefore, we assessed the sperm miR content from
paternal controls and stress groups. Hierarchical clustering of over 250 miR transcripts
segregated all stressed sires’ miR expression profiles into a single clade, supporting
recent evidence that sperm miRs are amenable to environmental perturbations (Li et al.,
2012; Marczylo et al., 2012). Further, the finding that sperm miR content exhibited
similar changes in both stress groups was consistent with the effects of paternal stress
exposure on offspring stress responsivity, and therefore supports a continuous germ cell
vulnerability to epigenetic reprogramming across the lifespan.
In examination of significant changes in specific sperm miRs, paternal stress both
throughout puberty and in adulthood significantly increased the expression of nine (miR193*, miR-204, miR-29c, miR-30a, miR-30c, miR-32, miR-375, miR-532-3p, & miR698). As miRs are normally present at low basal levels in sperm, the directional increase
in levels of these miRs with stress was not surprising. Importantly, miRs have been
shown to regulate gene expression post-fertilization and may impact offspring
development by acting on oocyte stores of maternal mRNA (Giraldez et al., 2006;
Rassoulzadegan et al., 2006; Grandjean et al., 2009). Assessment of the top predicted
mRNA targets of the 9 significantly increased miRs revealed DNA methyltansferase 3a
(DNMT3a), a critical regulator of de novo DNA methylation important for imprinted
genes, and two proteins involved in miR processing, trinucleotide repeat containing 6b
(Tnrc6b) and metadherin (Mtdh) (Kaneda et al., 2004; Lazzaretti et al., 2009; Yoo et al.,
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2011). These genes, targeted by 4 of the 9 upregulated miRs, suggest that paternal stress
may affect offspring HPA axis by intervening in the epigenetic regulation of oocyte
development. Alternatively, sperm miRs may have altered epigenetic programming
earlier, during spermatogenesis (Amanai et al., 2006).
In summary, our findings demonstrate that male exposure to stress, either
throughout puberty or in adulthood, reprograms paternal germ cells resulting in
transmission of an offspring HPA stress axis dysregulation phenotype. Whether such
diminished stress reactivity would be detrimental or beneficial to offspring likely depends
on the environment into which they were born, as well as genetic background factors.
However, the finding that mild stress experience can produce such long-term changes in
male germ cells provides an important and novel mechanism contributing to
neuropsychiatric disease risk.
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Figure 2.1. Paternal stress experienced throughout puberty or in adulthood elicited stress
dysregulation in offspring. Both male (A) and female (B) offspring of sires that had been
exposed to chronic stress throughout puberty or only as an adult produced less corticosterone
relative to offspring of control sires following a 15 min restraint (shaded column). Total AUC of
corticosterone production (shown in the inset) showed a significant decrease in both stress groups
relative to controls. An expected sex difference in corticosterone production was observed, with
females showing a greater response than males. Data are presented as mean ± SEM, n=7-9
litters/group, *p<0.05.
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Figure 2.2. Paternal stress does not alter offspring performance in behavioral assessments
or HPA response to an SSRI. Neither male (A) nor female (B) offspring of stressed sires
showed altered prepulse inhibition (PPI) of the acoustic startle response compared to control
offspring. (C) PPI max startle was also unchanged by paternal stress in both sexes. (D) No
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significant differences in time spent immobile on the tail suspension test were observed between
control and paternally stressed male or female offspring. (E&F) In the Barnes maze spatial
learning and memory task, no differences were detected for the latency to learn the task. (G&H)
In the light-dark box, no treatment group differences were detected for time spent in the light or
transitions between the compartments. There was an overall effect of females spending more time
in the light compartment than males. (I&J) Following administration of an SSRI, citalopram, at
time 0 (black arrow), male and female offspring of stressed or control sires exhibited similar
stress reactivity. Total AUC of corticosterone production (shown in the inset) did not vary with
sex or stress group. Data are presented as mean ± SEM, n=5-9 litters/group, *p<0.05.
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Figure 2.3. Stress axis-related gene expression in offspring pituitary and adrenal glands was
not significantly different between control (C), pubertal stress (P), or adult stress (A)
groups. Real-time PCR analysis revealed no effect of paternal stress on pituitary CRFr1 (A) or
POMC (B) or adrenal Mc2r (C) or 11βHSD-1 (D). Sex differences were observed, with males
showing increased expression of CRFr1 and 11βHSD-1 and decreased expression of Mc2r and
POMC relative to females. Data are presented as mean ± SEM, n=6-8 litters/group, **p<0.001,
***p<0.0001.
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Figure 2.4. Paternal stress experienced throughout puberty or in adulthood produced
robust changes in sperm miR content. (A) Hierarchical clustering of sperm miR expression
isolated a single clade containing all pubertal and adult stress males, and no controls, n=4 per
group (B) Analyses of significant differences in expression of specific miRs revealed nine that
were significantly increased in both paternal stress groups. Data are presented as mean ± SEM,
*p<0.05 different from controls, #p<0.05 different from pubertal stress.
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Table 1. Summary of gene sets meeting GSEA enrichment
criteria of FDR ! 0.25, p ! 0.01, & NES " 1.6
PVN
BNST
enriched gene sets enriched gene sets
total
c2 (curated)
305
0 (0.0%)
0 (0.0%)
c3 (motif )
776
16 (2.1%)
114 (14.7%)
c5 (gene ontology) 969
0 (0.0%)
6 (<1%)
PVN, paraventricular nucleus; BNST, bed nucleus of stria terminalis

Table 2. Gene sets enriched in offspring PVN
following paternal stress
Gene set
Type
Size
NES
p

FDR

NR3C1 (GR)
CEBPdelta
FOXD3
miR-522
NKX2-5
PAX8
TITF1
PIT1
DDIT3
NF1
FOXI3
IPF1
AR

0.235
0.220
0.207
0.203
0.196
0.194
0.194
0.201
0.200
0.193
0.193
0.190
0.203

c3
c3
c3
c3
c3
c3
c3
c3
c3
c3
c3
c3
c3

107
212
178
144
109
88
212
195
209
226
165
220
227

-1.683
-1.682
-1.682
-1.678
-1.665
-1.661
-1.657
-1.649
-1.641
-1.633
-1.625
-1.617
-1.606

0.008
0.001
0.006
0.008
0.008
0.004
0.002
0.010
0.004
0.001
0.010
0.001
0.002

Members of c3 gene sets share a binding motif for designated transcription factor
or miRNA. Gene sets defined by conserved sequence only and those not meeting
NES! 1.6, p" 0.01, & FDR" 0.25 were omitted. PVN, paraventricular nucleus; FDR,
false discovery rate; NES, normalized enrichment score.
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Table 3. Gene sets enriched in offspring BNST following paternal stress
Gene set
Type
Size
NES
p
FDR
Gene set
Type
Size
NES
p
FDR
Chromatin modifications (HAT)
miR-154 family
CREB1
c3
231 -1.723 0.002 0.027
miR-381
c3
182 -1.902 0.002 0.025
c3
188 -1.721 0.004 0.027
miR-323
c3
143 -1.899 0.002 0.021
233 -1.704 0.006 0.028
miR-410
c3
79
-1.808 0.004 0.023
c3
ATF2
c3
219 -1.688 0.004 0.031
miR-494
c3
143 -1.746 0.006 0.027
CEBPalpha
c3
215 -1.664 0.001 0.033
miR-409-3p
c3
122 -1.722 0.001 0.028
AR
c3
50
-1.655 0.006 0.034
miR-382
c3
67
-1.675 0.010 0.031
227 -1.621 0.006 0.038
c3
miR-8 family
206 -1.602 0.002 0.040
46
-1.907 0.004 0.026
EVI1
c3
miR-200A
c3
213 -1.613 0.002 0.038
414 -1.854 0.002 0.020
PCAF
c3
miR-200B,C, miR-429
c3
393 -1.724 0.001 0.028
281 -1.778 0.004 0.025
SREBF1
c3
miR-141, miR-200A
c3
213 -1.724 0.001 0.028
STAT1
c3
other miR families
210 -1.655 0.007 0.034
260 -1.827 0.004 0.021
c3
miR-1, miR-206
c3
240 -1.764 0.004 0.026
286 -1.785 0.006 0.026
EGR1, EGR2, EGR3
c3
miR-96
c3
205 -1.618 0.010 0.038
154 -1.783 0.004 0.025
ETS1
c3
miR-105
c3
209 -1.663 0.008 0.033
108 -1.819 0.002 0.021
GATA1
c3
miR-10A,B
c3
228 -1.735 0.002 0.028
286 -1.856 0.002 0.020
MYCN
c3
miR-128A,B
c3
215 -1.728 0.004 0.028
341 -1.830 0.004 0.022
MYC, MAX
c3
miR-130A,B, miR-301
c3
212 -1.690 0.002 0.031
186 -1.740 0.010 0.027
c3
miR-138
c3
225 -1.738 0.006 0.027
114 -1.879 0.002 0.020
MYC
c3
miR-139
c3
160 -1.617 0.004 0.038
175 -1.746 0.008 0.027
c3
miR-144
c3
220 -1.805 0.001 0.023
79
-1.713 0.002 0.027
MAX
c3
miR-150
c3
56
-1.730 0.002 0.028
Neuronal survival
miR-190
c3
205 -1.714 0.004 0.028
160 -1.751 0.006 0.026
E2F1
c3
miR-199A
c3
201 -1.678 0.006 0.031
343 -1.788 0.008 0.025
c3
miR-218
c3
205 -1.686 0.002 0.031
113 -1.884 0.001 0.022
TFDP1
c3
miR-221, miR-222
c3
200 -1.674 0.004 0.031
85
-1.779 0.004 0.025
c3
miR-223
c3
207 -1.652 0.008 0.034
372 -1.706 0.008 0.028
c3
miR-23A, miR-23B
c3
206 -1.622 0.008 0.038
418 -1.758 0.001 0.027
c3
miR-27A, miR-27B
c3
186 -1.658 0.006 0.034
219 -1.926 0.002 0.021
c3
miR-302C
c3
210 -1.839 0.006 0.021
271 -1.825 0.004 0.021
ELK1
c3
miR-330
c3
199 -1.658 0.010 0.034
78
-1.881 0.001 0.021
SRF
c3
miR-335
c3
190 -1.654 0.004 0.034
48
-1.864 0.006 0.020
c3
miR-345
c3
78
-1.765 0.010 0.027
miR-361
c3
Circadian rhythmicity
182 -1.637 0.010 0.035
63
-1.802 0.002 0.023
AHR
c3
miR-362
c3
126 -1.617 0.004 0.038
201 -1.834 0.002 0.022
c3
miR-373
c3
218 -1.877 0.001 0.019
88
-1.901 0.001 0.023
ARNT
c3
miR-380-3p
c3
208 -1.799 0.001 0.023
53
-1.788 0.006 0.026
c3
miR-412
c3
213 -1.810 0.002 0.023
miR-495
c3
Other celluar functions
246 -1.760 0.004 0.027
97
-1.758 0.010 0.026
E4F1
c3
miR-498
c3
239 -1.627 0.001 0.037
65
-1.784 0.002 0.025
HNF4A
c3
miR-499
c3
255 -1.621 0.006 0.038
89
-1.705 0.008 0.028
NFE2L1, MAFG
c3
miR-505
c3
124 -1.690 0.008 0.030
43
-1.893 0.004 0.021
PAX3
c3
miR-517
c3
221 -1.640 0.006 0.034
109 -1.647 0.010 0.034
PCBP1
c3
miR-519E
c3
195 -1.617 0.002 0.038
205 -1.726 0.004 0.028
POU2F1
c3
miR-520F
c3
202 -1.706 0.001 0.028
195 -1.720 0.006 0.027
SOX9
c3
miR-520G, miR520H
c3
210 -1.748 0.001 0.027
miR-520A-E, miR-93
284 -1.719 0.006 0.027
YY1
c3
c3
207 -1.947 0.002 0.019
144 -1.824 0.008 0.020
ZFP161
c3
miR-522
c3
394 -1.873 0.001 0.019
miR-524
c3
Gene Ontology: Transcription
43
-1.762 0.008 0.235
160 -1.681 0.001 0.156
Helicase Activity
c5
RNA Polymerase II Activity c5
246 -1.761 0.004 0.218
30
-1.677 0.010 0.152
Nucleoplasm
c5
Isomerase Activity
c5
Transcription Factor
270 -1.647 0.010 0.157
22
-1.748 0.002 0.220
RNA Helicase Activity
c5
c5
Members of c3 gene sets share a binding motif for designated transcription factor or miRNA. c3 gene
sets sharing the same name represent distinct binding sites for the transcription
Binding

factor or miR given. Members of c5 gene sets share common ontolgy and do not necessarily represent co-regulated genes. Gene sets defined by conserved sequence only and those not
meeting NES! 1.6, p" 0.01, & FDR" 0.25 were omitted. BNST, bed nucleus of stria terminalis; HAT, histone acetyltransferase; FDR, false discovery rate, NES, normalized enrichment score
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Targets of 3 miRs

Targets of 4 miRs

8

2-3p

miR-6
9

5

miR-5
3

4

miR-3
7

3

miR-2
0

miR-1
9

c
miR-3
2

a

miR-3
0

miR-3
0

Target
* Dnmt3a
* Tnrc6b
Mmd
Tsga14
* Mtdh

miR-2
9

c

Table 4. Common predicted gene targets of the
nine identified sperm miRNAs

Snx24
Adam12
Ap4e1
Eml4
Stag2
Ypel2
Klhl14
Chka
Dsc2
Gpr180
Herc2
Per2
Rev3l
* Setd5
Snx18
Stk39
Alcam
Atp2b1
D430015B01Rik
Foxg1
Ccnt2
Chl1
Dcun1d3
Gpr126
* Hdac9
Ncoa7
Ppp3r1
Rap2c
Dolpp1
Zcchc14
* Gmeb2
Ywhaz

Gray boxes indicate that the given gene was a predicted miR target in
miRanda, miRDB, miRwalk, & TargetScan alorigthms. * denotes predicted
function in chromatin regulation, DNA methylation, or miR processing
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Abstract
Epigenetic signatures in germ cells, capable of both responding to the parental
environment and shaping offspring neurodevelopment, are uniquely positioned to
mediate transgenerational outcomes. However, molecular mechanisms by which these
marks may communicate experience-dependent information across generations are
currently unknown. In our model of chronic paternal stress, we previously identified nine
microRNAs (miRs) that were increased in the sperm of stressed sires and associated with
reduced hypothalamic-pituitary-adrenal (HPA) stress axis reactivity in offspring. In the
current study, we rigorously examine the hypothesis that these sperm miRs function postfertilization to alter offspring stress responsivity and, using zygote microinjection of the
nine specific miRs, demonstrated a remarkable recapitulation of the offspring stress
dysregulation phenotype. Further, we associated long-term reprogramming of the
hypothalamic transcriptome with HPA axis dysfunction, noting a marked decreased in the
expression of extracellular matrix and collagen gene sets that may reflect an underlying
change in blood-brain barrier permeability. We conclude by investigating the
developmental impact of sperm miRs in early zygotes with single-cell amplification
technology, identifying the targeted degradation of stored maternal mRNA transcripts
including Sirt1 and Ube3a, two genes with established function in chromatin remodeling,
and this potent regulatory function of miRs post-fertilization likely initiates a cascade of
molecular events that eventually alters stress reactivity. Overall, these findings
demonstrate a clear mechanistic role for sperm miRs in the transgenerational
transmission of paternal lifetime experiences.
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Significance Statement
Studies examining paternal exposure to diverse environmental stimuli propose that
epigenetic marks in germ cells, including small non-coding RNAs such as microRNA,
transmit experience-dependent information from parent to offspring. However, these nongenetic mechanisms of transgenerational inheritance, specifically how these germ cell
marks may act post-fertilization to enact long-term changes in offspring behavior or
physiology, are poorly understood. In this study, through zygote microinjection of nine
specific sperm miRs previously identified in our paternal stress mouse model, we
demonstrate that sperm miRs function to reduce maternal mRNA stores in early zygotes,
ultimately reprogramming gene expression in the offspring hypothalamus and
recapitulating the offspring stress dysregulation phenotype.
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Introduction
Evidence that offspring behavior and physiology can be shaped by parental life
experiences has stimulated new consideration of the factors that underlie disease risk and
resilience (Crews et al., 2014). Notably, perturbations such as parental stress,
malnutrition, infection, or advanced age have been associated with an increased incidence
of neurodevelopmental disease in offspring (Toth, 2014), and alterations in their
hypothalamic-pituitary-adrenal (HPA) stress axis response may be central to increased
disease predisposition (Van den Bergh et al., 2008; Yehuda et al., 2014). Studies in
diverse animal models have demonstrated similar outcomes, particularly that of offspring
HPA axis dysregulation, following either maternal or paternal stress exposure (Dietz et
al., 2011; Harris and Seckl, 2011; Morgan and Bale, 2011; Moisiadis and Matthews,
2014), yet mechanisms by which parental lifetime stress experience modify offspring
development and adult phenotypes remain unclear. In particular, transgenerational
transmission via the maternal lineage likely relies on the complex maternal-fetal/neonatal
interaction, whereas transmission through the paternal lineage suggests germ line
reprogramming (Bale, 2014).
Germ cell epigenetic marks, vulnerable to environmental stimuli and capable of
directing profound developmental change, may mediate the effects of parental lifetime
environmental exposures on offspring behavior and physiology (Babenko et al., 2015;
Rodgers and Bale, 2015). Rodent models examining paternal transmission have identified
epigenetic signatures in mature sperm as possible substrates of transgenerational
programming, namely patterns of retained histone modifications, DNA methylation,
and/or populations of small noncoding RNAs (Dias and Ressler, 2013; Fullston et al.,
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2013; Lambrot et al., 2013; Rodgers et al., 2013; Vassoler et al., 2013; Bohacek et al.,
2014; Gapp et al., 2014; Guerrero-Bosagna et al., 2014; Milekic et al., 2014; Petropoulos
et al., 2014; Radford et al., 2014). RNA populations are of primary interest, as they may
be altered through intercellular communication via epididymosomes even in
transcriptionally inert mature sperm, where DNA condensation impedes other epigenetic
change (Belleannée et al., 2013; Patel et al., 2013; Gannon et al., 2014; Păunescu et al.,
2014). Studies in which manipulation of total RNA content in post-fertilization zygotes
reproduced aspects of a paternally transmitted phenotype highlight the critical importance
of RNA as a germ cell epigenetic mark and support the potential role of small RNAs,
including miRs, in trait transmission (Ostermeier et al., 2004; Rassoulzadegan et al.,
2006; Gapp et al., 2014). However, neither the identity of specific sperm miRs responsive
to environmental challenge, nor mechanisms by which they may function to impact
offspring development, have been determined.
We previously established that the adult offspring of male mice exposed to
chronic stress prior to breeding exhibit a significantly blunted HPA stress axis response
and reprogramming of relevant gene sets within the paraventricular nucleus (PVN) of the
hypothalamus. In this model, we identified nine specific miRs in the sires’ sperm as the
potential germ cell mark sensitive to paternal stress experience (Rodgers et al., 2013).
Here, to confirm sperm miR content as a mechanism of epigenetic transmission, we
microinjected the nine miRs into single-cell zygotes (multi-miR injection). Zygotes were
then implanted into surrogate females, reared normally, and examined for adult HPA
stress axis sensitivity and long-term reprogramming of PVN gene expression as a
recapitulation of the paternal stress phenotype (Fig. 3.1a). Further, to elucidate the
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currently unknown function of sperm miRs following fertilization, we evaluated the
potential targeting of stored maternal RNA in early zygotes.

Materials and Methods
Microinjection: F1 Hybrid fertilized mouse zygotes were harvested following
superovulation of naïve C57/Bl6 females (Jackson Laboratories) by administration of 5
IU pregnant mare serum gonadotropin (Sigma-Aldrich) and 5 IU human chorionic
gonadotropin (Sigma-Aldrich) and mating with 129S6/SvEvTac males (Taconic).
Zygotes were randomly assigned for microinjection of 9 miRs together (1 ng/uL final
concentration of 0.11 ng/uL each miRIDIAN mimic miR-29c, miR-30a, miR-30c, miR32, miR-193-5p, miR-204, miR-375, miR-532-3p, miR-698 in 1X DPBS), (Table S3.5),
or to one of two control conditions: 1X DPBS only, to control for the injection process
itself, or a single miR (1 ng/uL final concentration of miR-193-5p in 1X DPBS) to
control for the total increased concentration of miRs within the zygote. Microinjection
into the male pronucleus of each single-cell zygote was performed with a Cell Tram Air
controller (Eppendorf) using gravity to generate natural flow. Each injection was
considered successful upon observation of significant swelling of the pronucleus
(approximately 10 pL per zygote). As mature sperm cells contain 10-20 fg of total RNA
(Kiani and Rassoulzadegan, 2013), of which 0.4% (or 0.04 fg) is miR (Kawano et al.,
2012), the amount of miR injected into zygotes (~0.01 fg) did not surpass approximate
physiological levels. Injected zygotes were transferred into recipient CD-1 females
(Charles River) or cultured overnight in KSOM media (EMD Millipore) and frozen at 80˚C. Dams were individually housed with ad libitum access to food and water on a
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12:12 light-dark cycle. Offspring were weaned at postnatal day 28 into same-sex group
housing (3-4 per cage). Experimental protocols were approved by the University of
Pennsylvania Institutional Animal Care and Use Committee and conducted in accordance
with the NIH Guide for the Care and Use of Laboratory Animals.

HPA axis assessment: Naïve 13-14 week male and female mice were restrained in a flat
bottom animal restrainers (Braintree Scientific) for 15 min beginning at time 0 min. 10
uL tail blood was collected at 0, 15, 30, and 90 min into EDTA-treated tubes.
Corticosterone levels were determined by radioimmunoassay (MP Biomedicals) in 3 uL
plasma as previously described (Rodgers et al., 2013). All testing was completed 2-5 h
after lights on.

Mouse tissue dissection: Male and female mice were anesthetized with isoflurane and
decapitated 5-6 weeks after HPA axis assessment. Whole brains were immediately frozen
on dry ice, preserved at -80°C, and cryosectioned. Whole pituitary and left adrenal glands
were flash frozen in liquid nitrogen. PVN tissue for each animal was micropunched from
two successive 300 µm brain slices (-0.50 to -0.80 and -0.80 to -1.10 relative to bregma)
using a hollow 1.0 mm needle (Ted Pella). Tissue was treated TRIzol reagent
(Invitrogen) and bath sonicated on ice with 30 s on/off cycles for 2.5 min (brain) or 7 min
(peripheral). Total brain RNA was isolated by miRNeasy kit (Qiagen) and total pituitary
and adrenal RNA was isolated by ethanol precipitation. RNA concentration was
quantified using a Nanodrop 2000 (Thermo Scientific).
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RNA-seq: Illumina single-end cDNA libraries of adult male PVN mRNA were prepared
from 250 ng total RNA using the TruSeq Stranded mRNA Kit with poly-A enrichment
(RS-122-2101) according to manufacturer’s protocol. cDNA fragments were ligated to
indexed adapter sequences (Illumina: AR002, AR004-AR007, AR012-AR016, AR018,
AR019) and enriched through 15 PCR cycles (10 sec at 98˚C, 30 sec at 60˚C, 30 sec at
72˚C). cDNA libraries were multiplexed in a single pool and sequenced on 2 HiSeq2000
lanes (Illumina) at the University of Pennsylvania Next Generation Sequencing Core,
obtaining an average of 31,450,856 total 91-nt reads per sample. Quality control was
performed with a Bioanalyzer 2100 (Agilent Technologies) and Qubit 2.0 fluorometer
(Life Technologies).

Quantitative RT-PCR: cDNA was synthesized for mRNA or miR expression analyses
using the High-Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems) or the
TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems), respectively.
mRNA levels were quantified by qRT-PCR using TaqMan Gene Expression or Small
RNA Assays (Applied Biosystems): in pituitary, CRFr1 and POMC; in adrenal, Mc2r
and 11βHSD-1; in female PVN, miR-29c, miR-30a, miR-30c, miR-32, miR-193-5p,
miR-204, miR-375, miR-532-3p, and miR-698 and cell population markers AVP, OT,
CRF, CD11b, and GFAP (Table S5). Samples were run in technical triplicate and
calculated Ct values were normalized to endogenous controls (pituitary, Gapdh; adrenal,
Actb; PVN miRs, U6 and sno202; PVN mRNA, Gapdh). Relative expression analysis
performed by comparative Ct method, normalizing to PBS controls and excluding
samples with Ct > 35 (Schmittgen and Livak, 2008).
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Single cell amplification: Criteria for selection of candidate genes for analysis in
individual zygotes as follows: present in late-stage MII mouse oocytes3a, in single-cell
mouse zygotes3b, and/or homologously in human and mouse mature oocytes4 (≥2 of 3
lists(Stanton and Green, 2001; Potireddy et al., 2006)) and predicted target of ≥1 of 9
miRs in both miRwalk and miRanda algorithms(Dweep et al., 2011). qRT-PCR was
conducted with the Two-Step Single-Cell Protocol with EvaGreen Supermix on the
BioMark HD System using DELTAgene assays (Table S3.4) according to the
manufacturer (Fluidigm). cDNA was synthesized from total cell lysate of cultured twocell zygotes using the SuperScript VILO cDNA Synthesis Kit (Invitrogen) with
SUPERase-In (Ambion). Specific target amplification was performed over 20 PCR
cycles (5 sec at 96˚C, 4 min at 60˚C). Amplified cDNA was diluted 1:5 in suspension
buffer (TEKnova) and loaded into a 96.96 Dynamic Array IFC chip (Fluidigm). Fluidigm
Real-Time PCR Analysis software calculated cycle threshold (Ct) values. Four genes
with undetermined expression in >10% of samples were excluded from further analysis.

Statistics: For analyses of variance (ANOVAs), normality was examined and a Bartlett’s
test for equal variance was performed. Data met the assumptions of the statistical tests
used. Corticosterone levels were analyzed by multivariate ANOVA. Corticosterone AUC,
body weight and length, and adrenal and pituitary gene expression were analyzed by twoway ANOVAs. Litter statistics were analyzed by one-way ANOVA and PVN gene
expression was analyzed by two-tailed t tests. Significance was set at p<0.05. When
appropriate, a post hoc Fisher’s LSD was used to explore main effects. Data greater than
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2 SDs above each group mean were removed from analyses: for AUC (and therefore
removed from all corticosterone measures), one PBS male, one single-miR male, one
multi-miR male, and one single-miR female; and for Mc2r, one multi-miR female.
Differential gene expression in single cell analysis was calculated with the Fluidigm
SINGuLAR toolset 2.0 using p<0.05. The identifyoutliers() function removed one multimiR injected sample from analysis. The expression pattern of all candidate genes was
compared using a chi-square test. RNA-seq data was aligned with Bowtie
2.2.3(Langmead and Salzberg, 2012) and processed with the RUM pipeline(Grant et al.,
2011). Gene set enrichment analysis (GSEAv2.2.0, Broad Institute) of c2_CP gene sets
from the Molecular Signature Database (MSigDBv5.0, Broad Institute) was run using
1000 gene_set permutations ((Mootha et al., 2003; Subramanian et al., 2005)).
Differential gene expression analysis was conducted by a modified Fisher’s exact test
with EdgeR(Robinson et al., 2010). Statistical criteria for significance were an adjusted
p<0.05, FDR<0.05, and log2 fold change>|0.585| (1.5 linear fold change). Functional
annotation clustering of all GO annotations was performed with DAVIDv6.7, with cluster
enrichment score of 1.3, equal to an α of 0.05, considered significant enrichment(Huang
et al., 2008; 2009). FDR correction for multiple comparisons was applied to GO
annotation enrichment p values.

Results
Recapitulation of blunted HPA axis response: To determine if the multi-miR injection
elicited changes in HPA stress axis responsivity similar to that previously observed in our
59

paternal stress model, we examined plasma corticosterone levels following a brief
restraint stressor in adult male and female mice derived from injected zygotes. To ensure
that observed outcomes resulted from the specific action of the nine miRs (multi-miR
injection; miR-29c, miR-30a, miR-30c, miR-32, miR-193-5p, miR-204, miR-375, miR532-3p, and miR-698), control conditions included both a PBS injection and a single-miR
injection using miR-193-5p (randomly selected from the nine used in the composite) at
the same total miR concentration. Corticosterone response across time was significantly
reduced by miR injection (treatment (F2,43 = 3.32, p = 0.046). Expected basal sex
differences in corticosterone were also observed (F1,43 = 63.82, p<0.0001) though, as
previously reported following paternal stress, they were unchanged by treatment
condition (no interaction, F2,43 = 0.005, p = 0.99), (Fig. 3.1b,d). Assessment of total
corticosterone production in 120 min, measured as area under the curve, confirmed the
significant and non-interacting effects of zygote injection and sex (treatment (F2,37 = 3.44,
p = 0.043); sex (F1,37 = 45.02, p<0.0001); interaction (F2,37 = 0.33, p = 0.72). Total
corticosterone was reduced in the multi-miR injected group compared to PBS (p < 0.05),
(Fig. 3.1c,e). Animals were otherwise normal in weight and appearance (Table S3.1).

Programmatic changes in PVN transcriptome in response to zygote miR injection:
Gene expression patterns in the adult PVN were analyzed using RNA-seq to investigate
long-term reprogramming of the HPA axis. Gene set enrichment analysis (GSEA) of the
PVN transcriptome in PBS vs. multi-miR groups revealed the robust enrichment of
curated gene sets for collagen formation and extracellular matrix organization in the PBS
group (Mootha et al., 2003; Subramanian et al., 2005), indicating that the expression of
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member genes was decreased in the multi-miR injected group (Fig. 3.2a-c). No gene sets
were significantly increased in the multi-miR group (Table S3.2). Differential gene
expression analysis using stringent threshold and significance criteria of p < 0.05, FDR <
0.05, and log2 fold change ≥ |0.585| identified 298 genes with altered expression in the
PVN following correction for multiple comparisons (Table S3.3), and the majority of
these genes (288 of 298) exhibited decreased expression (Fig. 3.2d). Gene ontology (GO)
analysis of the 298 dysregulated PVN genes using DAVIDtools functional annotation
clustering similarly identified an enrichment of collagen and extracellular matrix-related
terms (Huang et al., 2008; 2009), driven in part by the decreased expression of 17
collagen genes (Fig. 3.2e,f). Notably, expression of the nine injected miRs was
unchanged in the adult PVN of the multi-miR group (Fig. S3.1).
Further, to ensure zygote miR injection did not impact overall development of the
HPA axis, gene expression in the PVN, pituitary gland, and adrenal gland was examined.
Markers for primary and dominant PVN cell populations were unchanged in the multimiR injected group (AVP, t(10) = 0.19, p = 0.85); OT, t(10) = 0.00027, p = 0.99); CRF,
t(10) = 0.48, p = 0.64); CD11b t(10) = 0.49, p = 0.64); GFAP, t(10) = 0.50, p = 0.62)),
(Fig. 3.3a). Stress-regulatory genes in peripheral sites of the HPA axis were also
unchanged in the multi-miR injected group (pituitary Crfr1, treatment (F1,24 = 0.0006, p =
0.98) by sex (F1,24 = 4.57, p = 0.043) with no interaction (F1,24 = 0.13, p = 0.72); pituitary
POMC, treatment (F1,26 = 0.0017, p = 0.97) by sex (F1,26 = 2.73, p = 0.11) with no
interaction (F1,26 = 0.060, p = 0.81); adrenal Mc2r, treatment (F1,26 = 0.098, p = 0.76) by
sex (F1,26 = 33.53, p<0.0001) with interaction (F1,26 = 5.43, p = 0.023); adrenal 11βHSD-1,
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treatment (F1,27 = 0.013, p = 0.91) by sex (F1,27 = 3.69, p = 0.065) with no interaction (F1,27
= 0.78, p = 0.38)), (Fig. 3.3b-e).

Reduction of stored maternal mRNA by sperm miRs: To investigate the potential
function of sperm miRs post-fertilization, we directly assessed sperm miR targeting of
stored maternal mRNAs, utilizing single-cell amplification technology to examine gene
expression levels in miR-injected zygotes 24 hr post-injection (Fig. 3.1a). Candidate
genes included in the analysis (n=75) were selected as predicted targets of one or more of
the nine miRs cross-referenced against maternal mRNAs reported in the mouse late-stage
oocyte and/or single-cell zygote (Stanton and Green, 2001; Potireddy et al., 2006; Dweep
et al., 2011), (Table S3.4). We found that the multi-miR injection reduced the expression
of many more stored maternal mRNA than the single miR injection (χ2 = 11.53, p <
0.005), (Fig. 3.3a). Further, we detected a significant 2- to 4-fold decrease in expression
of eight genes: Sirt1 (F2,31 = 8.54, p = 0.0011), Ube3a (F2,31 = 4.00, p = 0.029), Srsf2
(F2,31 = 12.39, p<0.0001), IL6st (F2,31 = 3.80, p = 0.033), Ncl (F2,31 = 6.37, p = 0.0048),
Aars (F2,31 = 4.52, p = 0.019), Agfg1 (F2,31 = 3.47, p = 0.044), and Ralbp1 (F2,31 = 3.39,
p=0.047) in the multi-miR injected group (Fig. 3.3b-i). The downregulation of these
eight genes was not maintained into the mature brain, as their expression in the adult
PVN was unaffected (Fig. S3.1).

Discussion
Post-translational histone modifications, DNA methylation patterns, and
populations of small non-coding RNAs in sperm have been implicated in the
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transgenerational transmission of paternal experience, with changes in these epigenetic
marks observed following male exposure to such diverse stimuli as stress, malnutrition,
and drugs of abuse (Dias and Ressler, 2013; Fullston et al., 2013; Lambrot et al., 2013;
Rodgers et al., 2013; Vassoler et al., 2013; Bohacek et al., 2014; Gapp et al., 2014;
Guerrero-Bosagna et al., 2014; Milekic et al., 2014; Petropoulos et al., 2014; Radford et
al., 2014). In particular, the role of sperm RNA as a mechanistic link between paternal
experience and its consequences on offspring behavior and physiology has been
emphasized by recent studies that characterize offspring phenotypes following in vitro
fertilization and/or the experimental manipulation of total sperm RNA content (Dias and
Ressler, 2013; Gapp et al., 2014). In our model of paternal stress, a reduced HPA axis
response in offspring was associated with the increased expression of nine miRs (miR29c, miR-30a, miR-30c, miR-32, miR-193-5p, miR-204, miR-375, miR-532-3p, and
miR-698) in paternal sperm following chronic stress exposure (Rodgers et al., 2013). In
the current study, to confirm causality of these miR changes in offspring
neurodevelopmental programming, the nine miRs (multi-miR injection) were
microinjected into single-cell zygotes. Two components were critical to control for in
these experiments to ensure outcomes were clearly interpreted: 1) the injection process
itself, and 2) the increased overall miR concentration which could overwhelm and inhibit
the endogenous activity of the zygote RISC complex (Grimm et al., 2006). Therefore,
control injection conditions included a PBS injection to control for the zygote injection
process itself, and a single-miR injection (randomly selected from one of the nine used in
the composite) at the same overall concentration to control for miR concentration effects.
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Remarkably, and important for our understanding of paternal RNA involvement
in post-fertilization development, the multi-miR injection produced a phenotype nearly
identical to that of our paternal stress model, where both male and female mice from the
multi-miR injections mounted a significantly blunted corticosterone response to an acute
restraint stress as adults. A striking overlap was observed in the magnitude of effect on
corticosterone production and its rate of rise and of recovery between multi-miR injected
animals and our previously reported paternal stress offspring (as shown in the schematic
in Fig. 3.1f). The corticosterone response curve elicited by an acute stressor is
multifaceted, with aspects of the curve (e.g., baseline, maximal rise, and rates of rise and
recovery) regulated by specific brain regions, including the PVN, thalamus, and
hippocampus (Myers et al., 2014). Thus, parallels in the shape of the corticosterone
curves between this study and our paternal stress model emphasize similarities in
programming mechanisms elicited by paternal sperm miRs. The single-miR injection did
not affect the HPA axis corticosterone levels, suggesting that the specific and
combinatorial activity of these sperm miRs alters stress axis responsivity. Certainly, as
we did not examine each miR independently or in all possible combinations to determine
the minimal complement necessary to produce the effect, future studies will need to
examine the contribution of each of the nine miRs in this programming. Further, similar
to what we reported following paternal stress exposure, the expression of offspring stressregulatory genes in the pituitary (CRF receptor-1 and proopiomelanocortin) and adrenal
glands (melanocortin receptor-2 and 11βHSD-1) were unaffected in the zygote multi-miR
injected mice as adults.
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In examination of the long-term changes in neurodevelopmental programming in
the multi-miR injected mice, we completed RNA-seq analysis on micropunches from the
adult PVN, the hypothalamic regulator of the HPA stress axis. GSEA of the PVN
transcriptome revealed a robust enrichment of extracellular matrix and collagen
formation gene sets in control animals, reflecting a decreased expression of these genes in
the PVN of the multi-miR injected group. Functional annotation clustering of
differentially expressed genes using DAVIDtools confirmed this outcome, where affected
genes primarily associated with GO terms for the extracellular matrix and collagen
organization. In fact, 17 unique collagen genes were downregulated in the multi-miR
injected group PVN compared to controls. These findings may reflect deficits in cerebral
circulation and/or blood-brain barrier permeability in the PVN, effects that would have
significant impact on neuroendocrine function (Quaegebeur et al., 2011; Goldstein et al.,
2014). Furthermore, the PVN is one of the most highly vascularized regions in the brain,
suggesting that it may be particularly susceptible to developmental changes in circulation
or permeability (Frahm et al., 2012). This heightened plasticity of stress homeostatic
mechanisms to transgenerational reprogramming could confer a selective advantage or
disadvantage depending on environmental conditions.
Additionally, in examination of RNA-seq results, we noted that the majority of
differentially expressed genes (288 of 298) in the PVN exhibited a dramatic decrease in
expression, similar to what we reported previously in our paternal stress model and
supporting that an increase of these specific nine miRs in the zygote in either model
(delivered through sperm in response to stress, or experimentally by microinjection) can
elicit long-term genetic reprogramming (Rodgers et al., 2013). Gross PVN development
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was not impacted by the zygote injection, as markers of the primary and dominant cell
populations within the PVN were examined and did not differ between control and multimiR injected groups. Instead, this robust suppression of the transcriptome may suggest
regulation by an upstream epigenetic mechanism, such as a histone repressive mark. The
programming of such a change at the level of the brain is likely a complex and
multifaceted process, whereby miRs initiate a cascade of molecular events at fertilization
that, through many steps, impact regulatory mechanisms such as chromatin modifications
or DNA methylation to eventually alter neurodevelopment and related behaviors or
physiology (Rodgers and Bale, 2015). As we would predict, we found that the expression
of the nine specific sperm miRs was unchanged in the adult PVN. Ultimately, stepwise
investigation of the complex cascade by which a germ cell mark, such as sperm miRs,
can impart changes in the developing offspring is critical to our understanding of the
transgenerational transmission of paternal experiences, and must begin with an
investigation of its activity immediately following fertilization in the single-cell zygote.
During normal embryogenesis, stores of maternal mRNA initially present in the
zygote are selectively degraded post-fertilization, and miR function within the zygote
RNA-induced silencing complex (RISC complex) is essential to this developmental
process (Lykke-Andersen et al., 2008; Pauli et al., 2011). As this regulatory role has
previously only been attributed to maternally-derived miRs present in the oocyte, and as a
post-fertilization function of paternally-derived miRs has not been established, we
examined the ability of these nine paternally-derived sperm miRs to impact stores of
maternal mRNA. To do so, injected zygotes were cultured to the 1-2 cell stage, and the
mRNA within each individual zygote was then amplified to examine differences in
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expression. The specific mRNAs examined were selected as being both present in
published lists of the transcriptome in mouse late-stage oocytes and/or single-cell zygotes
and predicted targets of one or more of the nine sperm miRs in the miRwalk database
(Stanton and Green, 2001; Potireddy et al., 2006; Dweep et al., 2011). Impressively, the
pattern of candidate maternal mRNAs expression in single-cell zygotes was overall
reduced in the multi-miR injected group, supporting our hypothesized function that sperm
miRs selectively target maternal mRNA leading to the post-transcriptional silencing of
expression. Further, eight of the candidate mRNA—Sirt1, Ube3a, Srsf2, IL6st, Ncl, Aars,
Agfg1, & Ralbp1—were dramatically affected by the multi-miR zygote injection, with
expression levels reduced to between a half and a quarter of control levels. Importantly,
the known developmental functions of the targeted genes, including the notable
involvement of Ube3a and Sirt1 in chromatin remodeling and neurodevelopmental
disorders (Glessner et al., 2009; Herskovits and Guarente, 2014), support the hypothesis
that sperm miRs may initiate lasting, programmatic changes that ultimately impact
neurodevelopment and stress reactivity of the developing embryo. Again, as the singlemiR injection did not affect the expression of stored maternal mRNA, the reduction in
mRNA levels appears related to the specific composite activity of the nine miRs and not
simply to changes in overall miR concentration. Future studies will need to determine
how the targeted reduction in stored maternal mRNAs by paternal sperm miRs can
induce reprogramming of the hypothalamus, but these findings certainly suggests an
important influence of the paternal epigenome on early zygote development, a process
previously considered maternally-driven.
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Together, our findings demonstrate a definitive involvement of the sperm miRs
previously identified in our paternal stress model in the recapitulation of offspring HPA
stress axis phenotype and hypothalamic reprogramming (Rodgers et al., 2013).
Identification of a novel post-fertilization function of these miRs in targeting stored
maternal mRNAs offers exciting insight into the role of paternal RNA transmission and
epigenetic marks. These studies emphasize a step-wise mechanistic approach toward a
greater understanding of the transgenerational transmission of paternal lifetime
experiences, and offer valuable insight into the novel factors influencing offspring
disease risk and resilience.
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Figure 3.1. Zygote microinjection of nine sperm miRs recapitulated the HPA axis
phenotype. (a) Schematic of experimental design in which single-cell mouse zygotes were
injected with 9 miRs (multi-miR; 1ng/uL final concentration of miR-29c, miR-30a, miR-30c,
miR-32, miR-193-5p, miR-204, miR-375, miR-532-3p, and miR-698) or with one of two control
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conditions: an injection control (PBS only) or a control for the total amount of injected miRs
(single-miR; 1 ng/uL final concentration miR-193-5p alone) before implantation into surrogate
females or preparation for later analyses. (b,d) Corticosterone levels in male and female adult
mice were reduced in the multi-miR injected group in response to a 15 min restraint from t = 0-15
min. (c,e) Total AUC of corticosterone production over 120 min was significantly decreased in
multi-miR animals compared to PBS and single-miR controls, and expected sex differences were
observed. Data are presented as mean ± s.e.m. n = 6-10 mice per group. * p < 0.05. (f) Model
demonstrating the similarity in the shape of the male corticosterone response curve in the multimiR injected group with the outcome previously reported in offspring following paternal stress
(Rodgers et al., 2013).
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Figure 3.2. Dramatic changes identified in adult PVN transcriptome in response to multimiR zygote injection suggest a deficit in blood-brain-barrier permeability. (a-c)
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1.8 and FDR < 0.05 illustrated a decrease in collagen formation and extracellular matrix genes in
the multi-miR injected group. (d) Differential expression analysis identified 298 (10 up, 288
down) genes significantly changed by at least 1.5 fold (log2 fold change ≥ |0.585|, dotted lines).
Genes are presented in ranked order of expression from low to high. p < 0.05, FDR < 0.05. (e)
Functional annotation clustering of dysregulated genes in multi-miR group according to GO
annotation (DAVID tools, ES = 1.3 equivalent to α = 0.05, gray bar indicates p < 0.05 and FDR <
0.05 for unique GO terms). (f) Significantly decreased expression of 17 collagen genes found in
top extracellular matrix-enriched cluster. p < 0.05, FDR < 0.05. Data are shown relative to PBS
injected zygotes and presented as mean ± s.e.m. n = 6 biological replicates per group. ES, cluster
enrichment score.
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Figure 3.3. No differences in adult expression of stress-regulatory genes in HPA axis. (a)
Markers of major neuronal and non-neuronal cell populations in the PVN were assessed by qRTPCR and were unchanged in the multi-miR injected group: Avp, arginine vasopressin; Ot,
oxytocin; Crf, corticotropin releasing factor; Cd11b, integrin alpha M; Gfap, glial fibrillary acidic
protein. n = 6 mice per group. (b-e) Stress-axis related gene expression in the pituitary and
adrenal glands was not significantly different between PBS and multi-miR injected animals. No
effect was observed for pituitary Crfr1, pituitary Pomc, adrenal Mc2r, or adrenal 11βhsd-1. Data
presented as mean ± s.e.m. n = 6-9 mice per group. * p < 0.05.
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Figure 3.4. Single-cell amplification confirmation of sperm miR targeting of stored
maternal mRNA. (a) Expression of many more maternal mRNA candidate genes in zygotes was
reduced by multi-miR injection than by the single-miR injection. p < 0.005. (b-i) Expression of 8
of the 75 candidate genes—Sirt1, Ube3a, Srsf2, IL6st, Ncl, Aars, Agfg1, and Ralbp1—was
significantly reduced by the multi-miR injection, with expression levels measuring log2 fold
change > |1| (dotted lines) relative to PBS controls. Expression of these genes was unaffected in
single-miR injection controls. Data are shown relative to PBS injected zygotes and presented as
mean ± s.e.m. n = 10-13 zygotes per group. * p < 0.05 multi-miR vs. PBS, # p < 0.05 multi-miR
vs. single-miR.
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Figure 3.5. No change in PVN expression of the nine injected miRs or their mRNA targets.
(a) qRT-PCR analysis of microRNA in the adult PVN in the multi-miR injected group revealed
no difference in the expression of miR-29c, miR-30a, miR-32, miR-193-5p, miR-204, miR-375,
miR-532-3p, or miR-698. (b) PVN expression of the eight targeted maternal mRNA was
similarly was unchanged in the adult PVN. Expression in RPKM for Sirt1, Ube3a, Srsf2, IL6st,
Ncl, Aara, Agfg1, and Ralbp1 was obtained by RNA-seq analysis. All data in are presented as
mean ± s.e.m. n = 6 mice per group.

74

Table S1. Summary of animal statistics.
Injected litters

litter n

zygotes per dam

Adult mice

PBS

single-miR

multi-miR

4

4

5

12.0 ± 0.4

11.5 ± 0.9

11.6 ± 0.2

ANOVA
--

p
--

F2,10 = 0.23

0.80

litter size

4.8 ± 1.1

7 ± 0.4

6.4 ± 0.8

F2,10 = 2.11

0.17

male (%)

57.7 ± 20.3

53.1 ± 4.3

44.5 ± 6.8

F2,10 = 0.34

0.72

male n

9

8

9

--

--

female n

6

10

10

--

--

avg. male weight (g)

46.7 ± 2.5

43.0 ± 2.3

43.6 ± 1.7

avg. female weight (g)

27.7 ± 0.9

28.9 ± 1.9

28.7 ± 1.0

avg. male length (mm)

102.4 ± 1.2

100.4 ± 1.0

101.6 ± 0.8

avg. female length (mm)

94.8 ± 0.7

96.6 ± 1.0

97.4 ± 1.0

treatment F2,47 = 0.27
sex F1,47 = 108.83
interaction F2,47 = 1.00

0.38

treatment F2,46 = 0.64

0.53

sex F1,46 = 41.01
interaction F2,46 = 1.95

75

0.76
<0.0001

<0.0001
0.15

Table S2. Gene sets with top enrichment in adult PVN by GSEA.
Group Enriched

Gene Set Name

Type

Size

NES

p

FDR

Significant*

PBS

Reactome_Collagen Formation#

c2

57

1.963

0.0000

0.0000

yes

PBS

NABA_Collagens#

c2

42

1.945

0.0000

0.0000

yes

PBS

Reactome_Extracellular Matrix Organization#

c2

83

1.881

0.0000

0.0021

yes

PBS

PID_Integrin1 Pathway

c2

66

1.754

0.0000

0.0513

yes

PBS

PID_AVB3_Integrin Pathway

c2

75

1.740

0.0000

0.0570

yes

PBS

NABA_ Basement Membrane

c2

39

1.709

0.0051

0.0864

yes

PBS

Reactome_NCAM1 Interactions

c2

39

1.698

0.0034

0.0940

yes

PBS

NABA_Core Matrisome

c2

255

1.698

0.0000

0.0827

yes

PBS

Reactome_NCAM Signaling for Neurite Outgrowth

c2

56

1.605

0.0070

0.3478

n.s

PBS

KEGG_ECM Receptor Interaction

c2

83

1.601

0.0065

0.3325

n.s

Group Enriched

Gene Set Name

Type

Size

NES

p

FDR

Significant*

multi-miR

Reactome_Endosomal Sorting Complex Required
for Transport Escort

c2

25

1.570

0.0178

1.0000

n.s
n.s

multi-miR

Reactome_Packaging of Telomere Ends

c2

35

1.473

0.0387

1.0000

multi-miR

Reacome_Deposition of New Cenpa Containing
Nucleosomes at the Centromere

c2

50

1.467

0.0223

1.0000

n.s

multi-miR

Reactome_Meiotic Synapsis

c2

58

1.430

0.0242

1.0000

n.s

multi-miR

Reactome Meiotic Recombination

c2

66

1.392

0.0363

1.0000

n.s

multi-miR

KEGG_Cytosolic DNA Sensing Pathway

c2

49

1.381

0.0445

1.0000

n.s

multi-miR

Reactome_RNA Pol1 Promoter Opening

c2

44

1.380

0.0537

1.0000

n.s

multi-miR

Reacome_RNA Pol1 Transcription

c2

68

1.360

0.0311

1.0000

n.s

multi-miR

KEGG_Retinol Metabolism

c2

32

1.359

0.0938

1.0000

n.s

multi-miR

Reactome_Meiosis

c2

93

1.353

0.0229

1.0000

n.s

*Gene sets meeting enrichment criteria of FDR < 0.25, p < 0.01, and NES > 1.6 were considered significantly enriched.
#
Gene sets meeting more stringent criteria of FDR < 0.05, p < 0.01, and NES > 1.8 depicted in Figure 2a-c of main text.
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Table S3. Genes with differential expression in the adult male PVN following multi-miR injection
log2 fold
change

Gene

RefSeq ID

p value

FDR

1

Slc17a7

NM_182993

-3.505

2.057E-05 2.466E-03

2

Gm5415

NM_001164286

-2.643

3

Xist

NR_001463

-2.639

4

Prkag2os1

NR_040684

5

Col7a1

6

log2 fold
change

Gene

RefSeq ID

54

Mamdc4

NM_001081199

-1.418

6.239E-07 1.770E-04

1.483E-06 3.631E-04

55

Gm4532

NR_030674

-1.416

8.464E-06 1.224E-03

4.389E-04 2.368E-02

56

Doc2g

NM_021791

-1.415

3.565E-06 6.740E-04

-2.518

2.249E-05 2.609E-03

57

Col11a1

NM_007729

-1.413

8.453E-07 2.242E-04

NM_007738

-2.389

1.401E-09 2.511E-06

58

1700110C19Rik NR_045461

-1.412

9.221E-05 7.100E-03

Mir3072

NR_037233

-2.281

4.256E-08 2.300E-05

59

Tnni3

NM_009406

-1.400

2.636E-04 1.613E-02

7

Col6a1

NM_009933

-2.246

8.571E-10 2.232E-06

60

Ncrna00085

NM_001162909

-1.383

7.116E-08 3.640E-05

8

Gm14827

NR_045323

-2.165

1.578E-10 8.367E-07

61

Slc22a13b

NR_033303

-1.361

2.233E-04 1.424E-02

9

Masp2

NM_010767

-2.105

3.141E-07 1.184E-04

62

Col5a1

NM_015734

-1.360

4.602E-07 1.404E-04

10

Itgb1bp2

NM_013712

-2.089

9.069E-06 1.299E-03

63

Lat

NM_010689

-1.346

2.925E-04 1.739E-02

11

Gm9839

NM_001199956

-2.073

1.193E-04 8.808E-03

64

Mir5117

NR_039577

-1.345

5.819E-05 5.158E-03

12

Slc39a2

NM_001039676

-2.048

6.137E-08 3.255E-05

65

Mir3078

NR_037239

-1.344

2.632E-05 2.878E-03

13

Col24a1

NM_027770

-1.983

3.039E-05 3.237E-03

66

Coro6

NM_139130

-1.341

6.184E-07 1.770E-04

14

Tnfrsf25

NM_033042

-1.947

5.277E-05 4.829E-03

67

Rps6kb2

NM_021485

-1.340

1.185E-08 9.565E-06

15

Gm14378

NM_001195258

-1.903

1.285E-09 2.511E-06

68

Zmynd17

NM_029104

-1.326

5.042E-05 4.661E-03

16

Slc2a4rg-ps

NR_045164

-1.837

3.658E-08 2.133E-05

69

Mirlet7b

NR_029727

-1.324

1.402E-04 1.006E-02

17

Tmem86b

NM_023440

-1.820

1.132E-08 9.565E-06

70

Mir410

NR_029914

-1.309

3.283E-04 1.894E-02

18

Tmc4

NM_181820

-1.763

1.145E-09 2.511E-06

71

Pisd-ps1

NR_003517

-1.309

6.472E-11 4.635E-07

19

Mir1906-1

NR_035440

-1.743

1.202E-08 9.565E-06

72

Pisd-ps3

NR_003518

-1.309

6.472E-11 4.635E-07

20

Mir1906-2

NR_037313

-1.743

1.202E-08 9.565E-06

73

Gm1082

NR_036630

-1.308

6.423E-07 1.804E-04

21

Col2a1

NM_031163

-1.739

5.216E-07 1.540E-04

74

Prr22

NM_001195673

-1.305

2.322E-05 2.661E-03

22

Tmem149

NM_145580

-1.731

3.813E-07 1.266E-04

75

Col16a1

NM_028266

-1.301

1.765E-10 8.367E-07

23

Sap25

NM_001081962

-1.710

4.657E-07 1.404E-04

76

Lime1

NM_023684

-1.300

1.569E-09 2.511E-06

24

Insl5

NM_011831

-1.708

2.021E-06 4.319E-04

77

Crip3

NM_053250

-1.300

4.809E-06 8.663E-04

25

Meg3

NR_003633

-1.681

2.332E-10 8.367E-07

78

Tnfrsf4

NM_011659

-1.299

6.920E-04 3.304E-02

26

Tm6sf2

NM_181540

-1.666

2.497E-06 5.001E-04

79

Ovgp1

NM_007696

-1.299

1.247E-08 9.658E-06

27

Npff

NM_018787

-1.657

3.671E-06 6.872E-04

80

C4a

NM_011413

-1.296

8.988E-06 1.294E-03

28

Leng8

NM_172736

-1.638

1.553E-11 3.068E-07

81

Dnase1l2

NM_025718

-1.291

2.852E-05 3.094E-03

29

Rgs11

NM_001081069

-1.636

5.101E-09 5.411E-06

82

Mir1249

NR_037206

-1.286

6.750E-07 1.859E-04

30

Otog

NM_013624

-1.621

5.481E-07 1.602E-04

83

Trim72

NM_001079932

-1.285

1.945E-04 1.292E-02

31

Nanos2

NM_194064

-1.616

3.028E-05 3.237E-03

84

E030002O03Rik NM_172905

-1.278

1.120E-03 4.571E-02

32

Rtbdn

NM_144929

-1.609

1.029E-08 9.325E-06

85

Thpo

NM_009379

-1.277

1.954E-05 2.382E-03

33

Myl7

NM_022879

-1.598

5.710E-05 5.149E-03

86

Tbc1d10c

NM_178650

-1.275

7.670E-05 6.267E-03

34

Mir770

NR_030427

-1.581

9.772E-09 9.325E-06

87

Gm5577

NR_026990

-1.264

1.376E-06 3.458E-04

35

Rncr3

NR_040709

-1.576

1.574E-09 2.511E-06

88

Zfp692

NM_182996

-1.254

2.858E-09 3.559E-06

36

Cdk3-ps

NR_004853

-1.567

2.210E-06 4.588E-04

89

Aldob

NM_144903

-1.253

7.018E-05 5.895E-03

37

Col6a2

NM_146007

-1.565

1.692E-07 7.150E-05

90

Col6a4

NM_026763

-1.249

2.196E-04 1.410E-02

38

Mir143hg

NR_045402

-1.558

8.281E-05 6.589E-03

91

Adam33

NM_033615

-1.236

8.330E-04 3.781E-02

39

Snora64

NR_002897

-1.546

2.128E-05 2.530E-03

92

Dok3

NM_013739

-1.222

1.649E-05 2.054E-03

40

AI428936

NM_153577

-1.537

1.690E-06 3.903E-04

93

Ssc5d

NM_173008

-1.214

8.359E-06 1.224E-03

41

Miat

NR_033657

-1.534

3.206E-10 9.210E-07

94

Lgals4

NM_010706

-1.212

3.426E-04 1.940E-02

42

1700024P16Rik NM_001162980

-1.515

1.674E-04 1.147E-02

95

Ssh3

NM_198113

-1.206

3.008E-09 3.591E-06

43

Mirg

NR_028265

-1.508

1.178E-07 5.441E-05

96

Malat1

NR_002847

-1.202

2.463E-05 2.754E-03

44

Mir29b-2

NR_029809

-1.489

6.550E-05 5.584E-03

97

Gm9897

NM_001042670

-1.191

1.352E-06 3.426E-04

45

Snora70

NR_002899

-1.485

8.863E-05 6.899E-03

98

Ggnbp1

NM_027544

-1.189

6.636E-06 1.093E-03

46

Aanat

NR_033223

-1.480

2.160E-05 2.546E-03

99

6430550D23Rik NM_001145351

-1.176

2.703E-04 1.645E-02

47

Bcl2l15

NM_001142960

-1.476

4.911E-06 8.792E-04

100

Pla2g4b

NM_145378

-1.174

2.304E-07 9.105E-05

48

Mir29c

NR_029745

-1.464

1.399E-06 3.485E-04

101

Flt3l

NM_013520

-1.171

1.549E-05 1.961E-03

49

Mbd6

NM_033072

-1.464

1.224E-09 2.511E-06

102

Ybx2

NM_016875

-1.171

1.985E-06 4.307E-04

50

Cfp

NM_008823

-1.453

1.040E-07 4.882E-05

103

Adamts10

NM_172619

-1.169

2.255E-08 1.522E-05

51

Snhg11

NM_175692

-1.447

2.436E-09 3.490E-06

104

Gm14137

NM_001039223

-1.169

1.109E-05 1.527E-03

52

Mir3101

NR_037283

-1.426

8.410E-04 3.800E-02

105

Igfn1

NM_177642

-1.129

1.024E-03 4.321E-02

53

Stac3

NM_177707

-1.425

2.195E-05 2.556E-03

106

Dmpk

NM_001190490

-1.122

1.042E-08 9.325E-06

(multi-miR/PBS)

77

(multi-miR/PBS)

p value

FDR

Table S3 (continued)
log2 fold
change

RefSeq ID

107

Ftx

NR_028380

-1.107

3.096E-06 5.951E-04

162

A230057D06Rik NR_015533

-0.913

2.906E-04 1.730E-02

108

Col15a1

NM_009928

-1.104

7.582E-06 1.131E-03

163

Suv420h2

NM_001115018

-0.904

1.774E-06 4.032E-04

109

A330023F24Rik NR_015566

-1.101

8.681E-07 2.261E-04

164

Eif4ebp3

NM_201256

-0.898

1.842E-04 1.241E-02

110

Gm18756

NR_045119

-1.097

3.494E-04 1.966E-02

165

Pcolce

NM_008788

-0.896

4.610E-04 2.455E-02

(multi-miR/PBS)

p value

FDR

Gene

RefSeq ID

log2 fold
change

Gene

(multi-miR/PBS)

p value

FDR

111

Kcp

NM_001029985

-1.095

1.351E-04 9.720E-03

166

Dock6

NM_177030

-0.893

1.529E-08 1.152E-05

112

Stxbp2

NM_011503

-1.091

1.662E-06 3.888E-04

167

C030023E24Rik NR_033502

-0.891

1.507E-04 1.055E-02

113

Eln

NM_007925

-1.088

2.450E-07 9.484E-05

168

Mid1

NM_183151

-0.887

7.596E-04 3.538E-02

114

Lax1

NM_001159649

-1.087

9.955E-04 4.231E-02

169

Shkbp1

NM_138676

-0.877

1.804E-05 2.218E-03

115

Col18a1

NM_001109991

-1.078

1.669E-06 3.888E-04

170

Rnf207

NM_001033489

-0.876

1.417E-04 1.012E-02

116

Tmc8

NM_001195088

-1.078

7.693E-04 3.564E-02

171

Ankrd23

NM_153502

-0.868

2.288E-05 2.633E-03

117

5031434O11Rik NR_033624

-1.076

1.601E-05 2.003E-03

172

Pcsk4

NM_008793

-0.867

4.562E-05 4.385E-03

118

Col4a2

NM_009932

-1.071

7.680E-09 7.857E-06

173

Aspdh

NM_026690

-0.866

5.061E-04 2.650E-02

119

Tle2

NM_019725

-1.059

1.546E-07 6.918E-05

174

Sfi1

NM_030207

-0.864

7.829E-08 3.934E-05

120

4933439C10Rik NR_015585

-1.057

1.602E-08 1.176E-05

175

Gm10560

NR_040563

-0.860

6.470E-04 3.154E-02

121

Sirt7

NM_153056

-1.055

4.885E-09 5.382E-06

176

Ccdc84

NM_201372

-0.859

2.440E-05 2.751E-03

122

Clcn1

NM_013491

-1.054

8.190E-05 6.565E-03

177

BC020535

NM_145536

-0.857

5.950E-04 2.969E-02

123

Clasrp

NM_016680

-1.049

2.486E-09 3.490E-06

178

Srpk3

NM_019684

-0.857

2.199E-04 1.410E-02

124

Podn

NM_172874

-1.043

2.112E-04 1.378E-02

179

Kcnq1ot1

NR_001461

-0.854

1.392E-05 1.819E-03

125

H2-M5

NM_001115075

-1.032

1.132E-04 8.424E-03

180

Gm1078

NM_001200041

-0.845

2.635E-04 1.613E-02

126

E530001F21Rik NR_002167

-1.030

9.154E-05 7.067E-03

181

Rhbdf1

NM_010117

-0.844

4.946E-06 8.800E-04

127

Fam193b

NM_145382

-1.029

2.337E-08 1.522E-05

182

Arhgef1

NM_001130152

-0.844

3.905E-08 2.151E-05

128

Rgl2

NM_009059

-1.026

3.069E-08 1.871E-05

183

Csf2ra

NM_009970

-0.837

3.506E-07 1.264E-04

129

Plekhg4

NM_001081333

-1.019

1.223E-05 1.630E-03

184

Mutyh

NM_001159581

-0.823

1.403E-05 1.819E-03

130

Acr

NM_013455

-1.018

2.416E-05 2.736E-03

185

Mapk15

NM_177922

-0.822

6.358E-05 5.519E-03

131

Fndc8

NM_030224

-1.016

2.324E-04 1.480E-02

186

Emid2

NM_024474

-0.817

1.628E-04 1.121E-02

132

Vwa5b2

NM_001144953

-1.007

2.903E-08 1.848E-05

187

Col20a1

NM_028518

-0.814

4.581E-04 2.448E-02

133

Lrrc45

NM_153545

-0.998

3.995E-09 4.578E-06

188

Ctrl

NM_023182

-0.813

8.739E-04 3.905E-02

134

Adam8

NM_007403

-0.991

3.097E-04 1.818E-02

189

Col11a2

NM_009926

-0.813

2.911E-05 3.135E-03

135

Itga10

NM_001081053

-0.991

6.863E-05 5.799E-03

190

Rreb1

NR_033218

-0.810

4.895E-04 2.582E-02

136

Amy1

NM_007446

-0.990

1.965E-06 4.297E-04

191

Gm514

NM_001111145

-0.806

1.605E-04 1.110E-02

137

Catsperg2

NM_029714

-0.990

4.342E-04 2.347E-02

192

Nfkbid

NM_172142

-0.804

7.703E-04 3.564E-02

138

Acrbp

NM_016845

-0.988

8.054E-06 1.189E-03

193

Zan

NM_011741

-0.803

3.583E-04 2.009E-02

139

Pip5kl1

NM_198191

-0.985

5.602E-05 5.094E-03

194

Neat1

NR_003513

-0.799

3.529E-07 1.264E-04

140

Leprel2

NM_013534

-0.981

1.574E-07 6.935E-05

195

Hps1

NM_019424

-0.798

6.825E-06 1.093E-03

141

Catsperg1

NM_001164658

-0.981

2.612E-04 1.609E-02

196

Tbx1

NM_011532

-0.793

9.067E-04 3.990E-02

142

Plekhn1

NM_001008233

-0.978

4.655E-07 1.404E-04

197

Miip

NM_001025365

-0.790

1.297E-04 9.358E-03

143

Fxyd5

NM_008761

-0.977

1.565E-06 3.798E-04

198

Ccnb2

NM_007630

-0.783

1.074E-03 4.437E-02

144

Amigo3

NM_177275

-0.965

1.722E-05 2.131E-03

199

Tmem181b-ps

NR_033520

-0.777

2.320E-07 9.105E-05

145

Fam228a

NM_029107

-0.958

5.897E-04 2.953E-02

200

Lrrc16b

NM_001024645

-0.775

1.879E-07 7.588E-05

146

Zfp57

NR_033137

-0.958

1.644E-07 7.135E-05

201

Cpt1b

NM_009948

-0.770

7.663E-05 6.267E-03

147

Fam116b

NM_027081

-0.956

2.299E-08 1.522E-05

202

Hdac7

NM_001204275

-0.767

3.873E-07 1.266E-04

148

Inha

NM_010564

-0.954

5.873E-07 1.699E-04

203

Atxn7l2

NM_175183

-0.764

4.134E-05 4.112E-03

149

Napsa

NM_008437

-0.951

4.556E-04 2.439E-02

204

Ushbp1

NM_181418

-0.762

2.089E-04 1.366E-02

150

Map4k1

NM_008279

-0.947

1.061E-04 7.980E-03

205

H2-Eb1

NM_010382

-0.760

8.368E-04 3.793E-02

151

Col19a1

NM_007733

-0.946

9.189E-04 4.014E-02

206

Atg16l2

NM_001111111

-0.756

2.441E-06 4.958E-04

152

2810008D09Rik NR_027059

-0.944

1.653E-06 3.888E-04

207

Rtel1

NM_001001882

-0.753

4.367E-05 4.284E-03

153

Abcc6

NM_018795

-0.940

3.352E-04 1.917E-02

208

Snrnp70

NM_009224

-0.748

2.559E-09 3.490E-06

154

Snord96a

NR_028563

-0.939

1.112E-03 4.545E-02

209

Hdac10

NR_028449

-0.747

3.240E-05 3.363E-03

155

Firre

NR_015505

-0.931

6.954E-06 1.093E-03

210

Tas1r3

NM_031872

-0.742

7.004E-04 3.338E-02

156

Odf4

NM_145746

-0.930

5.634E-04 2.867E-02

211

Col5a3

NM_016919

-0.739

7.320E-04 3.432E-02

157

2900005J15Rik

NR_027851

-0.923

6.563E-05 5.584E-03

212

Pabpn1

NM_019402

-0.737

8.025E-08 3.963E-05

158

A930013F10Rik NR_027886

-0.921

5.561E-04 2.850E-02

213

Chrd

NM_009893

-0.737

6.520E-05 5.584E-03

159

Ap1g2

NM_007455

-0.920

3.726E-06 6.885E-04

214

Espl1

NM_001014976

-0.730

1.207E-03 4.803E-02

160

Akap8l

NM_017476

-0.920

1.578E-09 2.511E-06

215

Tarbp2

NM_009319

-0.724

8.321E-05 6.603E-03

161

Col27a1

NM_025685

-0.915

3.283E-06 6.269E-04

216

Atxn2l

NM_183020

-0.719

1.001E-07 4.780E-05

78

Table S3 (continued)
log2 fold
change

Gene

RefSeq ID

p value

FDR

217

Neil1

NM_028347

-0.716

3.467E-04 1.958E-02

218

Slc16a11

NM_153081

-0.715

219

Ccnl2

NM_207678

-0.709

220

Bzrap1

NM_172449

221

Tjap1

222
223

Nbeal2

224

log2 fold
change

Gene

RefSeq ID

272

Bmp1

NR_033241

-0.608

1.652E-06 3.888E-04

1.932E-06 4.257E-04

273

D930048N14Rik NR_027958

-0.607

1.082E-03 4.467E-02

2.400E-06 4.910E-04

274

Pear1

NM_001032413

-0.606

8.078E-04 3.685E-02

-0.706

1.328E-07 6.036E-05

275

Slc38a6

NM_001037717

-0.606

4.285E-04 2.320E-02

NM_028751

-0.697

2.546E-06 5.029E-04

276

Tnk1

NM_031880

-0.606

3.500E-04 1.966E-02

1700008O03Rik NM_027049

-0.694

4.864E-04 2.571E-02

277

Gata2

NM_008090

-0.603

9.567E-04 4.109E-02

NM_183276

-0.691

3.274E-07 1.218E-04

278

Tmem150a

NM_144916

-0.602

8.972E-04 3.978E-02

Cpsf4

NM_178576

-0.690

2.496E-05 2.754E-03

279

Mettl17

NM_001029990

-0.601

1.103E-05 1.526E-03

225

Arhgap4

NM_138630

-0.689

7.720E-05 6.267E-03

280

Ring1

NM_009066

-0.600

1.038E-06 2.654E-04

226

Aoc2

NM_178932

-0.687

3.528E-05 3.635E-03

281

Chek1

NM_007691

-0.599

1.045E-03 4.383E-02

227

Ppox

NM_008911

-0.685

3.163E-05 3.306E-03

282

Pglyrp1

NM_009402

-0.599

1.259E-03 4.979E-02

228

Arrdc1

NM_001162485

-0.679

8.442E-06 1.224E-03

283

Adam1a

NM_172126

-0.599

6.023E-04 3.001E-02

229

Pan2

NM_133992

-0.677

2.268E-05 2.619E-03

284

Sirt4

NM_133760

-0.592

5.466E-04 2.811E-02

230

Sema4g

NM_011976

-0.676

1.177E-05 1.587E-03

285

E030019B06Rik NM_001243018

-0.590

1.061E-03 4.422E-02

231

Snapc4

NR_033572

-0.674

2.825E-06 5.505E-04

286

Tyk2

NM_001205312

-0.589

4.940E-05 4.625E-03

232

Hspb1

NM_013560

-0.674

1.056E-03 4.409E-02

287

Pisd-ps2

NR_003519

-0.585

1.726E-05 2.131E-03

233

Polq

NM_029977

-0.672

6.523E-04 3.155E-02

288

Plekhg2

NM_001083912

-0.585

5.795E-04 2.917E-02

234

Abhd14b

NM_029631

-0.672

3.748E-05 3.807E-03

289

Oasl2

NM_011854

0.735

3.333E-04 1.909E-02

235

Il3ra

NM_008369

-0.668

9.401E-04 4.068E-02

290

Ifit3

NM_010501

0.786

2.496E-04 1.554E-02

236

9430008C03Rik NR_015463

-0.662

1.692E-04 1.156E-02

291

Gbp6

NM_194336

0.851

4.591E-05 4.385E-03

237

Pdlim7

NM_001114087

-0.662

2.257E-06 4.650E-04

292

Zpbp2

NM_001166494

1.011

5.623E-04 2.867E-02

238

Nradd

NM_026012

-0.661

4.218E-04 2.297E-02

293

Ifit1

NM_008331

1.304

2.008E-06 4.319E-04

239

Thbs3

NM_013691

-0.660

4.023E-05 4.016E-03

294

Nr5a1

NM_139051

1.754

1.944E-04 1.292E-02

240

Klhl17

NM_198305

-0.656

2.192E-06 4.582E-04

295

Parp1

NM_029249

2.207

5.044E-05 4.661E-03

241

Gkn3

NM_026860

-0.654

9.245E-04 4.014E-02

296

Myoc

NM_010865

2.260

2.046E-04 1.344E-02

242

Fstl3

NM_031380

-0.652

1.089E-03 4.486E-02

297

Pmch

NM_029971

2.749

3.664E-05 3.745E-03

243

Sox17

NM_011441

-0.650

4.431E-04 2.381E-02

298

Vip

NM_011702

3.137

6.503E-05 5.584E-03

244

Bgn

NM_007542

-0.647

3.185E-04 1.862E-02

245

Adcy4

NM_080435

-0.646

3.266E-04 1.894E-02

246

Tia1

NM_011585

-0.643

5.496E-05 5.014E-03

247

Ecm1

NM_007899

-0.637

6.514E-04 3.155E-02

248

Eno3

NM_001136062

-0.637

5.107E-04 2.669E-02

249

Dot1l

NM_199322

-0.634

2.545E-06 5.029E-04

250

Mfap2

NM_001161799

-0.633

2.070E-04 1.357E-02

251

Sirt6

NM_181586

-0.631

9.362E-05 7.189E-03

252

6430411K18Rik NR_002848

-0.627

1.176E-03 4.712E-02

253

Cecr5

NM_144815

-0.627

1.395E-05 1.819E-03

254

Rpl10a

NM_011287

-0.627

6.455E-04 3.154E-02

255

Nrbp2

NM_144847

-0.626

5.119E-06 8.996E-04

256

Col4a1

NM_009931

-0.625

3.674E-05 3.745E-03

257

Celsr3

NM_080437

-0.624

8.662E-07 2.261E-04

258

Vtn

NM_011707

-0.624

1.542E-05 1.961E-03

259

Lmbr1l

NM_029098

-0.624

5.376E-04 2.780E-02

260

Abcc10

NM_170680

-0.623

5.770E-05 5.149E-03

261

Itga11

NM_176922

-0.623

1.172E-03 4.703E-02

262

Dcaf15

NM_172502

-0.623

2.479E-06 5.001E-04

263

Perm1

NM_172417

-0.621

1.898E-04 1.270E-02

264

Ttll3

NM_133923

-0.618

1.891E-04 1.269E-02

265

Izumo4

NM_027829

-0.618

2.119E-05 2.529E-03

266

Ankrd24

NM_027480

-0.617

1.300E-05 1.716E-03

267

Cdc25b

NM_001111075

-0.613

2.153E-04 1.395E-02

268

Ltbp4

NM_175641

-0.613

3.598E-07 1.266E-04

269

Kcnt1

NM_175462

-0.613

2.810E-06 5.505E-04

270

Msantd2

NM_146222

-0.609

1.551E-04 1.078E-02

271

Wsb1

NM_019653

-0.609

7.315E-05 6.075E-03

(multi-miR/PBS)

79

(multi-miR/PBS)

p value

FDR

Table S4. Candidate genes included in zygote expression analysis.
Genea

RefSeq ID

DeltaGene ID

Sourceb

NM_001159589.1

GEA00043347

33a, 34

miR-29c, miR-30a, miR-30c, miR-204

2 Ube3a

NM_001033962.1

GEA00045713

33b, 34

miR-375

3 Srsf2

NM_011358.2

GEP00057627

33b, 34

miR-30a, miR-30c

4 Il6st

NM_010560.3

GEA00011873

33a, 33b

miR-29c

5 Ncl

NM_010880.3

GEA00050834

33b, 34

miR-29c, miR-30a, miR-30c, miR-32, miR-193, miR-204,
miR-375, miR-532-3p

6 Aars

NM_146217.3

GEA00048858

33b, 34

miR-32, miR-532-3p

7 Pdcd6

NM_011051.3

GEA00040967

33a, 34

miR-532-3p

8 Sorl1

NM_011436.3

GEA00050461

33a, 34

miR-32

9 Agfg1

NM_010472.2

GEA00046346

33b, 34

miR-375

10 Cdipt

NM_026638.3

GEP00060617

33b, 34

miR-29c, miR-30a, miR-30c, miR-698

11 Ralbp1

NM_009067.5

GEP00060625

33b, 34

miR-532-3p

12 Cdo1

NM_033037.3

GEA00039105

33b, 34

miR-29c

13 Cdc27

NM_145436.2

GEA00048463

33a, 33b, 34

14 Srsf7

NM_001195485.1

GEA00043397

33a, 34

miR-30a, miR-30c, miR-375

15 Pa2g4

NM_011119.3

GEA00046086

33b, 34

miR-532-3p

16 Gna14

NM_008137.4

GEA00023050

33b, 34

miR-32

17 Camk2g

NM_001039139.1

GEA00022624

33b, 34

miR-29c, miR-375, miR-532-3p, miR-698

18 Atp7a

NM_001109757.1

GEP00060623

33a, 34

miR-375

19 Itpk1

NM_172584.3

GEA00044738

33b, 34

miR-30a, miR-30c, miR-698

20 Dusp7

NM_153459.4

GEP00060622

33b, 34

miR-29c, miR-193

21 Cept1

NM_133869.3

GEP00060621

33a, 34

miR-375, miR-698

22 Dnmt3a

NM_007872.4

GEA00012143

33b, 34

miR-29c, miR-30a, miR-30c, miR-32, miR-193, miR-204,
miR-532-3p

23 Lrig2

NM_001025067.1

GEA00048290

33a, 33b

miR-30a, miR-30c, miR-204, miR-532-3p

24 Vcpip1

NM_173443.2

GEA00037339

33a, 33b

miR-30a, miR-30c, , miR-193, miR-698

25 Atrx

NM_009530.2

GEP00058306

33a, 34

miR-32

26 Nubp2

NM_011956.3

GEA00042184

33b, 34

miR-29c, miR-193, miR-204

27 Hus1

NM_008316.4

GEA00013286

33a, 33b

miR-29c, miR-204

28 Ppm1b

NM_011151.2

GEP00060624

33a, 34

miR-375

29 Abcb9

NM_019875.2

GEA00045763

33b, 34

miR-532-3p

30 Hdgf

NM_008231.4

GEA00040750

33b, 34

miR-29c, miR-532-3p

31 Stx5a

NM_001167799.1

GEA00045667

33b, 34

miR-193, miR-532-3p

32 Exo1

NM_012012.4

GEA00047311

33b, 34

miR-204, miR-375

33 Slc23a2

NM_018824.2

GEA00047827

33a, 33b

miR-29c, miR-30a, miR-30c, miR-193, miR-204, miR-375

34 Pdzk1

NM_001146001.1

GEA00044155

33b, 34

miR-204, miR-375

35 Kpnb1

NM_008379.3

GEA00049136

33a, 33b

miR-204, miR-698

36 Rgs2

NM_009061.4

GEA00039825

33b, 34

miR-30a, miR-30c, miR-532-3p

37 Irf1

NM_008390.2

GEA00012869

33b, 34

miR-30a, miR-30c, miR-204

38 Cnn3

NM_028044.2

GEA00041784

33a, 34

miR-375

39 Amfr

NM_011787.2

GEA00046655

33a, 34

miR-29c, miR-193, miR-532-3p

40 Rbpms

NM_001042674.1

GEA00043268

33b, 34

miR-375, miR-532-3p

41 Ctsh

NM_007801.2

GEA00045877

33b, 34

miR-698

42 Tbc1d14

NM_001113362.1

GEA00047533

33a, 33b

miR-698

43 Trip12

NM_133975.4

GEP00060618

33b, 34

miR-29c, miR-30a, miR-30c, miR-204

44 Scamp1

NM_029153.1

GEP00055968

33b, 34

miR-30a, miR-30c, miR-32, miR-532-3p

45 Epha4

NM_007936.3

GEA00048234

33b, 34

miR-193, miR-204, miR-375, miR-532-3p, miR-698

46 Tkt

NM_009388.5

GEA00050969

33b, 34

miR-375, miR-532-3p

47 Srpk2

NM_009274.2

GEA00047520

33b, 34

miR-32, miR-204, miR-532-3p

48 Sypl

NM_013635.3

GEA00041273

33a, 34

miR-30a, miR-30c, miR-32, miR-698

49 Slc7a2

NM_001044740.1

GEA00046198

33b, 34

miR-29c, miR-204

50 Nsf

NM_008740.4

GEA00048977

33b, 34

miR-30a, miR-30c, miR-32, miR-532-3p

51 Rad50

NM_009012.2

GEA00022853

33b, 34

miR-375

52 Usp2

NM_016808.2

GEA00046990

33b, 34

miR-30a, miR-30c, miR-532-3p

53 Psme3

NM_011192.3

GEA00045560

33b, 34

miR-29c, miR-698

54 Foxk1

NM_199068.2

GEA00018337

33a, 33b

miR-193, miR-204, miR-375, miR-532-3p, miR-698

1 Sirt1
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miR-29c, miR-30a, miR-30c, miR-698

Table S4 (continued)
Genea

RefSeq ID

DeltaGene ID

Sourceb

55 Gng3

NM_010316.3

GEA00026006

33b, 34

miR-204, miR-375

56 Pik3r1

NM_001024955.1

GEA00013239

33b, 34

miR-29c, miR-204, miR-532-3p, miR-698

57 Sdc1

NM_011519.2

GEA00022994

33a, 34

miR-32, miR-532-3p

58 Ube2h

NM_001169576.1

GEA00040100

33a, 34

miR-29c, miR-698

59 Ern1

NM_023913.2

GEA00049108

33a, 33b

miR-29c

60 Bmpr1b

NM_007560.3

GEA00013257

33a, 34

miR-193, miR-375, miR-532-3p

61 Rad51l3

NM_011235.4

GEP00060626

33b, 34

miR-29c, ,miR-193, miR-204, miR-532-3p, miR-698

62 Arl14ep

NM_001025102.1

GEA00038914

33a, 33b

miR-30a, miR-30c, miR-193

63 Bnip3l

NM_009761.3

GEA00040446

33b, 34

miR-30a, miR-30c, miR-32

64 Klhl18

NM_177771.5

GEA00044748

33a, 33b

miR-32, miR-204

65 Mtf1

NM_008636.4

GEA00018487

33b, 34

miR-30a, miR-30c, miR-32, miR-193, miR-532-3p, miR-698

66 Usp14

NM_021522.4

GEP00060619

33b, 34

miR-30a, miR-30c, miR-32, miR-375

67 Nasp

NM_001081475.1

GEA00022924

33b, 34

miR-29c

68 Jag1

NM_013822.4

GEA00012064

33a, 33b

miR-204

69 Rab3d

NM_031874.4

GEP00060620

33b, 34

miR-204, miR-532-3p, miR-698

70 Rod1

NM_144904.2

GEA00047477

33b, 34

miR-29c, miR-30a, miR-30c

71 Gpr56

NM_018882.3

GEA00047088

33b, 34

miR-698

72 Csf1 #c

NM_001113529.1

GEA00002534

33b, 34

miR-30a, miR-30c, miR-532-3p, miR-698

73 Ikbkb #

NM_010546.2

GEA00022729

33b, 34

miR-29c

74 Ptpre #

NM_011212.3

GEA00048997

33b, 34

miR-32, miR-193, miR-532-3p, miR-698

75 Stat6 #

NM_009284.2

GEA00003806

33b, 34

miR-30a, miR-30c, miR-698

a

Genes shown here in order presented in Figure 4a of main text.

b

Source column refers to citation number.

c

# indicates that the gene was excluded due to undetectable expression.
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Table S5. Reagents for microinjection experiments and qRT-PCR analysis.
Symbol

Description

RefSeq ID

miRIDIAN mimic TaqManAssayID
(GE Dharmacon) (Applied Biosystems)

miR-29c

mmu-miR-29c-3p

NR_029745.1

MIMAT0000536

000587

miR-30a

mmu-miR-30a-5p

NR_029533

MIMAT0000128

000417

miR-30c

mmu-miR-30c-5p

NR_029716.1

MIMAT0000514

000419

miR-32

mmu-miR-32-5p

NR_029789.1

MIMAT0000654

002109

miR-193-5p

mmu-miR-193a-5p

NR_029579.1

MIMAT0004544

002577

miR-204

mmu-miR-204-5p

NR_029591.1

MIMAT0000237

000508

miR-375

mmu-miR-375-3p

NR_029876.1

MIMAT0000739

000564

miR-532-3p

mmu-miR-532-3p

NR_030242.1

MIMAT0004781

002355

miR-698

mmu-miR-698-3p

NR_030480.1

MIMAT0003488

001632

U6

U6 small nuclear RNA

NR_004394

--

001973

sno202

MBII-202 C/D box snoRNA

AF357329

--

001232

AVP

arginine vasopressin

NM_009732.1

--

Mm00437761_g1

OT

oxytocin

NM_011025.3

--

Mm00726655_s1

CRF

corticotropin-releasing factor

NM_205769.2

--

Mm01293920_s1

CD11b

integrin alpha M

NM_001082960.1

--

Mm00434455_m1

GFAP

glial fibrillary acidic protein

NM_001131020.1

--

Mm01253033_m1

CRFr1

corticotrophin-releasing factor receptor 1

NM_007762.4

--

Mm00432670_m1

POMC

proopiomelanocortin

NM_008895.3

--

Mm00435874_m1

Mc2r

melanocortin 2 receptor

NM_008560.2

--

Mm00434865_s1

11BHSD-1

11-βhydroxysteriod dehydrogenase 1

NM_001044751.1

--

Mm00476182_m1

Gapdh

glyceraldehyde-3-phosphate dehydrogenase NM_0080842.2

--

Mm99999915_g1

Actb

beta actin

--

Mm00607939_s1

NM_007393.3
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Abstract
Mechanisms underlying sex biases in neuropsychiatric disease are not well understood,
but may involve the emergence of sex-differences in normal brain maturation and the
impact of stress during puberty. Adversity during this period of development
substantially increases disease risk, whereas the availability of caring and stable social
support can ameliorate these effects. The prefrontal cortex (PFC) is particularly
important, as it undergoes significant development throughout puberty and plays a welldefined role in neuropsychiatric disease. To examine sex differences in PFC maturation
and disruptions by peripubertal stress, we exposed male and female mice to chronic stress
either in isolation or with concurrent social interaction. We identified dynamic sexspecific changes in the PFC transcriptome that dramatically shifted throughout
peripuberty. As predicted, these patterns were disrupted by stress and reflected in sexspecific PFC-relevant behavior. Functional annotation analysis suggests sex differences
in the biological processes engaged in the PFC during peripuberty and altered by stress.
Interestingly, social interaction during stress recovered a subset of processes that were
related to metabolic processes in both sexes, supporting a potential mechanism whereby
adult behavior was rescued. These data demonstrate that peripuberty is an important
window for sexual differentiation of the PFC and offer insight into potential mechanisms
by which adversity may program negative outcomes.
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Introduction
While there is a reported sex bias in risk for neuropsychiatric disorders, little is
known as to the underlying contributing mechanisms for these differences (Kessler et al.,
2005; Eaton et al., 2012; Willcutt, 2012). Interestingly, these biases largely have pubertal
onset, a period in brain maturation where sex differences may be critical determinants in
disease trajectory (Kessler et al., 2007; Paus et al., 2008). Environmental adversity
experienced during this time substantially increases neuropsychiatric disease risk
(Janssen et al., 2004; van der Walt et al., 2014). In contrast, the availability of caring and
stable social support can ameliorate these effects, especially in women (Kaufman et al.,
2004). These outcomes suggest a renewed plasticity of the brain during peripubertal
maturation that may be involved in sex differences in neuropsychiatric disease risk.
Puberty is a dynamic developmental period for the prefrontal cortex (PFC),
evidenced by sex-dependent remodeling of cortical gray and white matter volume in
humans (Giedd et al., 1999; Perrin et al., 2008). Peripubertal PFC maturation has also
been noted in rodents, including critical myelination and an increased rate of addition of
new cells (Makinodan et al., 2012; Staffend et al., 2014). Aspects of PFC function have
been disrupted by insults during this window, such as disruption of oligodendrocyte
populations and altered development of the dopamine system (Makinodan et al., 2012;
Niwa et al., 2013). Some characteristics of neural and behavioral peripubertal
development have been interrogated for sex differences or effects of stress (ToledoRodriguez and Sandi, 2011; Harrell et al., 2013; Markham et al., 2013; Mohr and Sisk,
2013; Romeo et al., 2013). However, baseline sex differences and potential disruption by
stress of the molecular signature underlying PFC maturation prior to and during puberty
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are not well understood.
To examine baseline sex differences in peripubertal PFC maturation and how this
underlies developmental responses to peripubertal adversity, we developed a model in
which male and female mice are exposed to chronic stress either in isolation or with
concurrent social interaction. We hypothesized that sex differences in the PFC molecular
signature would arise during peripuberty, and that similar to human disease outcomes,
stress exposure would disrupt these patterns and impart long-term negative consequences.
We further hypothesized that social interaction concurrent with stress would result in a
rescue of stress-induced phenotypes.

Methods
Animals: All mice bred were virgin, in-house mixed C57BL/6:129 mice, and were
housed in a 12:12 h light:dark cycle with average ambient temperature of 70 °C and
relative humidity of 44%. Food (Purina Rodent Chow) and water were provided ad
libitum. All procedures were approved by the University of Pennsylvania Institutional
Animal Care and Use Committee and conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

Peripubertal Chronic Variable Stress: Chronic variable stress (CVS) was performed as
described previously, with some modification(Rodgers et al., 2013). Subjects underwent
14 days of CVS starting on postnatal day (PN) 21. One stressor was administered per day
in randomized order: 15 min restraint, 60 min exposure to fox odor (1:5,000; 2,4,5trimethylthiazole; Acros Organics), 3x cage change in one day, 36 h constant light,
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exposure to marbles overnight, 100 dB white noise overnight (Sleep Machine;
Brookstone), saturated bedding overnight. Within a litter, animals were randomly
assigned to CVS, CVS with social interaction (CVS+SI), or control groups. CVS animals
were weaned into singly-housed cages at the beginning of stress. CVS+SI animals lived
with the dam and control littermates (PN21 – PN27) or a same-sex littermate (PN28 –
PN34) between stressors, but experienced each stressor while isolated in a separate cage.
At the end of stress (PN35) CVS and CVS+SI animals were pair-housed with a same sex,
same stress cage mate. Controls were similarly weaned at PN28.

Peripubertal Maturation of the PFC
PFC Transcriptome Analysis. To examine sex differences that arise during the onset of
puberty and their disruption by stress, a cohort was sacrificed at PN21, PN28, PN35
(controls) or following either 1 week (PN28) or 2 weeks (PN35) of peripubertal stress (n
= 6/sex/treatment/time). Animals were deeply anesthetized with Isoflurane, and body
weight and length, and appearance of a vaginal opening (VO) was recorded. Brains were
rapidly removed, frozen on dry ice, and stored at -80 °C until analysis. Brains were
cryosectioned at -20 °C and micropunched using a 1.0 mm Harris Uni-Core tissue
puncher (Ted Pella). To collect PFC tissue, a single punch, encompassing both
hemispheres, was made from one 300 µm section. Due to the lack of an atlas for mice at
this age, punching began at the same anatomical location, when the forceps minor of the
corpus callosum were apparent. Total RNA extraction was performed as previously
described and was sent to the University of Pennsylvania Path BioResource Molecular
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Profiling Core for Affymetrix GeneChip Mouse Gene 2.0 ST analysis (Rodgers et al.,
2013).

PFC Immunohistochemistry. Dual immunofluorescent staining to visualize parvalbumin
(PV) positive interneurons and TBR1 positive pyramidal neurons in the PFC was
performed on control tissue perfused at PN21 or PN35. Naïve mice (n = 4-6/sex/age)
were deeply anesthetized with Isoflurane and perfused with 1X phosphate buffered saline
(PBS) followed by 4% PFA. Serial 30 µm cryosections were stained via incubation in
guinea pig anti-PV (1:500; Synaptic Systems) and rabbit anti-TBR1 (1:1000; Abcam)
primary antibodies. Results were visualized using goat anti-guinea pig Alexa Fluor 568
(1:200; Invitrogen) and goat anti-rabbit Alexa Fluor 488 (1:200; Invitrogen). Sections
were cover slipped using Gold Antifade Reagent with DAPI (Invitrogen). An interaction
between the antibodies caused PV+ cells to fluoresce in both the red and green channels.
Subcellular location of each label, with TBR1 nuclear and PV cytoplasmic, aided the
differentiation of the costained populations.
Image analysis was conducted on images at 20x magnification from 2
hemispheric sections/animal. Microphotographs were captured with a Nikon Eclipse
E600 illuminated by an Expo X-Cite Series 120Q, attached to a Q-Imaging 10-bit
camera, and equipped with iVision software (BD Biosciences/Scanalytics). PV+ and
TBR1+ cells were quantified from the prelimbic (PrL) and infralimbic (IL) PFC using
pipelines developed in CellProfiler. A blinded investigator visually confirmed all cell
counts. The PrL and IL counts were added within a section and the resulting value was
averaged across sections within animal.
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Peripubertal Programming of PFC and Related Behavior
Animals were characterized both 1 week following the end of stress (PN42, juvenile) to
examine the effects of peripubertal stress on the development of sex differences and in
adulthood (10-16 weeks old) to examine the persistent effects of stress.

Prepulse Inhibition/Acoustic Startle Response. Prepulse inhibition (PPI) of the acoustic
startle response (ASR) was recorded in SR-LAB startle chambers (San Diego
Instruments) as described previously	
   (Rodgers	
   et	
   al.,	
   2013). All test sessions were
conducted 1-6 h after lights-off (juvenile: n = 9-12/group; adult: n = 36-42/group).

PFC qRT-PCR. PFC punches were collected from mice (juvenile, adult, n = 810/group/age) as described above, and total RNA was isolated as described previously
(Rodgers et al., 2013). Changes in dopamine receptor type I (Drd1, NM_010076.3) and
dopamine receptor type II (Drd2, NM_010077.2) gene expression were measured by
quantitative real-time-PCR (qRT-PCR) using TaqMan gene expression assays (Applied
Biosystems). Samples were run in triplicate for the target genes and endogenous control
glyceraldehyde-3-phosphate dehydrogenase (Gapdh, NM_0080842.2) on the same 96well plate. Analysis was performed by the comparative Ct method, and expression levels
were normalized to control males (Schmittgen and Livak, 2008).

Statistical Analysis: An investigator blind to treatment group conducted all data
collection and analysis. Microarray data were analyzed in the R environment using
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packages oligo and limma (Smyth et al., 2005; Carvalho and Irizarry, 2010). To identify
differentially expressed genes, the Benjamini Hochbert FDR correction was applied and
an adjusted p < 0.05 was used. DAVID functional annotation clustering was used to
determine gene clusters that were significantly enriched within a gene set based on gene
ontology terms, with an enrichment score > 1.3 equivalent to a p < 0.05. SABioscience’s
Decipherment Of DNA Elements (DECODE) database was used to analyze common
transcription factors. Morphological, behavioral, and qRT-PCR data were analyzed by
two-way (sex x stress) analysis of variance (ANOVA) with repeated measures where
appropriate. IHC measures were analyzed by two-way ANOVA (sex x age). Main effects
and interactions were analyzed with Fisher’s LSD post-hoc. Chi square testing was used
to analyze VO data. For each analysis, values greater than two standard deviations away
from each group mean were considered outliers and were excluded from analysis. The
significance level was set at p < 0.05. Statistical analyses were performed using JMP11
Pro (SAS) software. All data are reported as mean ± SEM.

Results
PFC transcriptome. To examine baseline sex differences in maturation of the PFC, we
evaluated patterns of gene expression. 177 genes were significantly different between
male and female controls during at least one of the time points assessed. Three major
subsets of genes were detected that differed based on the timing of significant sex
difference presentation: sex different at all three time points, sex different only at PN28,
or sex different only at PN35 (Figure 4.1A). All genes that were sex-dependent at all
three time points are located on either the Y or X chromosome (Figure 4.1B). Analysis of
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common transcription factors of genes that were sex-dependent at PN28 revealed that
85% of genes contain a POU homeodomain binding site within the promoter region.
Functional annotation clustering analysis identified these genes as significantly enriched
in processes related to protein transport and exocytosis (Figure 4.1C). Functional
annotation clustering of sex-dependent genes at PN35 identified significant enrichment of
processes related to chromosomes, kinetochore, and nucleic acid transport (Figure 4.1D).
In examination of the effect of peripubertal stress on these patterns, we found that
stress did not alter the sex difference in genes located on the Y or X chromosome at
either PN28 (Figure 4.1E) or PN35 (Figure 4.1F). In contrast, at both PN28 (Figure 4.1G)
and PN35 (Figure 4.1H), CVS and CVS+SI treatment disrupted sex differences in gene
expression. We further analyzed the change in gene expression from PN21-PN35 in
control and stress groups. Due to the sex differences in PFC maturation, analysis of the
enriched ‘biological process’ GO terms across time was conducted within sex (Figure 1I).
Assessment of biological processes reiterates a baseline sex difference, as male and
female controls overlap in only 3 of the 10 top annotated GO terms. In both sexes, CVS
resulted in a shift in annotation, where male subjects responded with gene expression
changes indicative of negative regulation of key cellular processes, while female subjects
responded with gene expression changes that indicate increased cell death. CVS+SI
males and females differed in the unique GO terms annotated, with male gene expression
suggesting increased modification of proteins and female gene expression suggesting
increased chromatin modification. However, both sexes demonstrated an overlap in
biological process annotation with that of controls, suggesting some recovery of baseline
function.
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Peripubertal cell populations. To examine if sex differences in the PFC transcriptome
contributed to the development of PFC cell populations, PV+ (Figure 4.1J) and TBR1+
(Figure 1K) cells were examined in males and females across the peripubertal window.
There was an effect of age on both cell types (PV+: F(1,16) = 9.86, p = 0.0063; TBR1+:
F(1,16) = 12.31, p = 0.0029), such that there were more PV+ cells and fewer TBR1+ cells
at PN35 than there were at PN21. However, there was no effect of sex (PV+: F(1,16) =
0.89, p = 0.3593; TBR1+: F(1,16) = 0.62, p = 0.4435) or sex x age interaction (PV+: F(1,16)
= 2.23, p = 0.1552; TBR1+: F(1,16) = 0.28, p = 0.6008) on the number of cells for PV or
TBR1.

Peripubertal growth phenotypes. To assess the appearance of sex differences in
morphology across the peripubertal window and disruption by stress, body weight and
body length (Table 4.1), and appearance of VO (Table 4.2) were measured at PN28 and
PN35. Males weighed more at PN28 (F(1,45) = 4.53, p = 0.0395) and PN35 (F(1,50) =
21.41, p < 0.0001). Stress did not affect body weight at either age (PN28: F(2,45) = 1.62, p
= 0.2105; PN35: F(2,50) = 0.53, p = 0.59010) or interact with sex (PN28: F(2,45) = 1.03, p =
0.3667; PN35: F(2,50) = 0.001, p = 0.9989). Males had an increased body length at PN28
(F(1,48) = 5.98, p = 0.0186), although there was no sex difference by PN35 (F(1,51) = 1.62,
p = 0.2094). There was no effect of stress (PN28: F(2,48) = 0.95, p = 0.3946; PN35: F(2,51)
= 0.15, p = 0.8567) or interaction between sex and stress (PN28: F(2,48) = 0.48, p =
0.6219; PN35: F(2,51) = 0.22, p = 0.8053) on body length. We assessed the appearance of
VO in females for an indicator of pubertal onset. Compared to control females (3 out of 7
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with VO), neither CVS (2 out of 6 with VO; χ2 [1, n = 13] = 0.123, p > 0.05) or CVS+SI
(5 out of 8 with VO; χ2 [1, n = 15] = 0.579, p > 0.05) treatment altered the likelihood that
a female would have a VO at PN28. All females had a VO at PN35.

PFC-related behavior. To examine the effect of peripubertal stress on a PFC-involved
behavior, we assessed PPI/ASR. In juveniles, the effect of peripubertal stress on ASR
depended on sex (F(2,54) = 4.24, p = 0.0194). Among males, CVS treatment resulted in
blunted ASR compared to controls (p = 0.0063, Figure 4.2A). In females, CVS+SI
subjects had an increased ASR compared to control (p = 0.0144) and CVS (p = 0.0165)
subjects. We found no effect of stress (F(2,54) = 0.08, p = 0.9185) on PPI (Figure 4.2B).
There was a sex difference in PPI (F(1,54) = 4.43, p = 0.0399) and the expected withinsubject effect of prepulse intensity (F(2,53) = 110.54, p < 0.0001).
In adults, the ASR was not dependent upon sex (F(1,226) = 0.01, p = 0.9166, Figure
4.2E). There was an effect of stress (F(2,226) = 6.86, p = 0.0013) that did not interact with
sex (F(2,226) = 1.75, p = 0.1753). In both sexes, CVS resulted in a decrease in ASR
compared to both controls (p = 0.0032) and CVS+SI subjects (p = 0.0007). When PPI
was examined (Fig. 4.2F), there was an interaction between decibel, sex, and stress
(F(4,450) = 2.69, p = 0.0307). Among males, there was no effect of stress (F(2,115) = 0.15, p
= 0.8618), although the expected effect of decibel (F(2,114) = 273.46, p < 0.0001) was
present. In females, there was an interaction between decibel and stress (F(4,220) = 2.48, p
= 0.0449). At all decibels, CVS+SI subjects had blunted PPI compared to controls (69
dB: p = 0.0008; 73 dB: p = 0.0003; 81 dB: p = 0.0014) and CVS subjects (69 dB: p =
0.0010; 73 dB: p = 0.0040; 81 dB: p = 0.0205).
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PFC dopamine receptors. To examine the effect of peripubertal stress on the dynamic sex
differences in the developing dopamine system, we evaluated dopamine receptor gene
expression in the PFC. In juveniles, gene expression of the D1 receptor (Figure 4.2C) was
impacted by both sex (F(1,48) = 4.39, p = 0.0415) and stress (F(2,48) = 3.46, p = 0.0395),
although the factors did not interact (F(2,48) = 0.07, p = 0.9354). Male subjects had more
D1 receptor gene expression. CVS decreased D1 receptor gene expression in both sexes
compared to controls (p = 0.0119). D2 receptor gene expression levels (Figure 4.2D)
were unchanged by either sex (F(1,47) = 0.13, p = 0.7203) or stress (F(2,47) = 0.57, p =
0.5719), nor was there an interaction between the factors (F(2,47) = 0.79, p = 0.4592).
While peripubertal stress had an impact on D1 receptor gene expression, the longterm effects in adults were observed in D2 receptor gene expression (Fig. 4.2G,H). There
was a main effect of stress (F(2,39) = 3.48, p = 0.0408), such that CVS animals had
increased D2 receptor gene expression compared to controls (p = 0.0246), and this effect
was rescued in CVS+SI subjects (p =0.0352). There was no effect of sex (F(1,39) = 0.03, p
= 0.8667) nor an interaction between the factors (F(2,39) = 0.64, p = 0.5303) on D2
receptor gene expression. D1 receptor gene expression was unchanged by peripubertal
stress (F(2,41) = 2.50, p = 0.0941) or sex (F(1,41) = 1.08, p = 0.3044), and the factors did not
interact (F(2,41) = 0.01, p = 0.9911).
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Discussion
Adolescence is a key maturational period during which the increased presentation
of neuropsychiatric disorders and the emergence of sex differences in these disorders
suggest an increased sensitivity to environmental factors such as stress (Paus et al., 2008).
The dynamic molecular and cellular events occurring within the PFC likely render this
brain region particularly susceptible to remodeling over this peripubertal period (Giedd et
al., 1999; Perrin et al., 2008). However, little is known as to the potential sex-specificity
of the molecular maturation of the peripubertal PFC that may drive sex biases in disease
vulnerability. Therefore, identification of sex differences in the peripubertal PFC
molecular signature and the role of stress in the disruption of this signature may provide
novel mechanistic insight into how males and females achieve different maturational
pathways and are at disparate disease risk.
Examination of sex differences in the peripubertal PFC transcriptome revealed
unique expression patterns that dramatically shifted over this period. The earliest sex
differences that appeared by PN21 and remained through PN35 were in genes that are all
sex chromosome linked, being predominantly located on the Y chromosome. Members of
this small gene set were largely epigenetic regulators, such as the histone demethylases
Kdm5d and Uty, suggesting fundamental differences in transcriptional regulation
between males and females that could critically shape how PFC maturation in each sex
responds to environmental perturbation.
Dynamic sex differences in a larger set of genes were identified only at PN28. As
these genes are not found on sex chromosomes and their expression occurred prior to the
steep pubertal rise in gonadal hormone production, this suggests that novel processes may
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regulate sex-specific maturation of the PFC. Most of these genes have a POU-binding site
in their promoter, signifying a potential means for common transcriptional regulation.
The expression of Y-liked epigenetic regulators in this window may establish a sexspecific chromatin state, altering the ability of a given histone mark or transcription factor
such as POU family members to modify transcription. Functional annotation clustering
suggests a transient sex difference in wide-reaching functions such as protein transport at
PN28, which may play a role in establishing lasting sex differences in PFC function.
A large group of sex-dependent genes was detected at PN35, an age that coincides
with gonadal hormone activation. Functional annotation analysis suggests sex differences
in cell division. Puberty is characterized by sex-dependent cell proliferation in many
sexually-dimorphic brain regions in rodents (Ahmed et al., 2008; Mohr and Sisk, 2013).
In the PFC of male rats, cell proliferation was increased during puberty relative to
adulthood, although sex differences were not reported (Staffend et al., 2014). Peripuberty
is a critical time for the maturation and migration of PFC oligodendrocytes (Makinodan
et al., 2012; Vargas et al., 2014). A possible sex difference in the establishment of
oligodendrocytes has not been investigated, but our gene expression results suggest a
difference in the potential for cell proliferation in the peripubertal PFC.
To examine the impact of stress experience on this PFC signature, mice were
exposed to peripubertal chronic stress either in isolation of with concurrent social
interaction, as social support is known to ameliorate many of the long-term effects on
mental health (Kaufman et al., 2004). Peripubertal stress disrupted sex differences in the
PFC molecular signature at PN28 and PN35 without delaying pubertal onset. Further,
peripubertal stress shifted the trajectory of gene expression over the two weeks of
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exposure in a sex-dependent manner, such that there was no overlap in the top biological
processes annotated from the PFC transcriptome compared to controls. Interestingly,
peripubertal stress in the context of social interaction did not elicit the same stressdependent changes, and annotation patterns in this group more closely resembled that of
controls. However, several unique annotation terms were seen only in the analysis of
gene expression from this group, suggesting that key metabolic processes may confer
resistance to stress.
These marked sex differences in the PFC molecular signature and their disruption
by peripubertal stress have functional outcomes on PFC-related behaviors and
development of the dopamine system. We found that the ASR is reduced by peripubertal
stress, although the nature of the disruption depended upon sex and age assessed. Similar
to what we observe, clinical studies suggest that both adolescents and adults with distress
disorders have an altered baseline ASR (Jovanovic et al., 2009; Waters et al., 2014).
Importantly, studies have shown that activity in the PFC can modulate the ASR (Mohr et
al., 2009; Kao et al., 2015). Further, the dopamine system is developing during the
pubertal window, critical for normal functioning of the PFC, and susceptible to
adolescent stress (Kalsbeek et al., 1988; Andersen et al., 2000; Niwa et al., 2013; Puig
and Miller, 2014). Similar to the ASR findings, we observed that PFC dopamine
receptors were altered by peripubertal stress in an age-dependent manner. As the ASR is
modulated by dopamine receptor activation in the PFC, these findings could contribute to
our observed behavioral differences (Halberstadt and Geyer, 2009). Critically, social
interaction rescued the stress-induced changes in ASR and PFC dopamine receptors.
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Our findings suggest that the peripubertal window is an important time of
emerging sex differences in the PFC, resulting in sex-specific alterations in PFC
molecular profile by peripubertal stress. Notably, peripubertal stress disrupted PFCrelated behavior in juveniles and adults, support for lasting cortical reprogramming.
Peripubertal stress with concurrent social interaction resulted in a reduction of the effects
of stress, suggesting an important route of resistance to stress. These findings highlight
the dynamic sex differentiation of the PFC and provide an opportunity to examine
mechanisms by which peripubertal adversity results in long-term negative outcomes.
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Figure 4.1. Peripubertal gene expression in the prefrontal cortex is sex dependent. A, Heat
map where data are expressed as relative levels within each gene, and each column represents the
average expression for the group. B, Table of genes that were significantly sex different at PN21,
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PN28, and PN35 and their chromosome location. C, D, Genes that were significantly sex different
at PN28 (C) or PN35 (D) were clustered based on GO terms. E,F, Heat map illustrating that
neither CVS or CVS+SI treatment disrupted the sex difference in genes that are located on the X
and Y chromosome at PN28 (E) or PN35(F). G, H Heat map illustrating the effect of CVS or
CVS+SI treatment on genes that had significantly different expression at PN28 (G) or PN35 (H).
I, Enrichment analysis showing biological process GO terms enriched in genes that were
significantly altered at PN35 relative to PN21 expression levels. Bolded = term shared between
sexes. J, K, Representative images of PrL quantification area for PV+ cells (J) and TBR1+ cells
(K). *p < 0.05. Chrom = Chromosome, M = male, F = female, PrL = prelimbic, IL = infralimbic,
fmi = forceps minor of the corpus callosum.
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Figure 4.2. Peripubertal adversity impacts PFC-related behavior and dopamine receptors.
A, The ASR in juvenile animals depended upon sex and peripubertal stress. B, PPI in juveniles
was not altered. C, Juvenile PFC D1 receptor gene expression depended upon sex and stress. D,
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Juvenile D2 receptor gene expression was unchanged by either sex or peripubertal stress. E,
Adult ASR was altered by peripubertal stress. F, Adult PPI was affected by peripubertal stress in
a sex-dependent manner. G, Adult D1 receptor gene expression was not dependent upon sex or
peripubertal stress. H, Adult D2 receptor gene expression was dependent upon peripubertal stress.
# = p < 0.05 for main effect of either sex or peripubertal stress; * = p < 0.05 between bracketed
groups on LSD post-hoc test.

	
  
	
  
	
  
Table 4.1. Body weight and length during peripuberty
Note: * indicates main effect of sex on measure at that time (p < 0.05)

Body weight (g)
PN28*
PN35*
Nose-rump length (mm)
PN28*
PN35

Control

Male
CVS

Control

Female
CVS

CVS+SI

CVS+SI

15.2 ± 1.2
17.9 ± 0.7

13.9 ± 0.5
17.5 ± 0.6

13.1 ± 0.6
18.0 ± 0.4

13.2 ± 1.3
15.7 ± 0.5

11.7 ± 0.5
15.2 ± 0.7

12.9 ± 0.5
15.8 ± 0.5

77.3 ± 1.4
81.4 ± 1.5

75.9 ± 0.7
80.4 ± 0.6

74.5 ± 1.0
80.8 ± 0.5

74.2 ± 2.1
79.7 ± 0.9

72.9 ± 0.9
79.8 ±1.0

73.7 ± 0.8
79.8 ± 0.8

	
  
	
  
	
  
	
  
Table 4.2. Percent of females with vaginal opening
PN28
PN35

Control
42.8
100

CVS
33.3
100

CVS+SI
62.5
100
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CHAPTER 5: GENERAL DISCUSSION	
  
Neuropsychiatric diseases are quite diverse, presenting with a wide range of
symptoms in varying degrees of severity from childhood to old age. Yet, dysregulation of
the homeostatic stress response may be a central and unifying component, as
hyporeactivity and/or hyperreactivity of the HPA stress axis have been reported across
affective, neurotic, psychotic, and developmental disorders including major depression,
PTSD, generalized anxiety, schizophrenia, and autism (Arborelius et al., 1999; Nestler et
al., 2002; Walker et al., 2008; Corbett et al., 2009; Yehuda, 2009). Disruption of stress
neurocircuitry has been implicated as a factor in both disease predisposition and symptom
precipitation, a vulnerability that contributes to the likelihood that an individual will
develop symptoms as well as the time course of symptom presentation (Lupien et al.,
2009; Russo et al., 2012). Investigations of mechanisms underlying this HPA axis
endophenotype emphasize the role of adverse environmental exposure in programming
the development of stress reactivity (Babenko et al., 2015; Bale, 2015).
Chronic stress is one such stimulus, and a particularly salient one, with an
extensive history of research devoted to characterizing its effects (as reviewed in (Bale,
2014)). The majority of work has focused on early life stress, where prenatal or postnatal
exposure have been associated with HPA axis dysregulation in animal models (Mueller
and Bale, 2008; Harris and Seckl, 2011; Morgan and Bale, 2011; Gapp et al., 2014;
Moisiadis and Matthews, 2014), though exposure during other developmental periods is
also relevant. This dissertation examined two such windows: parental lifetime exposures
prior to offspring conception, and adolescence. The use of mouse models afforded
examination of not only the consequences of chronic stress exposure for later stress
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reactivity (in offspring, or in exposed animals) but also of the molecular mechanisms
involved in their programming. In the first set of studies, we hypothesized that altered
epigenetic signatures in germ cells were responsible for transgenerational transmission of
chronic stress; in the second, that disruption of epigenetic control of brain maturation
would lead to adult phenotypes.
We developed a model of paternal stress exposure in which sire exposure to
chronic stress induced a blunted HPA axis stress response in male and female offspring,
observing that this behavioral evidence suggested transgenerational epigenetic
programming. We next identified the germ cell epigenetic mark potentially responsible
for transmission, an increase in nine sperm miRs that was associated with reduced stress
reactivity (Rodgers et al., 2013). Using zygote microinjection of these specific miRs, we
then demonstrated their causality in programming stress dysregulation (Rodgers et. al,
under review). However, it was the novel investigation of sperm miR function postfertilization with single-cell amplification technology that led to the most striking and
important finding of this thesis—that sperm miRs selectively target stored maternal
mRNA leading to the post-transcriptional silencing of expression. This regulatory activity
of sperm miRs in early zygotes supported that lasting, programmatic changes in
neurodevelopment occur through a complex molecular cascades initiated by a germ cell
epigenetic mark, and the demonstration of this role represents a level of mechanistic
examination previously unachieved in the transgenerational epigenetic research via the
paternal lineage (Rodgers and Bale, 2015).
We also investigated underlying circuitry of the altered HPA axis following
paternal stress, finding broad downregulation of the PVN transcriptome in the chronic
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stress and zygote injection models indicative of global regulation by an upstream
epigenetic mechanism, such as a histone repressive mark. In the penultimate chapter, we
similarly characterize potential epigenetic changes in brain tissue, instead focusing on the
regulation of sex differences in the adolescent PFC and their disruption by peripubertal
stress exposure. Dynamic sex differences in the PFC transcriptome supported multifactorial regulation of PFC maturation, including an important role for sex chromosomelinked histone demethylases, Kdm5d and Uty. Sex differences in PFC maturation were
reflected in a behavioral measure of PFC-mediated stress sensitivity, the acoustic startle
response, and both were disrupted by chronic stress. Unfortunately, technological
limitations restricted our use of chromatin immunoprecipitation sequencing (ChIP-seq) to
mechanistically evaluate the relationship between patterns of histone modifications in
specific brain regions (PVN or PFC) and physiological or behavioral stress phenotypes.
Recent developments in chromatin mass spectrometry may offer an unbiased and highly
sensitive alternative for such analysis (Yuan et al., 2014; Sidoli et al., 2015).
Together, these studies on the epigenetic mechanisms of stress axis programming
received extensive support from the National Institute for Mental Health, signaling our
obligation and promise as researchers to advance knowledge of the human condition
through basic science research. As such, the following discussion will address the
potential translational implications of our work and future experiments that may extend
our studies. Certainly, answers to these practical and theoretical questions are only truly
advanced through an entire body of research, but the contribution of research included in
this dissertation is here explored.
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Are sperm miRs a biomarker of male stress experience?
Glucocortoicoid levels serve as an accurate marker of acute stress experience, a
measure by which differences in the reactivity of the HPA axis may be assayed.
However, in respect to the cumulative life experience known as chronic stress,
glucocorticoids are a poor metric. In humans and animal models alike, stress hormones
are dynamic, circadian, and subject to negative feedback regulation, not to mention
incredibly individual (Sapolsky, 1994; Myers et al., 2014). Similar variability is observed
in other physiological responses to stress, such as blood pressure or glucose levels
(McEwen and Wingfield, 2003). Simply, quantifiable measures of chronic stress levels
are scarce, and mental health professionals careful of the infamous role stress plays in
disease precipitation and exacerbation are left with only questionnaires, interviews, and
self reports (Cohen et al., 1997; Dohrenwend, 2006). There is real need for a
physiological biomarker. This biomarker should (i) reflect chronic stress exposure, (ii)
uniquely represent stress experience, (iii) persist across time, and (iv) be homologous in
rodents and humans. Sperm miRs may meet all of these criteria.
First, we provide evidence in support of sperm miRs vulnerability to stress
experience in Chapter 2, demonstrating that sperm miR content was significantly altered
following six weeks of chronic stress, with nine specific miRs increased to 2- to 4-fold
control levels (Rodgers et al., 2013). We also establish that a narrow window of
vulnerability does not exist, as sperm miRs were changed following stress across the
pubertal window or in adulthood. It is still unknown, however, how these populations
encode qualities of a stress experience such as duration or severity. Do they build slowly
across time, or switch on with some threshold of exposure? Would specific miRs scale
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with stress experience, or would other miRs be recruited? If sperm miR content is
programmed during spermatogenesis and maintained into the mature sperm (Jenkins and
Carrell, 2012b), experiments designed to assess the effects of varying stress protocols on
sperm miRs depend on what developmental stages are exposed and the time between
exposure and sperm collection. However, the discovery of miRs in epididymosomes
prompted us to revise these initial assumptions (Belleannée et al., 2013).
Epididymosomes are a type of exosome, a small miR-containing lipid vesicle released
from epididymal epithelial cells capable of fusing with and/or binding to mature sperm
(Sullivan and Saez, 2013; Păunescu et al., 2014). Based instead on an understanding that
that sperm miR content may be programmed in the epididymis, we propose to identify
how aspects of stress experience are encoded in the concentration and/or identity of
sperm miRs by shortening the length of chronic stress to expose only mature sperm,
varying its degree of severity, and collecting sperm for small RNA sequencing soon after
the end of stress.
Second, to serve as a useful biomarker of stress exposure, specific sperm miRs
must be elevated that experience but unresponsive to a wide variety of potential
environmental stimuli. Through collaborations with the laboratories of R. Christopher
Pierce, PhD at the University of Pennsylvania and Kerry Ressler, PhD at Emory
University, we examined the expression of our nine stress-sensitive sperm miRs in two
alternate

models

of

paternal

transgenerational

transmission:

chronic

cocaine

administration (Vassoler et al., 2013), and odor fear conditioning (Dias and Ressler,
2013). Preliminary results suggest that the nine miRs are unique to chronic stress, as they
are unchanged in the other models (unpublished data). Due to differences in the species
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exposed (rats vs. mice) and technological differences in miR amplification (array cards
vs. individual assays), these results must be interpreted with caution. However, limited
evidence of the increase of different sperm miRs following cocaine exposure model does
further the exciting possibility of a miR language of transgenerational programming, one
in which lifetime exposures are transmitted through distinct sperm miRs to direct
offspring development in relevant and predictable ways. Rigorous examination of sperm
miR populations and offspring outcomes following diverse paternal exposures will
distinguish this theory from a competing and more parsimonious one, that sperm miRs
act as a common mechanism, communicating a single phenotype in response to any
number of adverse experiences.
Third, fluctuations in sperm miR content over time are critical to the
interpretation and use of this potential biomarker. We can conceptualize permanent
alterations in sperm miR populations following chronic stress. For example, a maintained
epigenetic modification in epididymal epithethial cells could stimulates the continuous
production of miRs for release (Sullivan and Saez, 2013). Alternatively, changes in
sperm miR populations may be dynamic and reversible, reflecting recent experiences
instead of cumulative life history. A model in which miR production or release requires
direct activation by stress hormones would achieve this level of plasticity. The repeated
sampling of sperm miR content at multiple time points following chronic stress could
address their persistence across time.
Fourth, we have investigated sperm miR content following chronic stress in mice,
but it is currently unknown if similar changes occur in humans. Limited evidence
suggests that sperm miRs in humans are susceptible to toxin exposure (Li et al., 2012;
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Marczylo et al., 2012), but baseline qualities of sperm miR content required to properly
power such studies are unclear, including between-individual variability (e.g. the effects
of age or race) and within-individual variability (e.g. consistency across time). Following
initial pilot investigations, undergraduate students, exposed to inherently stressful
schedules during specific periods like finals week, may serve as an ideal study population
to examine the sensitivity of sperm miRs to stress in humans. However, it is important to
note that, although detection of miRs in human sperm may be assessed as a biomarker of
male stress exposure, the consequences of sperm miRs on stress regulation in the next
generation should be interpreted carefully. While experience-dependent transmission via
germ cell epigenetic marks may likely occur across species, its contribution to offspring
neurodevelopment in humans may tempered by important alternate mechanisms of
transmission such as parental behavior (Belsky, 1993; Oliver, 1993; Braun and
Champagne, 2014).

Is stress-induced reprogramming of brain development always maladaptive?
As exemplified in recent reviews and this dissertation, the fields of
transgenerational and behavioral epigenetics most often discuss the effects of stress
exposure on gene expression, hormone production, and animal behavior in relation to
neuropsychiatric disease risk (Bale, 2014; Provencal and Binder, 2014; Toth, 2014;
Babenko et al., 2015). While stress axis regulation may certainly be relevant to disease
state, conclusions that criminalize alterations in stress neurocircuitry by characterizing
them only as dysregulation are oversimplified. Molecular mechanisms that allow an
organism the ability to respond to its environment may increase survival and reproductive
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fitness, and are fundamentally evolutionarily adaptive (Meaney, 2010; Crews et al.,
2014). Initially proposed by evolutionary biologist Jean-Baptiste Lamarck (1744-1829),
the theory of evolution through the propagation of acquired characteristics has been
quietly adopted by many twenty-first century epigeneticists (Szyf, 2014). In the following
paragraphs, changes in the PVN transcriptome in our paternal stress model and altered
PFC sex differences in our peripubertal stress model are discussed from this often unsung
perspective, revealing that our study of the stress-induced reprogramming of brain
development may be just as much an investigation of a normal, beneficial biological
process as a diseased, maladaptive one.
In Chapter 2, we report that male exposure to chronic stress throughout
adolescence or in adulthood reprograms development of the offspring PVN and results in
reduced HPA axis reactivity in offspring. The directionality of this relationship, that
increased stress exposure in the parental generation decreases the stress response of the
next, suggests that offspring are primed to maintain homeostasis in the high-stress
environment experienced by their parents. Extending the Barker hypothesis, that
describes how adaptations made in response to a prenatal environment anticipate a
similar postnatal environment (Hales and Barker, 2001), these data posit that lifetime
experiences prior to offspring conception program offspring to respond to the same
experiences. Parental lineage as well as stressor longevity and type contribute to
offspring reprogramming, likely reflecting differences in evolutionary pressures. For
example, maternal exposure to chronic stress or elevated glucocorticoids also alters
offspring HPA axis activity but has an opposite effect than paternal exposure, increasing
instead of decreasing hormone reactivity (Mueller and Bale, 2008; Dietz et al., 2011;
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Rodgers et al., 2013). Here, as in the Barker hypothesis, environmental dynamics
differentiate adaptation from disease, where a mismatch of programming conditions and
the offspring environment elicit negative outcomes (Hales and Barker, 2001). Future
experiments may test this hypothesis by exposing paternal stress-exposed offspring to
adverse conditions, and assessing their degree of susceptibility or resilience in multiple
behavioral and physiological dimensions. Interestingly, the hypothalamus may be
particularly susceptible to transgenerational programming, as its central function in
energy availability may be most essential to determining future fitness (Bale, 2015).
Hypothalamic susceptibility is likely related to its high degree of vascularization and
reliance on tightly regulated blood-brain barrier permeability (Frahm et al., 2012), as
functional annotation clustering of PVN gene expression revealed changes in
extracellular matrix and collagen gene sets in mice with altered HPA axis reactivity
(Rodgers et. al, under review).
In Chapter 4, we report the disruption of normal PFC maturation by peripubertal
stress exposure. This effect is similarly subject reinterpretation as potentially adaptive.
Foremost, experience-dependent changes represent a remarkable plasticity of adolescent
brain development, signaling a readiness of cellular processes to learn from and respond
to environmental input. These active coping strategies may mediate the phenomenon of
stress inoculation, a process described in humans and animal models whereby the
experience of overcoming early life adversity programs resistance to later stress (Russo et
al., 2012). In our peripubertal model, stress in the context of social interaction provides
one example of a stress-tolerant phenotype, as it shifts PFC maturation onto a third
trajectory and does not merely prevent the effects of stress or return development to the
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control state (Morrison et. al, in preparation). These findings are consistent with other
studies of adolescent stress exposure, such as the long-term reduction HPA activity
programmed by intermittent separation of socially housed monkeys (Parker et al., 2004).
Potential mechanisms underlying this adaptation are likely epigenetic, as stress-induced
changes in energy balance and the direct activation of steroid hormone receptors can
regulate epigenetic machinery (Gut and Verdin, 2013), and epigenetic marks in the brain
may be maintained across the lifespan (Holliday, 2006). Alternatively, developmental
mechanisms such as altered neurogenesis, dendritic arborization, or synapse formation
may confer stress resistant phenotypes (van Praag et al., 2014).

Concluding remarks
Environmental stimuli can influence adult behavior and physiology, through both direct
exposures and experience-dependent transgenerational transmission. In this dissertation,
we have examined mechanisms of offspring stress axis programming following paternal
chronic stress and of sex difference disruption following peripubertal chronic stress. We
have learned that epigenetic marks stand at the interface of environmental stress and
offspring or brain phenotypic change and, critically, have demonstrated the mechanistic
role of sperm miRs in the transgenerational transmission of chronic stress. These studies
may contribute to how assess chronic stress exposure in males and/or how we interpret
changes in stress reactivity, but ultimately make their most significant impact by
characterizing a fundamental biological process, that of the transgenerational epigenetic
programming of stress reactivity, from a mechanistic perspective.

112

REFERENCES
Abel JL, Rissman EF (2013) Running-induced epigenetic and gene expression changes in
the adolescent brain. Int J Dev Neurosci 31:382–390.
Ahmed EI, Zehr JL, Schulz KM, Lorenz BH, DonCarlos LL, Sisk CL (2008) Pubertal
hormones modulate the addition of new cells to sexually dimorphic brain regions.
Nat Neurosci 11:995–997.
Amanai M, Brahmajosyula M, Perry ACF (2006) A restricted role for sperm-borne
microRNAs in mammalian fertilization. Biol Reprod 75:877–884.
Andersen SL, Thompson AT, Rutstein M, Hostetter JC, Teicher MH (2000) Dopamine
receptor pruning in prefrontal cortex during the periadolescent period in rats. Synapse
37:167–169.
Arborelius L, Owens MJ, Plotsky PM, Nemeroff CB (1999) The role of corticotropinreleasing factor in depression and anxiety disorders. J Endocrinol 160:1–12.
Arnold AP (2014) Conceptual frameworks and mouse models for studying sex
differences in physiology and disease: why compensation changes the game. Exp
Neurol 259:2–9.
Ashe A, Sapetschnig A, Weick E-M, Mitchell J, Bagijn MP, Cording AC, Doebley A-L,
Goldstein LD, Lehrbach NJ, Le Pen J, Pintacuda G, Sakaguchi A, Sarkies P, Ahmed
S, Miska EA (2012) piRNAs can trigger a multigenerational epigenetic memory in
the germline of C. elegans. Cell 150:88–99.
Babenko O, Kovalchuk I, Metz GAS (2015) Stress-induced perinatal and
transgenerational epigenetic programming of brain development and mental health.
Neurosci Biobehav Rev 48C:70–91.
Baek D, Villén J, Shin C, Camargo FD, Gygi SP, Bartel DP (2008) The impact of
microRNAs on protein output. Nature 455:64–71.
Bale TL (2014) Lifetime stress experience: transgenerational epigenetics and germ cell
programming. Dialogues Clin Neurosci 16:297–305.
Bale TL (2015) Epigenetic and transgenerational reprogramming of brain development.
Nat Rev Neurosci.
Bale TL, Baram TZ, Brown AS, Goldstein JM, Insel TR, McCarthy MM, Nemeroff CB,
Reyes TM, Simerly RB, Susser ES, Nestler EJ (2010) Early life programming and
neurodevelopmental disorders. Biol Psychiatry 68:314–319.
Bale TL, Contarino A, Smith GW, Chan R, Gold LH, Sawchenko PE, Koob GF, Vale
WW, Lee KF (2000) Mice deficient for corticotropin-releasing hormone receptor-2
113

display anxiety-like behaviour and are hypersensitive to stress. Nat Genet 24:410–
414.
Barlow DP, Bartolomei MS (2014) Genomic imprinting in mammals. Cold Spring Harb
Perspect Biol 6.
Bayer TA, Falkai P, Maier W (1999) Genetic and non-genetic vulnerability factors in
schizophrenia: the basis of the "two hit hypothesis". Journal of Psychiatric Research
33:543–548.
Becker JB, Monteggia LM, Perrot-Sinal TS, Romeo RD, Taylor JR, Yehuda R, Bale TL
(2007) Stress and disease: is being female a predisposing factor? J Neurosci
27:11851–11855.
Belleannée C, Calvo É, Caballero J, Sullivan R (2013) Epididymosomes convey different
repertoires of microRNAs throughout the bovine epididymis. Biol Reprod 89:30.
Belsky J (1993) Etiology of child maltreatment: a developmental-ecological analysis.
Psychol Bull 114:413–434.
Bernstein E, Kim SY, Carmell MA, Murchison EP, Alcorn H, Li MZ, Mills AA, Elledge
SJ, Anderson KV, Hannon GJ (2003) Dicer is essential for mouse development. Nat
Genet 35:215–217.
Binder EB, Bradley RG, Liu W, Epstein MP, Deveau TC, Mercer KB, Tang Y, Gillespie
CF, Heim CM, Nemeroff CB, Schwartz AC, Cubells JF, Ressler KJ (2008)
Association of FKBP5 polymorphisms and childhood abuse with risk of
posttraumatic stress disorder symptoms in adults. JAMA 299:1291–1305.
Bock J, Poeschel J, Schindler J, Börner F, Shachar-Dadon A, Ferdman N, GaislerSalomon I, Leshem M, Braun K, Poeggel G (2014) Transgenerational sex-specific
impact of preconception stress on the development of dendritic spines and dendritic
length in the medial prefrontal cortex. Brain Struct Funct.
Bohacek J, Farinelli M, Mirante O, Steiner G, Gapp K, Coiret G, Ebeling M, DuránPacheco G, Iniguez AL, Manuella F, Moreau J-L, Mansuy IM (2014) Pathological
brain plasticity and cognition in the offspring of males subjected to postnatal
traumatic stress. Mol Psychiatry.
Boyd A, Golding J, Macleod J, Lawlor DA, Fraser A, Henderson J, Molloy L, Ness A,
Ring S, Davey Smith G (2013) Cohort Profile: the “children of the 90s--”the index
offspring of the Avon Longitudinal Study of Parents and Children. Int J Epidemiol
42:111–127.
Brand SR, Brennan PA, Newport DJ, Smith AK, Weiss T, Stowe ZN (2010) The impact
of maternal childhood abuse on maternal and infant HPA axis function in the
postpartum period. Psychoneuroendocrinology 35:686–693.
114

Braun K, Champagne FA (2014) Paternal influences on offspring development:
behavioural and epigenetic pathways. J Neuroendocrinol 26:697–706.
Brown AS (2011) The environment and susceptibility to schizophrenia. Progress in
Neurobiology 93:23–58.
Brykczynska U, Hisano M, Erkek S, Ramos L, Oakeley EJ, Roloff TC, Beisel C,
Schübeler D, Stadler MB, Peters AHFM (2010) Repressive and active histone
methylation mark distinct promoters in human and mouse spermatozoa. Nat Struct
Mol Biol 17:679–687.
Carone BR, Fauquier L, Habib N, Shea JM, Hart CE, Li R, Bock C, Li C, Gu H, Zamore
PD, Meissner A, Weng Z, Hofmann HA, Friedman N, Rando OJ (2010) Paternally
induced transgenerational environmental reprogramming of metabolic gene
expression in mammals. Cell 143:1084–1096.
Carvalho BS, Irizarry RA (2010) A framework for oligonucleotide microarray
preprocessing. Bioinformatics 26:2363–2367.
Caspi A, Moffitt TE (2006) Gene-environment interactions in psychiatry: joining forces
with neuroscience. Nat Rev Neurosci 7:583–590.
Champagne FA (2008) Epigenetic mechanisms and the transgenerational effects of
maternal care. Front Neuroendocrinol 29:386–397.
Christensen BC, Houseman EA, Marsit CJ, Zheng S, Wrensch MR, Wiemels JL, Nelson
HH, Karagas MR, Padbury JF, Bueno R, Sugarbaker DJ, Yeh R-F, Wiencke JK,
Kelsey KT (2009) Aging and environmental exposures alter tissue-specific DNA
methylation dependent upon CpG island context. PLoS Genet 5:e1000602.
Coe CL, Kramer M, Czéh B, Gould E, Reeves AJ, Kirschbaum C, Fuchs E (2003)
Prenatal stress diminishes neurogenesis in the dentate gyrus of juvenile rhesus
monkeys. Biol Psychiatry 54:1025–1034.
Cohen S, Kessler RC, Gordon LU (1997) Measuring Stress: A Guide for Health and
Social Scientists - Google Books.
Corbett BA, Schupp CW, Levine S, Mendoza S (2009) Comparing cortisol, stress, and
sensory sensitivity in children with autism. Autism Res 2:39–49.
Crews D, Gillette R, Miller-Crews I, Gore AC, Skinner MK (2014) Nature, nurture and
epigenetics. Mol Cell Endocrinol.
Curley JP, Mashoodh R, Champagne FA (2011) Epigenetics and the origins of paternal
effects. Horm Behav 59:306–314.
Davies MN, Volta M, Pidsley R, Lunnon K, Dixit A, Lovestone S, Coarfa C, Harris RA,
115

Milosavljevic A, Troakes C, al-Sarraj S, Dobson R, Schalkwyk LC, Mill J (2012)
Functional annotation of the human brain methylome identifies tissue-specific
epigenetic variation across brain and blood. Genome Biol 13:R43.
de Kloet ER, Joëls M, Holsboer F (2005) Stress and the brain: from adaptation to disease.
Nat Rev Neurosci 6:463–475.
Dempster EL, Pidsley R, Schalkwyk LC, Owens S, Georgiades A, Kane F, Kalidindi S,
Picchioni M, Kravariti E, Toulopoulou T, Murray RM, Mill J (2011) Diseaseassociated epigenetic changes in monozygotic twins discordant for schizophrenia and
bipolar disorder. Human Molecular Genetics 20:4786–4796.
Dias BG, Ressler KJ (2013) Parental olfactory experience influences behavior and neural
structure in subsequent generations. Nat Neurosci 17:89–96.
Dietz DM, Laplant Q, Watts EL, Hodes GE, Russo SJ, Feng J, Oosting RS, Vialou V,
Nestler EJ (2011) Paternal Transmission of Stress-Induced Pathologies. Biol
Psychiatry 70:408–414.
Dohrenwend BP (2006) Inventorying stressful life events as risk factors for
psychopathology: Toward resolution of the problem of intracategory variability.
Psychol Bull 132:477.
Dubowitz H, Black MM, Kerr MA, Hussey JM, Morrel TM, Everson MD, Starr RH
(2001) Type and timing of mothers' victimization: effects on mothers and children.
Pediatrics 107:728–735.
Dunn GA, Bale TL (2011) Maternal high-fat diet effects on third-generation female body
size via the paternal lineage. Endocrinology 152:2228–2236.
Dweep H, Sticht C, Pandey P, Gretz N (2011) miRWalk--database: prediction of possible
miRNA binding sites by “walking” the genes of three genomes. J Biomed Inform
44:839–847.
Eaton NR, Keyes KM, Krueger RF, Balsis S, Skodol AE, Markon KE, Grant BF, Hasin
DS (2012) An invariant dimensional liability model of gender differences in mental
disorder prevalence: evidence from a national sample. J Abnorm Psychol 121:282–
288.
Eiland L, Romeo RD (2012) Stress and the developing adolescent brain. Neuroscience.
Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC (1998) Potent and
specific genetic interference by double-stranded RNA in Caenorhabditis elegans.
Nature 391:806–811.
Frahm KA, Schow MJ, Tobet SA (2012) The vasculature within the paraventricular
nucleus of the hypothalamus in mice varies as a function of development, subnuclear
116

location, and GABA signaling. Horm Metab Res 44:619–624.
Franklin TB, Linder N, Russig H, Thöny B, Mansuy IM (2011) Influence of early stress
on social abilities and serotonergic functions across generations in mice. PLoS ONE
6:e21842.
Franklin TB, Russig H, Weiss IC, Gräff J, Linder N, Michalon A, Vizi S, Mansuy IM
(2010) Epigenetic transmission of the impact of early stress across generations. Biol
Psychiatry 68:408–415.
Franklin TB, Saab BJ, Mansuy IM (2012) Neural mechanisms of stress resilience and
vulnerability. Neuron 75:747–761.
Fu Q, Wang PJ (2014) Mammalian piRNAs: Biogenesis, function, and mysteries.
Spermatogenesis 4:e27889.
Fullston T, Ohlsson Teague EMC, Palmer NO, DeBlasio MJ, Mitchell M, Corbett M,
Print CG, Owens JA, Lane M (2013) Paternal obesity initiates metabolic disturbances
in two generations of mice with incomplete penetrance to the F2 generation and
alters the transcriptional profile of testis and sperm microRNA content. The FASEB
Journal 27:4226–4243.
Gannon JR, Emery BR, Jenkins TG, Carrell DT (2014) The sperm epigenome:
implications for the embryo. Adv Exp Med Biol 791:53–66.
Gapp K, Jawaid A, Sarkies P, Bohacek J, Pelczar P, Prados J, Farinelli L, Miska E,
Mansuy IM (2014) Implication of sperm RNAs in transgenerational inheritance of
the effects of early trauma in mice. Nat Neurosci 17:667–669.
Gatewood JM, Cook GR, Balhorn R, Bradbury EM, Schmid CW (1987) Sequencespecific packaging of DNA in human sperm chromatin. Science 236:962–964.
Geyer MA, Dulawa SC (2003) Assessment of murine startle reactivity, prepulse
inhibition, and habituation. Curr Protoc Neurosci Chapter 8:Unit8.17.
Giedd JN, Blumenthal J, Jeffries NO, Castellanos FX, Liu H, Zijdenbos A, Paus T, Evans
AC, Rapoport JL (1999) Brain development during childhood and adolescence: a
longitudinal MRI study. Nat Neurosci 2:861–863.
Giraldez AJ, Mishima Y, Rihel J, Grocock RJ, Van Dongen S, Inoue K, Enright AJ,
Schier AF (2006) Zebrafish MiR-430 promotes deadenylation and clearance of
maternal mRNAs. Science 312:75–79.
Glessner JT et al. (2009) Autism genome-wide copy number variation reveals ubiquitin
and neuronal genes. Nature 459:569–573.
Godmann M, Lambrot R, Kimmins S (2009) The dynamic epigenetic program in male
117

germ cells: Its role in spermatogenesis, testis cancer, and its response to the
environment. Microsc Res Tech 72:603–619.
Goel N, Bale TL (2010) Sex differences in the serotonergic influence on the
hypothalamic-pituitary-adrenal stress axis. Endocrinology 151:1784–1794.
Goel N, Plyler KS, Daniels D, Bale TL (2011) Androgenic Influence on Serotonergic
Activation of the HPA Stress Axis. Endocrinology 152:2001–2010.
Golding J (1990) Children of the nineties. A longitudinal study of pregnancy and
childhood based on the population of Avon (ALSPAC). West Engl Med J 105:80–82.
Golding J, ALSPAC Study Team (2004) The Avon Longitudinal Study of Parents and
Children (ALSPAC)--study design and collaborative opportunities. Eur J Endocrinol
151 Suppl 3:U119–U123.
Goldstein JM, Handa RJ, Tobet SA (2014) Disruption of fetal hormonal programming
(prenatal stress) implicates shared risk for sex differences in depression and
cardiovascular disease. Front Neuroendocrinol 35:140–158.
Grandjean V, Gounon P, Wagner N, Martin L, Wagner KD, Bernex F, Cuzin F,
Rassoulzadegan M (2009) The miR-124-Sox9 paramutation: RNA-mediated
epigenetic control of embryonic and adult growth. Development 136:3647–3655.
Grant GR, Farkas MH, Pizarro A, Lahens N, Schug J, Brunk B, Stoeckert CJ, Hogenesch
JB, Pierce EA (2011) Comparative Analysis of RNA-Seq Alignment Algorithms and
the RNA-Seq Unified Mapper (RUM). Bioinformatics.
Greer EL, Maures TJ, Ucar D, Hauswirth AG, Mancini E, Lim JP, Benayoun BA, Shi Y,
Brunet A (2011) Transgenerational epigenetic inheritance of longevity in
Caenorhabditis elegans. Nature 479:365–371.
Grimm D, Streetz KL, Jopling CL, Storm TA, Pandey K, Davis CR, Marion P, Salazar F,
Kay MA (2006) Fatality in mice due to oversaturation of cellular microRNA/short
hairpin RNA pathways. Nature 441:537–541.
Grivna ST, Beyret E, Wang Z, Lin H (2006) A novel class of small RNAs in mouse
spermatogenic cells. Genes Dev 20:1709–1714.
Guerrero-Bosagna C, Settles M, Lucker B, Skinner MK (2010) Epigenetic
transgenerational actions of vinclozolin on promoter regions of the sperm epigenome.
PLoS ONE 5.
Guerrero-Bosagna C, Skinner MK (2012) Environmentally induced epigenetic
transgenerational inheritance of phenotype and disease. Mol Cell Endocrinol 354:3–
8.
118

Guerrero-Bosagna C, Weeks S, Skinner MK (2014) Identification of Genomic Features
in Environmentally Induced Epigenetic Transgenerational Inherited Sperm
Epimutations Ward WS, ed. PLoS ONE 9:e100194.
Gut P, Verdin E (2013) The nexus of chromatin regulation and intermediary metabolism.
Nature 502:489–498.
Hackett JA, Sengupta R, Zylicz JJ, Murakami K, Lee C, Down TA, Surani MA (2013)
Germline DNA demethylation dynamics and imprint erasure through 5hydroxymethylcytosine. Science 339:448–452.
Halberstadt AL, Geyer MA (2009) Habituation and sensitization of acoustic startle:
opposite influences of dopamine D1 and D2-family receptors. Neurobiol Learn Mem
92:243–248.
Hales CN, Barker D (2001) The thrifty phenotype hypothesis. British medical bulletin.
Hammoud SS, Nix DA, Zhang H, Purwar J, Carrell DT, Cairns BR (2009) Distinctive
chromatin in human sperm packages genes for embryo development. Nature
460:473–478.
Harrell CS, Hardy E, Boss-Williams K, Weiss JM, Neigh GN (2013) Sex and lineage
interact to predict behavioral effects of chronic adolescent stress in rats. Behav Brain
Res 248:57–61.
Harris A, Seckl J (2011) Glucocorticoids, prenatal stress and the programming of disease.
Horm Behav 59:279–289.
Heim C, Newport DJ, Mletzko T, Miller AH, Nemeroff CB (2008) The link between
childhood trauma and depression: insights from HPA axis studies in humans.
Psychoneuroendocrinology 33:693–710.
Heisler LK, Pronchuk N, Nonogaki K, Zhou L, Raber J, Tung L, Yeo GSH, O'Rahilly S,
Colmers WF, Elmquist JK, Tecott LH (2007) Serotonin activates the hypothalamicpituitary-adrenal axis via serotonin 2C receptor stimulation. J Neurosci 27:6956–
6964.
Hellemans KGC, Verma P, Yoon E, Yu W, Weinberg J (2008) Prenatal alcohol exposure
increases vulnerability to stress and anxiety-like disorders in adulthood. Ann N Y
Acad Sci 1144:154–175.
Herskovits AZ, Guarente L (2014) SIRT1 in Neurodevelopment and Brain Senescence.
Neuron 81:471–483.
Holliday R (2006) Epigenetics: a historical overview. Epigenetics 1:76–80.
Holtzman CW, Trotman HD, Goulding SM, Ryan AT, Macdonald AN, Shapiro DI,
119

Brasfield JL, Walker EF (2013) Stress and neurodevelopmental processes in the
emergence of psychosis. Neuroscience.
Huang DW, Sherman BT, Lempicki RA (2008) Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nat Protoc 4:44–57.
Huang DW, Sherman BT, Lempicki RA (2009) Bioinformatics enrichment tools: paths
toward the comprehensive functional analysis of large gene lists. Nucleic Acids
Research 37:1–13.
Huang Y, Xu H, Li H, Yang H, Chen Y, Shi X (2012) Pre-gestational stress reduces the
ratio of 5-HIAA to 5-HT and the expression of 5-HT1A receptor and serotonin
transporter in the brain of foetal rat. BMC Neurosci 13:22.
Hultman CM, Sandin S, Levine SZ, Lichtenstein P, Reichenberg A (2011) Advancing
paternal age and risk of autism: new evidence from a population-based study and a
meta-analysis of epidemiological studies. Mol Psychiatry 16:1203–1212.
Ingalhalikar M, Smith A, Parker D, Satterthwaite TD, Elliott MA, Ruparel K,
Hakonarson H, Gur RE, Gur RC, Verma R (2014) Sex differences in the structural
connectome of the human brain. Proc Natl Acad Sci USA 111:823–828.
Jaenisch R, Bird A (2003) Epigenetic regulation of gene expression: how the genome
integrates intrinsic and environmental signals. Nat Genet 33 Suppl:245–254.
Janssen I, Krabbendam L, Bak M, Hanssen M, Vollebergh W, de Graaf R, van Os J
(2004) Childhood abuse as a risk factor for psychotic experiences. Acta Psychiatr
Scand 109:38–45.
Jenkins TG, Carrell DT (2012a) The sperm epigenome and potential implications for the
developing embryo. Reproduction 143:727–734.
Jenkins TG, Carrell DT (2012b) Dynamic alterations in the paternal epigenetic landscape
following fertilization. Front Genet 3:143.
Jenuwein T, Allis CD (2001) Translating the histone code. Science 293:1074–1080.
Jimenez-Chillaron JC, Isganaitis E, Charalambous M, Gesta S, Pentinat-Pelegrin T,
Faucette RR, Otis JP, Chow A, Diaz R, Ferguson-Smith A, Patti M-E (2009)
Intergenerational transmission of glucose intolerance and obesity by in utero
undernutrition in mice. Diabetes 58:460–468.
Jirtle RL, Skinner MK (2007) Environmental epigenomics and disease susceptibility. Nat
Rev Genet 8:253–262.
Jovanovic T, Blanding NQ, Norrholm SD, Duncan E, Bradley B, Ressler KJ (2009)
Childhood abuse is associated with increased startle reactivity in adulthood. Depress
120

Anxiety 26:1018–1026.
Kaati G, Bygren LO, Edvinsson S (2002) Cardiovascular and diabetes mortality
determined by nutrition during parents“ and grandparents” slow growth period. Eur J
Hum Genet 10:682–688.
Kaati G, Bygren LO, Pembrey M, Sjöström M (2007) Transgenerational response to
nutrition, early life circumstances and longevity. Eur J Hum Genet 15:784–790.
Kalsbeek A, Voorn P, Buijs RM, Pool CW, Uylings HB (1988) Development of the
dopaminergic innervation in the prefrontal cortex of the rat. J Comp Neurol 269:58–
72.
Kaneda M, Okano M, Hata K, Sado T, Tsujimoto N, Li E, Sasaki H (2004) Essential role
for de novo DNA methyltransferase Dnmt3a in paternal and maternal imprinting.
Nature 429:900–903.
Kao C-Y, Stalla G, Stalla J, Wotjak CT, Anderzhanova E (2015) Norepinephrine and
corticosterone in the medial prefrontal cortex and hippocampus predict PTSD-like
symptoms in mice. Eur J Neurosci 41:1139–1148.
Kapoor A, Matthews SG (2008) Prenatal stress modifies behavior and hypothalamicpituitary-adrenal function in female guinea pig offspring: effects of timing of prenatal
stress and stage of reproductive cycle. Endocrinology 149:6406–6415.
Kapoor A, Matthews SG (2011) Testosterone is involved in mediating the effects of
prenatal stress in male guinea pig offspring. J Physiol (Lond) 589:755–766.
Kaufman J, Yang B-Z, Douglas-Palumberi H, Houshyar S, Lipschitz D, Krystal JH,
Gelernter J (2004) Social supports and serotonin transporter gene moderate
depression in maltreated children. Proc Natl Acad Sci USA 101:17316–17321.
Kawano M, Kawaji H, Grandjean V, Kiani J, Rassoulzadegan M (2012) Novel small
noncoding RNAs in mouse spermatozoa, zygotes and early embryos. PLoS ONE
7:e44542.
Kessler RC, Amminger GP, Aguilar-Gaxiola S, Alonso J, Lee S, Ustün TB (2007) Age of
onset of mental disorders: a review of recent literature. Curr Opin Psychiatry 20:359–
364.
Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters EE (2005) Lifetime
prevalence and age-of-onset distributions of DSM-IV disorders in the National
Comorbidity Survey Replication. Arch Gen Psychiatry 62:593–602.
Kiani J, Rassoulzadegan M (2013) A load of small RNAs in the sperm - how many bits
of hereditary information? Cell Res 23:18–19.
121

Kinney DK, Munir KM, Crowley DJ, Miller AM (2008) Prenatal stress and risk for
autism. Neurosci Biobehav Rev 32:1519–1532.
Konermann S, Brigham MD, Trevino AE, Hsu PD, Heidenreich M, Cong L, Platt RJ,
Scott DA, Church GM, Zhang F (2013) Optical control of mammalian endogenous
transcription and epigenetic states. Nature 500:472–476.
Krawetz SA, Kruger A, Lalancette C, Tagett R, Anton E, Draghici S, Diamond MP
(2011) A survey of small RNAs in human sperm. Hum Reprod 26:3401–3412.
Lambrot R, Xu C, Saint-Phar S, Chountalos G, Cohen T, Paquet M, Suderman M, Hallett
M, Kimmins S (2013) Low paternal dietary folate alters the mouse sperm epigenome
and is associated with negative pregnancy outcomes. Nat Comms 4.
Langmead B, Salzberg SL (2012) Fast gapped-read alignment with Bowtie 2. Nat Meth
9:357–359.
Lawson HA, Cheverud JM, Wolf JB (2013) Genomic imprinting and parent-of-origin
effects on complex traits. Nat Rev Genet 14:609–617.
Lazzaretti D, Tournier I, Izaurralde E (2009) The C-terminal domains of human
TNRC6A, TNRC6B, and TNRC6C silence bound transcripts independently of
Argonaute proteins. RNA 15:1059–1066.
Lehrner A, Bierer LM, Passarelli V, Pratchett LC, Flory JD, Bader HN, Harris IR, Bedi
A, Daskalakis NP, Makotkine I, Yehuda R (2014) Maternal PTSD associates with
greater glucocorticoid sensitivity in offspring of Holocaust survivors.
Psychoneuroendocrinology 40:213–220.
Lewis DA, Levitt P (2002) Schizophrenia as a disorder of neurodevelopment. Annu Rev
Neurosci 25:409–432.
Li R, Mav D, Grimm SA, Jothi R, Shah R, Wade PA (2014) Fine-tuning of epigenetic
regulation with respect to promoter CpG content in a cell type-specific manner.
Epigenetics 9:747–759.
Li Y, Li M, Liu Y, Song G, Liu N (2012) A Microarray for MicroRNA Profiling in
Spermatozoa from Adult Men Living in an Environmentally Polluted Site. Bull
Environ Contam Toxicol 89:1111–1114.
Lima AR, Mello MF, Andreoli SB, Fossaluza V, de Araújo CM, Jackowski AP, Bressan
RA, Mari JJ (2014) The impact of healthy parenting as a protective factor for
posttraumatic stress disorder in adulthood: a case-control study. PLoS ONE
9:e87117.
Liu J, Dietz K, DeLoyht JM, Pedre X, Kelkar D, Kaur J, Vialou V, Lobo MK, Dietz DM,
Nestler EJ, Dupree J, Casaccia P (2012a) Impaired adult myelination in the prefrontal
122

cortex of socially isolated mice. Nat Neurosci 15:1621–1623.
Liu W-M, Pang RTK, Chiu PCN, Wong BPC, Lao K, Lee K-F, Yeung WSB (2012b)
Sperm-borne microRNA-34c is required for the first cleavage division in mouse.
Proc Natl Acad Sci USA 109:490–494.
Lupien SJ, McEwen BS, Gunnar MR, Heim C (2009) Effects of stress throughout the
lifespan on the brain, behaviour and cognition. Nat Rev Neurosci 10:434–445.
Lykke-Andersen K, Gilchrist MJ, Grabarek JB, Das P, Miska E, Zernicka-Goetz M
(2008) Maternal Argonaute 2 is essential for early mouse development at the
maternal-zygotic transition. Mol Biol Cell 19:4383–4392.
Mainigi MA, Olalere D, Burd I, Sapienza C, Bartolomei M, Coutifaris C (2014) Periimplantation hormonal milieu: elucidating mechanisms of abnormal placentation and
fetal growth. Biol Reprod 90:26.
Makinodan M, Rosen KM, Ito S, Corfas G (2012) A critical period for social experiencedependent oligodendrocyte maturation and myelination. Science 337:1357–1360.
Marczylo EL, Amoako AA, Konje JC, Gant TW, Marczylo TH (2012) Smoking induces
differential miRNA expression in human spermatozoa: a potential transgenerational
epigenetic concern? Epigenetics 7:432–439.
Markham JA, Mullins SE, Koenig JI (2013) Periadolescent maturation of the prefrontal
cortex is sex-specific and is disrupted by prenatal stress. J Comp Neurol 521:1828–
1843.
Mashoodh R, Franks B, Curley JP, Champagne FA (2012) Paternal social enrichment
effects on maternal behavior and offspring growth. Proc Natl Acad Sci USA 109
Suppl 2:17232–17238.
Matthews SG (2002) Early programming of the hypothalamo-pituitary-adrenal axis.
Trends Endocrinol Metab 13:373–380.
Márquez C, Poirier GL, Cordero MI, Larsen MH, Groner A, Marquis J, Magistretti PJ,
Trono D, Sandi C (2013) Peripuberty stress leads to abnormal aggression, altered
amygdala and orbitofrontal reactivity and increased prefrontal MAOA gene
expression. Transl Psychiatry 3:e216.
McEuen JG, Semsar KA, Lim MA, Bale TL (2009) Influence of sex and corticotropinreleasing factor pathways as determinants in serotonin sensitivity. Endocrinology
150:3709–3716.
McEwen BS (2008) Central effects of stress hormones in health and disease:
Understanding the protective and damaging effects of stress and stress mediators. Eur
J Pharmacol 583:174–185.
123

McEwen BS, Stellar E (1993) Stress and the individual. Mechanisms leading to disease.
Arch Intern Med 153:2093–2101.
McEwen BS, Wingfield JC (2003) The concept of allostasis in biology and biomedicine.
Horm Behav 43:2–15.
Meaney MJ (2010) Epigenetics and the biological definition of gene x environment
interactions. Child Dev 81:41–79.
Mehta D, Klengel T, Conneely KN, Smith AK, Altmann A, Pace TW, Rex-Haffner M,
Loeschner A, Gonik M, Mercer KB, Bradley B, Müller-Myhsok B, Ressler KJ,
Binder EB (2013) Childhood maltreatment is associated with distinct genomic and
epigenetic profiles in posttraumatic stress disorder. Proc Natl Acad Sci USA
110:8302–8307.
Meizel S (2004) The sperm, a neuron with a tail: “neuronal” receptors in mammalian
sperm. Biol Rev Camb Philos Soc 79:713–732.
Mendenhall EM, Williamson KE, Reyon D, Zou JY, Ram O, Joung JK, Bernstein BE
(2013) Locus-specific editing of histone modifications at endogenous enhancers. Nat
Biotechnol 31:1133–1136.
Milekic MH, Xin Y, O’Donnell A, Kumar KK, Bradley-Moore M, Malaspina D, Moore
H, Brunner D, Ge Y, Edwards J, Paul S, Haghighi FG, Gingrich JA (2014) Agerelated sperm DNA methylation changes are transmitted to offspring and associated
with abnormal behavior and dysregulated gene expression. Mol Psychiatry.
Mill J, Tang T, Kaminsky Z, Khare T, Yazdanpanah S, Bouchard L, Jia P, Assadzadeh A,
Flanagan J, Schumacher A, Wang S-C, Petronis A (2008) Epigenomic profiling
reveals DNA-methylation changes associated with major psychosis. Am J Hum
Genet 82:696–711.
Miller D, Brinkworth M, Iles D (2010) Paternal DNA packaging in spermatozoa: more
than the sum of its parts? DNA, histones, protamines and epigenetics. Reproduction
139:287–301.
Miranda JK, la Osa de N, Granero R, Ezpeleta L (2011) Maternal experiences of
childhood abuse and intimate partner violence: Psychopathology and functional
impairment in clinical children and adolescents. Child Abuse Negl 35:700–711.
Moghaddam B (2002) Stress activation of glutamate neurotransmission in the prefrontal
cortex: implications for dopamine-associated psychiatric disorders. Biol Psychiatry
51:775–787.
Mohr D, Ameln-Mayerhofer von A, Fendt M (2009) 5,7-dihydroxytryptamine injections
into the prefrontal cortex and nucleus accumbens differently affect prepulse
inhibition and baseline startle magnitude in rats. Behav Brain Res 202:58–63.
124

Mohr MA, Sisk CL (2013) Pubertally born neurons and glia are functionally integrated
into limbic and hypothalamic circuits of the male Syrian hamster. Proc Natl Acad Sci
USA 110:4792–4797.
Moisiadis VG, Matthews SG (2014) Glucocorticoids and fetal programming part 2:
Mechanisms. Nat Rev Endocrinol 10:403–411.
Mootha VK et al. (2003) PGC-1alpha-responsive genes involved in oxidative
phosphorylation are coordinately downregulated in human diabetes. Nat Genet
34:267–273.
Morgan CP, Bale TL (2011) Early Prenatal Stress Epigenetically Programs
Dysmasculinization in Second-Generation Offspring via the Paternal Lineage. J
Neurosci 31:11748–11755.
Mueller BR, Bale TL (2006) Impact of prenatal stress on long term body weight is
dependent on timing and maternal sensitivity. Physiol Behav 88:605–614.
Mueller BR, Bale TL (2007) Early prenatal stress impact on coping strategies and
learning performance is sex dependent. Physiol Behav 91:55–65.
Mueller BR, Bale TL (2008) Sex-specific programming of offspring emotionality after
stress early in pregnancy. J Neurosci 28:9055–9065.
Myers B, McKlveen JM, Herman JP (2014) Glucocorticoid actions on synapses, circuits,
and behavior: Implications for the energetics of stress. Front Neuroendocrinol
35:180–196.
Nemeroff CB, Bremner JD, Foa EB, Mayberg HS, North CS, Stein MB (2006)
Posttraumatic stress disorder: a state-of-the-science review. Journal of Psychiatric
Research 40:1–21.
Nestler EJ, Barrot M, DiLeone RJ, Eisch AJ, Gold SJ, Monteggia LM (2002)
Neurobiology of depression. Neuron 34:13–25.
Ng S-F, Lin RCY, Laybutt DR, Barres R, Owens JA, Morris MJ (2010) Chronic high-fat
diet in fathers programs β-cell dysfunction in female rat offspring. Nature 467:963–
966.
Niwa M, Jaaro-Peled H, Tankou S, Seshadri S, Hikida T, Matsumoto Y, Cascella NG,
Kano SI, Ozaki N, Nabeshima T, Sawa A (2013) Adolescent Stress-Induced
Epigenetic Control of Dopaminergic Neurons via Glucocorticoids. Science 339:335–
339.
Oakberg EF (1956) Duration of spermatogenesis in the mouse and timing of stages of the
cycle of the seminiferous epithelium. Am J Anat 99:507–516.
125

Oliver JE (1993) Intergenerational transmission of child abuse: rates, research, and
clinical implications. Am J Psychiatry 150:1315–1324.
Ostermeier GC, Miller D, Huntriss JD, Diamond MP, Krawetz SA (2004) Reproductive
biology: delivering spermatozoan RNA to the oocyte. Nature 429:154.
Palosaari E, Punamäki R-L, Qouta S, Diab M (2013) Intergenerational effects of war
trauma among Palestinian families mediated via psychological maltreatment. Child
Abuse Negl 37:955–968.
Parker KJ, Buckmaster CL, Schatzberg AF, Lyons DM (2004) Prospective investigation
of stress inoculation in young monkeys. Arch Gen Psychiatry 61:933–941.
Pascual M, Do Couto BR, Alfonso-Loeches S, Aguilar MA, Rodriguez-Arias M, Guerri
C (2012) Changes in histone acetylation in the prefrontal cortex of ethanol-exposed
adolescent rats are associated with ethanol-induced place conditioning.
Neuropharmacology 62:2309–2319.
Patel R, Al-Dossary AA, Stabley DL, Barone C, Galileo DS, Strehler EE, Martin-DeLeon
PA (2013) Plasma membrane Ca2+-ATPase 4 in murine epididymis: secretion of
splice variants in the luminal fluid and a role in sperm maturation. Biol Reprod 89:6.
Patterson PH (2011) Maternal infection and immune involvement in autism. Trends in
Molecular Medicine 17:389–394.
Pauli A, Rinn JL, Schier AF (2011) Non-coding RNAs as regulators of embryogenesis.
Nat Rev Genet 12:136–149.
Paus T, Keshavan M, Giedd JN (2008) Why do many psychiatric disorders emerge
during adolescence? Nat Rev Neurosci 9:947–957.
Paxinos G, Franklin KBJ (2001) The Mouse Brain in Stereotaxic Coordinates, Second
Edition, 2nd ed. Academic Press.
Păunescu TG, Shum WWC, Huynh C, Lechner L, Goetze B, Brown D, Breton S (2014)
High-resolution helium ion microscopy of epididymal epithelial cells and their
interaction with spermatozoa. Mol Hum Reprod 20:929–937.
Pembrey ME, Bygren LO, Kaati G, Edvinsson S, Northstone K, Sjöström M, Golding J,
ALSPAC Study Team (2006) Sex-specific, male-line transgenerational responses in
humans. Eur J Hum Genet 14:159–166.
Perrin JS, Hervé P-Y, Leonard G, Perron M, Pike GB, Pitiot A, Richer L, Veillette S,
Pausova Z, Paus T (2008) Growth of white matter in the adolescent brain: role of
testosterone and androgen receptor. J Neurosci 28:9519–9524.
Petropoulos S, Matthews SG, Szyf M (2014) Adult glucocorticoid exposure leads to
126

transcriptional and DNA methylation changes in nuclear steroid receptors in the
hippocampus and kidney of mouse male offspring. Biol Reprod 90:43.
Potireddy S, Vassena R, Patel BG, Latham KE (2006) Analysis of polysomal mRNA
populations of mouse oocytes and zygotes: dynamic changes in maternal mRNA
utilization and function. Dev Biol 298:155–166.
Provencal N, Binder EB (2014) The neurobiological effects of stress as contributors to
psychiatric disorders: focus on epigenetics. Curr Opin Neurobiol 30C:31–37.
Puig MV, Miller EK (2014) Neural Substrates of Dopamine D2 Receptor Modulated
Executive Functions in the Monkey Prefrontal Cortex. Cereb Cortex.
Quaegebeur A, Lange C, Carmeliet P (2011) The Neurovascular Link in Health and
Disease: Molecular Mechanisms and Therapeutic Implications. Neuron 71:406–424.
Radford EJ, Ito M, Shi H, Corish JA, Yamazawa K, Isganaitis E, Seisenberger S, Hore
TA, Reik W, Erkek S, Peters AHFM, Patti ME, Ferguson-Smith AC (2014) In utero
undernourishment perturbs the adult sperm methylome and intergenerational
metabolism. Science 345:1255903–1255903.
Rando OJ (2012) Daddy Issues: Paternal Effects on Phenotype. Cell 151:702–708.
Rassoulzadegan M, Grandjean V, Gounon P, Vincent S, Gillot I, Cuzin F (2006) RNAmediated non-mendelian inheritance of an epigenetic change in the mouse. Nature
441:469–474.
Rato L, Alves MG, Socorro S, Duarte AI, Cavaco JE, Oliveira PF (2012) Metabolic
regulation is important for spermatogenesis. Nat Rev Urol 9:330–338.
Rieder H, Elbert T (2013) The relationship between organized violence, family violence
and mental health: findings from a community-based survey in Muhanga, Southern
Rwanda. Eur J Psychotraumatol 4.
Roberts TC (2014) The MicroRNA Biology of the Mammalian Nucleus. Mol Ther
Nucleic Acids 3:e188.
Robinson MD, McCarthy DJ, Smyth GK (2010) edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics
26:139–140.
Rodgers AB, Bale TL (2015) Germ Cell Origins of Posttraumatic Stress Disorder Risk:
The Transgenerational Impact of Parental Stress Experience. Biol Psychiatry.
Rodgers AB, Morgan CP, Bronson SL, Revello S, Bale TL (2013) Paternal Stress
Exposure Alters Sperm MicroRNA Content and Reprograms Offspring HPA Stress
Axis Regulation. J Neurosci 33:9003–9012.
127

Romeo RD (2010) Adolescence: a central event in shaping stress reactivity. Dev
Psychobiol 52:244–253.
Romeo RD, Kaplowitz ET, Ho A, Franco D (2013) The influence of puberty on stress
reactivity and forebrain glucocorticoid receptor levels in inbred and outbred strains of
male and female mice. Psychoneuroendocrinology 38:592–596.
Romeo RD, McEwen BS (2006) Stress and the adolescent brain. Ann N Y Acad Sci
1094:202–214.
Rosenfield PJ, Kleinhaus K, Opler M, Perrin M, Learned N, Goetz R, Stanford A,
Messinger J, Harkavy-Friedman J, Malaspina D (2010) Later paternal age and sex
differences in schizophrenia symptoms. Schizophr Res 116:191–195.
Russo SJ, Murrough JW, Han M-H, Charney DS, Nestler EJ (2012) Neurobiology of
resilience. Nat Neurosci 15:1475–1484.
Saavedra-Rodríguez L, Feig LA (2013) Chronic social instability induces anxiety and
defective social interactions across generations. Biol Psychiatry 73:44–53.
Sapolsky RM (1994) Individual differences and the stress response. Seminars in
Neuroscience.
Satterthwaite TD, Shinohara RT, Wolf DH, Hopson RD, Elliott MA, Vandekar SN,
Ruparel K, Calkins ME, Roalf DR, Gennatas ED, Jackson C, Erus G, Prabhakaran K,
Davatzikos C, Detre JA, Hakonarson H, Gur RC, Gur RE (2014) Impact of puberty
on the evolution of cerebral perfusion during adolescence. Proc Natl Acad Sci USA
111:8643–8648.
Scharf M (2007) Long-term effects of trauma: psychosocial functioning of the second
and third generation of Holocaust survivors. Dev Psychopathol 19:603–622.
Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by the comparative C(T)
method. Nat Protoc 3:1101–1108.
Schofield TJ, Lee RD, Merrick MT (2013) Safe, stable, nurturing relationships as a
moderator of intergenerational continuity of child maltreatment: a meta-analysis. J
Adolesc Health 53:S32–S38.
Seitz H, Royo H, Bortolin M-L, Lin S-P, Ferguson-Smith AC, Cavaille J (2004) A large
imprinted microRNA gene cluster at the mouse Dlk1-Gtl2 domain. Genome Res
14:1741–1748.
Seitz H, Youngson N, Lin S-P, Dalbert S, Paulsen M, Bachellerie J-P, Ferguson-Smith
AC, Cavaille J (2003) Imprinted microRNA genes transcribed antisense to a
reciprocally imprinted retrotransposon-like gene. Nat Genet 34:261–262.
128

Selbach M, Schwanhäusser B, Thierfelder N, Fang Z, Khanin R, Rajewsky N (2008)
Widespread changes in protein synthesis induced by microRNAs. Nature 455:58–63.
Sendler E, Johnson GD, Mao S, Goodrich RJ, Diamond MP, Hauser R, Krawetz SA
(2013) Stability, delivery and functions of human sperm RNAs at fertilization.
Nucleic Acids Research 41:4104–4117.
Seong K-H, Li D, Shimizu H, Nakamura R, Ishii S (2011) Inheritance of stress-induced,
ATF-2-dependent epigenetic change. Cell 145:1049–1061.
Shipony Z, Mukamel Z, Cohen NM, Landan G, Chomsky E, Zeliger SR, Fried YC,
Ainbinder E, Friedman N, Tanay A (2014) Dynamic and static maintenance of
epigenetic memory in pluripotent and somatic cells. Nature 513:115–119.
Sidoli S, Lin S, Karch KR, Garcia BA (2015) Bottom-up and middle-down proteomics
have comparable accuracies in defining histone post-translational modification
relative abundance and stoichiometry. Anal Chem 87:3129–3133.
Sinkkonen L, Hugenschmidt T, Berninger P, Gaidatzis D, Mohn F, Artus-Revel CG,
Zavolan M, Svoboda P, Filipowicz W (2008) MicroRNAs control de novo DNA
methylation through regulation of transcriptional repressors in mouse embryonic
stem cells. Nat Struct Mol Biol 15:259–267.
Siomi MC, Sato K, Pezic D, Aravin AA (2011) PIWI-interacting small RNAs: the
vanguard of genome defence. Nat Rev Mol Cell Biol 12:246–258.
Skelton K, Ressler KJ, Norrholm SD, Jovanovic T, Bradley-Davino B (2012) PTSD and
gene variants: new pathways and new thinking. Neuropharmacology 62:628–637.
Skinner MK, Guerrero-Bosagna C (2009) Environmental signals and transgenerational
epigenetics. Epigenomics 1:111–117.
Smyth GK, Michaud J, Scott HS (2005) Use of within-array replicate spots for assessing
differential expression in microarray experiments. Bioinformatics 21:2067–2075.
Staffend NA, Mohr MA, DonCarlos LL, Sisk CL (2014) A decrease in the addition of
new cells in the nucleus accumbens and prefrontal cortex between puberty and
adulthood in male rats. Devel Neurobio 74:633–642.
Stanton JL, Green DP (2001) A set of 840 mouse oocyte genes with well-matched human
homologues. Mol Hum Reprod 7:521–543.
Steru L, Chermat R, Thierry B, Simon P (1985) The tail suspension test: a new method
for screening antidepressants in mice. Psychopharmacology (Berl) 85:367–370.
Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich
A, Pomeroy SL, Golub TR, Lander ES, Mesirov JP (2005) Gene set enrichment
129

analysis: a knowledge-based approach for interpreting genome-wide expression
profiles. Proc Natl Acad Sci USA 102:15545–15550.
Sullivan R, Saez F (2013) Epididymosomes, prostasomes, and liposomes: their roles in
mammalian male reproductive physiology. Reproduction 146:R21–R35.
Szyf M (2014) Lamarck revisited: epigenetic inheritance of ancestral odor fear
conditioning. Nat Neurosci 17:2–4.
Toledo-Rodriguez M, Sandi C (2011) Stress during Adolescence Increases Novelty
Seeking and Risk-Taking Behavior in Male and Female Rats. Front Behav Neurosci
5:17.
Tomasiewicz HC, Jacobs MM, Wilkinson MB, Wilson SP, Nestler EJ, Hurd YL (2012)
Proenkephalin mediates the enduring effects of adolescent cannabis exposure
associated with adult opiate vulnerability. Biol Psychiatry 72:803–810.
Toth M (2014) Mechanisms of Non-Genetic Inheritance and Psychiatric Disorders.
Neuropsychopharmacology.
Tran L, Chaloner A, Sawalha AH, Greenwood Van-Meerveld B (2013) Importance of
epigenetic mechanisms in visceral pain induced by chronic water avoidance stress.
Psychoneuroendocrinology 38:898–906.
Ulrich-Lai YM, Herman JP (2009) Neural regulation of endocrine and autonomic stress
responses. Nat Rev Neurosci 10:397–409.
Van den Bergh BRH, Van Calster B, Smits T, Van Huffel S, Lagae L (2008) Antenatal
maternal anxiety is related to HPA-axis dysregulation and self-reported depressive
symptoms in adolescence: a prospective study on the fetal origins of depressed mood.
Neuropsychopharmacology 33:536–545.
van der Walt L, Suliman S, Martin L, Lammers K, Seedat S (2014) Resilience and posttraumatic stress disorder in the acute aftermath of rape: a comparative analysis of
adolescents versus adults. J Child Adolesc Ment Health 26:239–249.
van IJzendoorn MH, Bakermans-Kranenburg MJ, Sagi-Schwartz A (2003) Are children
of Holocaust survivors less well-adapted? A meta-analytic investigation of secondary
traumatization. J Trauma Stress 16:459–469.
van Praag H, Fleshner M, Schwartz MW, Mattson MP (2014) Exercise, energy intake,
glucose homeostasis, and the brain. J Neurosci 34:15139–15149.
van Zuiden M, Kavelaars A, Geuze E, Olff M, Heijnen CJ (2013) Predicting PTSD: preexisting vulnerabilities in glucocorticoid-signaling and implications for preventive
interventions. Brain Behav Immun 30:12–21.
130

Vargas WM, Bengston L, Gilpin NW, Whitcomb BW, Richardson HN (2014) Alcohol
binge drinking during adolescence or dependence during adulthood reduces
prefrontal myelin in male rats. J Neurosci 34:14777–14782.
Vassoler FM, White SL, Schmidt HD, Sadri-Vakili G, Pierce RC (2013) Epigenetic
inheritance of a cocaine-resistance phenotype. Nat Neurosci 16:42–47.
Viau V, Bingham B, Davis J, Lee P, Wong M (2005) Gender and puberty interact on the
stress-induced activation of parvocellular neurosecretory neurons and corticotropinreleasing hormone messenger ribonucleic acid expression in the rat. Endocrinology
146:137–146.
Virgolini MB, Bauter MR, Weston DD, Cory-Slechta DA (2006) Permanent alterations
in stress responsivity in female offspring subjected to combined maternal lead
exposure and/or stress. Neurotoxicology 27:11–21.
Walker E, Mittal V, Tessner K (2008) Stress and the hypothalamic pituitary adrenal axis
in the developmental course of schizophrenia. Annu Rev Clin Psychol 4:189–216.
Walker EF, Sabuwalla Z, Huot R (2004) Pubertal neuromaturation, stress sensitivity, and
psychopathology. Dev Psychopathol 16:807–824.
Waters AM, Nazarian M, Mineka S, Zinbarg RE, Griffith JW, Naliboff B, Ornitz EM,
Craske MG (2014) Context and explicit threat cue modulation of the startle reflex:
preliminary evidence of distinctions between adolescents with principal fear
disorders versus distress disorders. Psychiatry Res 217:93–99.
Weaver ICG, Cervoni N, Champagne FA, D'Alessio AC, Sharma S, Seckl JR, Dymov S,
Szyf M, Meaney MJ (2004) Epigenetic programming by maternal behavior. Nat
Neurosci 7:847–854.
Wehmer F, Porter RH, Scales B (1970) Pre-mating and pregnancy stress in rats affects
behaviour of grandpups. Nature 227:622.
Willcutt EG (2012) The prevalence of DSM-IV attention-deficit/hyperactivity disorder: a
meta-analytic review. Neurotherapeutics 9:490–499.
Yazigi RA, Odem RR, Polakoski KL (1991) Demonstration of specific binding of
cocaine to human spermatozoa. JAMA 266:1956–1959.
Yehuda R (2009) Status of glucocorticoid alterations in post-traumatic stress disorder.
Ann N Y Acad Sci 1179:56–69.
Yehuda R, Daskalakis NP, Lehrner A, Desarnaud F, Bader HN, Makotkine I, Flory JD,
Bierer LM, Meaney MJ (2014) Influences of maternal and paternal PTSD on
epigenetic regulation of the glucocorticoid receptor gene in Holocaust survivor
offspring. Am J Psychiatry 171:872–880.
131

Yehuda R, Halligan SL, Bierer LM (2001) Relationship of parental trauma exposure and
PTSD to PTSD, depressive and anxiety disorders in offspring. Journal of Psychiatric
Research 35:261–270.
Yehuda R, Schmeidler J, Wainberg M, Binder-Brynes K, Duvdevani T (1998)
Vulnerability to posttraumatic stress disorder in adult offspring of Holocaust
survivors. Am J Psychiatry 155:1163–1171.
Yoo BK, Santhekadur PK, Gredler R, Chen D, Emdad L, Bhutia S, Pannell L, Fisher PB,
Sarkar D (2011) Increased RNA-induced silencing complex (RISC) activity
contributes to hepatocellular carcinoma. Hepatology 53:1538–1548.
Yuan Z-F, Arnaudo AM, Garcia BA (2014) Mass spectrometric analysis of histone
proteoforms. Annu Rev Anal Chem (Palo Alto Calif) 7:113–128.
Zaidan H, Leshem M, Gaisler-Salomon I (2013) Prereproductive stress to female rats
alters corticotropin releasing factor type 1 expression in ova and behavior and brain
corticotropin releasing factor type 1 expression in offspring. Biol Psychiatry 74:680–
687.

132

