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ABSTRACT

Caregiving received during development plays a critical role in programming
brain development and behavioral trajectories. Receiving maltreatment by the
caregiver can have grave, life-long consequences including poor physical health,
cognitive dysfunction, and increased propensity to develop psychiatric illnesses. While
the mechanisms through which early-life adverse experiences are able to induce long-
term effects on the individual continue to be investigated, epigenetic alterations have
emerged as a promising candidate. Epigenetic modifications, including DNA
methylation, are capable of altering gene expression without altering the underlying
genomic sequence. Therefore, alterations to the epigenome provide a way for
experiences to produce changes at the molecular level that manifest into changes in
brain function with implications for behavior.

The Roth Lab employs a rodent model, the scarcity-adversity model of low
nesting resources outside the home cage, to explore the neurobiological and behavioral
consequences of experiencing caregiver maltreatment. This model involves exposing
pups to brief but repeated bouts of maltreatment (30 minutes) daily from postnatal
days 1-7. Using this model, we have discovered a number of behavioral and epigenetic
aberrations induced by caregiver maltreatment. We hypothesize that the maltreatment-
induced epigenetic alterations are causally related to behavioral outcomes. However,
empirical data demonstrating a causal relationship between epigenetic alterations and

behavior in the scarcity-adversity model are lacking.

Xi



Female subjects are largely underrepresented in the scientific literature.
However, it is well established that the implications of exposure to stress across the
lifespan are sex-specific. Indeed, the Roth Lab has identified a number of sex
differences in the consequences of maltreatment, with deleterious outcomes of
maltreatment being more numerous in female subjects. For example, female rats
subjected to maltreatment exhibit increased levels of adverse care toward their own
offspring and altered behavior in the novel object and forced swim tests. Reasons
underlying this sex disparity are unclear. While there are known sex differences in
nurturing care provided toward offspring (dams lick their male pups more than the
females) it is not known if sex differences exist in adverse caregiving.

The goals of this dissertation were to: 1) examine the relationship between
DNA methylation and phenotype; 2) explore the possibility for the epigenome-altering
drug, zebularine, to rescue behavioral outcomes of maltreatment in adult animals; and,
3) explore reasons underlying sex differences in maltreatment outcomes. Chapter 1
reviews data regarding the influence of environmental factors on the epigenome of the
female brain and associated behavioral outcomes, particularly in the context of
environmental perturbations occurring during development. Experiments comprising
this dissertation employed the scarcity-adversity model of low nesting resources
outside the home cage. In experiments detailed in Chapter 2, females were subjected
to the scarcity-adversity model as infants and then as adults administered zebularine at
a dose and schedule previously shown to rescue DNA methylation. The number of
adverse behaviors dams directed toward their offspring were recorded. We replicated
our previous finding that dams with a history of maltreatment mistreat their own

offspring and extended this to show that zebularine administration normalized

Xii



maternal behavior in maltreated dams. Further, seven days of zebularine
administration disturbed maternal behavior in animals with no history of maltreatment,
such that these animals showed enhanced levels of adverse behavior toward their
offspring relative to their vehicle-treated counterparts.

To see if zebularine could normalize other behavioral aberrations induced by
maltreatment, we next sought to examine the capacity for zebularine to normalize
behavior in the novel object and forced swim tests in adult female animals. The same
infant manipulations and drug regimen as used in Chapter 2 were utilized for
experiments in Chapter 3. Following seven days of drug or vehicle administration,
adult female animals were run through a battery of behavioral tests including the open
field test, novel object recognition, and the forced swim test. In the forced swim test,
maltreated females showed an increased latency to their first bout of immobility, and
seven days of ICV zebularine treatment normalized this behavior. We did not find any
group differences in the open field test or novel object recognition. Together, data
from Chapters 2 and 3 demonstrate the capacity for behavioral outcomes of infant
maltreatment to be rescued by a pharmacological intervention in adulthood. Further,
these data provide support for a causal link between the epigenetic and phenotypic
outcomes of experiencing maltreatment.

Chapter 4 of this dissertation sought to examine potential sex differences in
adverse care received in the scarcity-adversity model. To do this, adverse behaviors
directed toward pups of each sex in the scarcity-adversity model were recorded.
Results indicated that, in the maltreatment condition, female pups received more
adverse behaviors from the dam relative to their male littermates. These data lend

support to our hypothesis that outcomes of maltreatment in the scarcity-adversity
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model of low nesting resources are more numerous for female subjects because they
experience higher levels of adverse behavior.

These studies provide seminal evidence supporting a causal link between
maltreatment-induced DNA methylation and behavioral outcomes in the scarcity-
adversity model of low nesting resources. These experiments also show the
experience-dependent nature of the behavioral impact of epigenome-modifying drugs,
such as zebularine. Further, results highlight the importance of exploring sex
differences in caregiving when interpreting data from models of early-life

maltreatment.
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Chapter 1

ENVIRONMENTAL INFLUENCES ON THE FEMALE EPIGENOME AND
BEHAVIOR

Environmental factors have long-lasting effects on brain development and
behavior. One way experiences are propagated is via epigenetic modifications to the
genome. Environmentally-driven epigenetic modifications show incredible brain
region- and sex-specificity, and many brain regions affected are ones involved in
maternal behavior. In rodent models, females are typically the primary caregiver and
thus, any environmental factors that modulate the epigenotype of the mother could
have consequences for her current and future offspring. Here we review evidence of
the susceptibility of the female epigenome to environmental factors, with a focus on
brain regions involved in maternal behavior. Accordingly, implications for

interventions that target the mother’s epigenome and parenting behavior are discussed.

1.1 Introduction

Epigenetics, a term coined by Waddington in the 1940’s, is used to describe
gene-environment interactions that influence phenotype (Waddington, 1940).
Epigenetic mechanisms include DNA methylation, histone modifications, and

microRNAs (miRNAs), and collectively, afford routes for environmental factors to



alter gene activity. DNA methylation refers to the addition of methyl groups onto
cytosine residues of a DNA strand. This commonly occurs at dinucleotide cytosine—
guanine (CpG) sites, though methylation can also occur at non-CG dinucleotides
(Lister et al., 2009; McGowan et al., 2011; Stroud et al., 2014). DNA methylation is
catalyzed by a group of enzymes called DNA methyltransferases (DNMTSs), of which
several types exist. DNMT 1 contributes to the maintenance of DNA methylation by
adding methyl groups to hemi-methylated DNA, while DNMT 3a and 3b are able to
modulate methylation patterns via de novo methylation (L. D. Moore, Le, & Fan,
2013). Typically, DNA methylation results in the suppression of gene expression;
however, under some circumstances it can also enhance gene transcription (Chahrour

et al., 2008; Guy, Cheval, Selfridge, & Bird, 2011; St-Cyr & McGowan, 2015).

Posttranslational histone modifications comprise acetylation, methylation,
ubiquitylation, sumoylation, and phosphorylation of the N-terminal tail of histone
proteins. Because DNA is wrapped around histone molecules within nucleosomes,
such modifications can either make DNA more or less accessible for transcription
(Grant, 2001; B. Li, Carey, & Workman, 2007; Millar & Grunstein, 2006). For
example, histone acetylation involves the addition of acetyl groups (via histone
acetyltransferases) at lysine residues on the N-terminal tail of histone proteins,
decreasing the affinity between the histone and DNA and thereby allowing a more
permissive transcriptional state (Grant, 2001; B. Li, et al., 2007; Millar & Grunstein,

2006). Histone deacetylases (HDACS) reverse this process (Grant, 2001; B. Li, et al.,



2007; Millar & Grunstein, 2006). Another mode of epigenetic regulation gaining
increasing attention is miRNAs, which are non-coding single stranded RNAs (usually
about 22 base pairs in length) capable of exerting gene silencing effects via
degradation or destabilization of mMRNA (Adlakha & Saini, 2014; Bartel, 2004; Chen
& Rajewsky, 2007; He & Hannon, 2004). Some studies also indicate that certain
miRNAs upregulate gene expression (Valinezhad Orang, Safaralizadeh, &

Kazemzadeh-Bavili, 2014; Vasudevan, 2012).

While epigenetic modifications were once thought to be limited to embryonic
development, it has since been discovered that epigenetic modifications in the central
nervous system continue to transpire throughout development and into adulthood.
Since initial discoveries in the early 2000’s, (e.g. (Champagne et al., 2006; Levenson
et al., 2006; Skinner & Anway, 2005; Waterland & Jirtle, 2003; Weaver et al., 2004)),
investigators have continued to uncover the epigenetic consequences of exposure to
various environmental perturbations. Aberrant epigenetic profiles have also been
linked to a host of neuropsychiatric disorders (Lutz & Turecki, 2014; Provencal &
Binder, 2015; Roth & Sweatt, 2011; Tamura, Kunugi, Ohashi, & Hohjoh, 2007), and
epigenetic modifications are increasingly being recognized as important for
understanding sex differences in brain development and responses to environmental
and psychosocial perturbations. Epigenetic mechanisms are known to mediate sexual
differentiation of the brain, and sex differences in DNA methylation resulting from

hormonal exposures during the perinatal period are long-lasting and continue to



emerge throughout development (McCarthy et al., 2009; McCarthy & Nugent, 2013;
Nugent et al., 2015). Indeed, sexually dimorphic DNA methylation is observed at a
multitude of genes throughout the genome (Ghahramani et al., 2014). However, the
role epigenetic mechanisms play in sexually divergent behaviors, such as maternal
behavior, is less clear. Males and females are known to differ in prevalence rates
across a multitude of psychiatric disorders (Kessler et al., 2005) and it has been
proposed sex differences in the epigenome contribute to this disparity (Jessen &
Auger, 2011). As female subjects are certainly underrepresented in behavioral
neuroscience literature (Beery & Zucker, 2011; Klein et al., 2015), and because
experiences altering the brain and behavior of females have implications for future
generations due to the critical roles of infant-mother interactions and the quality of
maternal care in offspring development, we chose to focus this review on data

acquired from female subjects.

1.2 Overview of Rodent Maternal Behavior and Circuitry

Before delving into the epigenetics literature, here we mention several
maternal behaviors and neuroanatomical substrates that are discussed in various
sections of the review. For a more thorough evaluation of these topics, we refer the
reader to several excellent reviews (e.g. (Barrett & Fleming, 2011; Kristal, 2009;
Numan & Woodside, 2010; Jodi L. Pawluski, Lambert, & Kinsley, 2016)). One of the

predominant maternal behaviors observed in laboratory rodents is licking of the pup’s



body, with an emphasis on the anogenital area (anogenital licking aids in waste
elimination) (Celia L. Moore, 1984; Stern, 1986). Mothers spend a significant amount
of time in the nest hovering over pups, engaging in bouts of licking and nursing (Stern,
1986; Stern & Lonstein, 2001). Retrieval of pups becomes necessary as they wander
from the nest, and this maternal behavior is elicited by ultrasonic vocalizations emitted
by pups (Brunelli, Shair, & Hofer, 1994). Of note, nulliparous females display
retrieval behavior after continuous exposure (sensitization) to pups (Lonstein, Wagner,
& De Vries, 1999; Stolzenberg, Stevens, & Rissman, 2012). Further, dams will engage
in a behavior referred to as tail chasing, in which a dam chases their tail, eventually
picking it up and carrying it in her mouth (Gonzalez, Lovic, Ward, Wainwright, &
Fleming, 2001; Ward et al., 2013). The specific function of tail chasing is not known,
but may be related to pup retrieval as dams often engage in this behavior antepartum
and outside of the nest area, carrying the tail back to the nest (Ward, et al., 2013).
Finally, brain regions involved in maternal behavior include the bed nucleus of the
stria terminalis (BNST) (Bosch, Pfortsch, Beiderbeck, Landgraf, & Neumann, 2010;
Klampfl, Brunton, Bayerl, & Bosch, 2014; Numan & Numan, 1997), paraventricular
nucleus (PVN) (Consiglio & Lucion, 1996; Giovenardi, Padoin, Cadore, & Lucion,
1998; Insel & Harbaugh, 1989), nucleus accumbens (Champagne et al., 2004; M. Li &
Fleming, 2003a, 2003Db), prefrontal cortex (PFC) (Afonso, Sison, Lovic, & Fleming,
2007; Febo, Felix-Ortiz, & Johnson, 2010; Pereira & Morrell, 2011), medial preoptic
area (MPOA) (Champagne, et al., 2006; Alison S. Fleming, Miceli, & Moretto, 1983;

A. S. Fleming & Walsh, 1994; Numan & Stolzenberg, 2009; Pedersen, Caldwell,



Walker, Ayers, & Mason, 1994; Pereira & Morrell, 2011), amygdala (A. S. Fleming,
Vaccarino, & Luebke, 1980; A. S. Fleming & Walsh, 1994; Numan, Numan, &
English, 1993), and hippocampus (Kimble, Rogers, & Hendrickson, 1967; J. L.
Pawluski & Galea, 2007). Several of these regions and their role in regards to maternal

behavior are depicted in Figure 1.1.
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Figure 1.1 Neuroanatomy underlying maternal behavior. This figure illustrates several
of the key neuroanatomical regions underlying maternal behavior which are subject to
epigenetic modulation by environmental factors as described in this review. Several
maternal behaviors each region has been implicated in are also listed. The arrows
indicate a simplified neuroanatomical circuit of projections amongst brain regions
(Dulac, O’Connell, & Wu, 2014; Numan & Woodside, 2010; Pereira & Morrell,
2011). Abbreviations: HPC= hippocampus; NAC= nucleus accumbens; mPFC=
medial prefrontal cortex; MPOA= medial preoptic area. (Figure from Keller and Roth,
2016).



1.3 Adulthood and Preconception Psychosocial Stress

Stressors experienced in adulthood are capable of modulating the female
epigenome and behavior. In one study that implemented a chronic variable mild stress
paradigm, adult female rats were found to have increased levels of the histone
acetyltransferase cyclic AMP response element-binding protein (CBP) in the BNST
(Sterrenburg et al., 2011). This effect was not seen in male rats (Sterrenburg, et al.,
2011). These data suggest an important role of histone acetylation in response to stress
exposure that could lead to sex-specific alterations in behavioral outcomes. As further
evidence for this notion, in an acute restraint stress paradigm that elicited elevated
corticosterone and corticotropin releasing factor (Crf) mRNA in the PVN in male but
not female rats, males demonstrated elevated CBP levels and females did not
(Sterrenburg et al., 2012). In another study that employed a subchronic variable stress
paradigm to produce a depression-like phenotype, female mice had increased levels of
Dnmt3a within the nucleus accumbens (Hodes et al., 2015). Mice with a knock-out of
Dnmt3a in the nucleus accumbens showed resilience to the subchronic variable stress,
providing further support for the concept that Dnmt3a overexpression might mediate
stress-induced depression (Hodes, et al., 2015). Taken together, these studies show
that the female brain can be epigenetically modulated in key components of maternal

behavior circuitry by stress exposure. Further research is needed to understand the



functional significance of sex differences in these epigenomic marks induced by these

stressors.

Stress incurred by a female prior to pregnancy is also capable of modulating
brain and behavioral trajectories of her offspring. In adult female rats that underwent a
seven-day chronic unpredictable stress regimen, corticotrophin releasing factor
receptor type 1 (Crfl) mRNA was upregulated in the ova and frontal cortex (Zaidan,
Leshem, & Gaisler-Salomon, 2013). A separate group of females were bred two weeks
after termination of the same stress paradigm, and their offspring were likewise found
to have increased Crfl expression in their brain in both infancy (on postnatal day 0,
prior to any maternal care received) and adulthood (Zaidan, et al., 2013). This altered
gene expression corresponded with behavioral alterations when offspring were adults,
including potentiated startle responses and increased locomotor activity in the elevated
plus maze (Zaidan, et al., 2013). Preconception-stress-exposed rats and their first-
generation female offspring also showed increased corticosterone levels. In contrast,
second-generation offspring showed reduced expression of Crfl mRNA and decreased
corticosterone levels (Zaidan & Gaisler-Salomon, 2015). These data provide evidence
that a stressor encountered by an adult female can contribute to the programming of

HPA-axis reactivity for several generations.

While stressful experiences can modulate the epigenome and introduce
maladaptive behavioral outcomes, other types of experiences can exert adaptive

influences on behavior through epigenetic mechanisms. Induction and maintenance of



maternal behavior in response to pup interaction has been proposed to result from
experience-driven chromatin remodeling (Stolzenberg & Champagne, 2016). In a
maternal sensitization paradigm, which involved repeatedly introducing nulliparous
female mice to pups to stimulate maternal behavior, histone acetylation was shown to
be a critical mediator for this experience-induced behavioral change (Stolzenberg, et
al., 2012). Administration of the histone deacetylase inhibitor (HDACI) sodium
butyrate reduced the amount of time required for a nulliparous female to display
maternal care toward pups (Stolzenberg, et al., 2012). This pharmacological
manipulation also increased gene expression of estrogen receptor , CBP, and the
oxytocin receptor in the MPOA (Stolzenberg, et al., 2012). Furthermore, the HDACi-
induced facilitation of maternal behavior and gene expression lasted for a month after
initial maternal experience (Stolzenberg, Stevens, & Rissman, 2014). Taken together,
these studies provide evidence that the induction of maternal behavior has epigenetic
underpinnings and that administration of certain epigenome modifying drugs can have

long-term facilitatory effects on maternal responsiveness.

1.4 Gestational Stressors

Epigenetic mechanisms also provide routes through which gestational
stressors, either psychosocial or chemical in nature, can affect offspring. For example,
prenatal predator exposure is one stressor that has both epigenetic and behavioral

consequences. Female adult offspring of pregnant mouse dams exposed to predator

10



odor demonstrated an enhanced corticosterone response and an increase in anti-
predator behaviors (St-Cyr & McGowan, 2015). This behavioral profile corresponded
with increased Crfl mRNA in the amygdala and decreased Brain-derived neurotrophic
factor (Bdnf) mMRNA and DNA methylation of Bdnf exon IV in the hippocampus (St-
Cyr & McGowan, 2015). Daily exposure to restraint stress during pregnancy similarly
modulates the epigenetic profile and levels of epigenetic regulators in rat offspring.
The placenta of fetal offspring exposed to this gestational stress had increased levels
of Dnmt3a mRNA and enhanced methylation of the 11p-hydroxysteroid
dehydrogenase type 2 (Hsd11b2) gene promoter (Pena, Monk, & Champagne, 2012).
These same animals also displayed reduced levels of CpG methylation within the
Hsd11b2 promoter region and increased methylation at sites within exon 1of the
hypothalamus as well as enhanced Dnmt1 mRNA within the cortex (Pena, et al.,
2012). Further, adult female offspring of mouse mothers exposed to chronic
unpredictable stress during gestation demonstrated impaired spatial memory
capabilities, higher plasma corticosterone levels, decreased levels of H3 acetylation,

and increased DNMT1 protein in the hippocampus (Benoit, Rakic, & Frick, 2015).

miRNAs have been gaining attention for their ability to influence gene activity,
though limited work has examined miRNAs in the female brain (Ma et al., 2010). Rat
dams exposed to stress (restraint and forced swim) during pregnancy demonstrated a
decrease in the incidence of tail chasing, and a correlational upregulation of 147

miRNAs and downregulation of 195 miRNAs in their frontal cortex (Zucchi et al.,
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2013). Target genes of the affected miRNAs had roles in hormonal regulation, brain
pathologies, stress responsivity, and neurotransmission (Zucchi, et al., 2013). While a
similar profile of altered microRNA expression was found in the brains of their male
offspring, future examination is required to determine if female offspring would

likewise show disrupted miRNA profiles.

Chemical perturbations during gestation likewise affect female offspring
(Dolinoy, Huang, & Jirtle, 2007; Panagiotidou, Zerva, Mitsiou, Alexis, & Kitraki,
2014). Bisphenol A (BPA) is an endocrine disrupting chemical gaining increasing
attention for its widespread use and association with the development of diseases
(Calafat, Ye, Wong, Reidy, & Needham, 2008; Melzer, Rice, Lewis, Henley, &
Galloway, 2010; Midoro-Horiuti, Tiwari, Watson, & Goldblum, 2010; Richter et al.,
2007). BPA is of particular concern for females due to its ability to modulate estrogen
and alter epigenetic profiles (Kim, Hsiao, & Kraus, 2001; Lee & McEwen, 2001).
Female offspring exposed to BPA, either during gestation alone or during both
gestation and early postnatal development grew up to spend less time performing
nurturing maternal behaviors towards their own offspring, and similarly adult females
administered BPA demonstrated fewer maternal behaviors toward their offspring
(Della Seta, Minder, Dessi-Fulgheri, & Farabollini, 2005; Kundakovic et al., 2013;
Palanza, Howdeshell, Parmigiani, & vom Saal, 2002). BPA exposure also modulates
levels of epigenetic regulators within brain regions involved in maternal behavior,

which could underlie the observed deficits in maternal behavior in BPA-exposed
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females. Specifically, levels of DNMT1 and DNMT3a were altered within the
hypothalamus and PFC of juvenile female mice prenatally exposed to BPA
(Kundakovic, Gudsnuk, et al., 2013). Gestational and early postnatal exposure of rats
to endocrine disrupting chemicals including estradiol benzoate and methoxychlor
resulted in elevated estrogen receptor o (ERa) MRNA and increased DNA methylation
in the POA (Gore, Walker, Zama, Armenti, & Uzumcu, 2011). In adulthood, these
perinatally-exposed animals also experienced the advancement of reproductive

senescence (Gore, et al., 2011).

While antidepressant drugs mitigate depressive-like behavior in adult animals,
developmental antidepressant exposure can have deleterious effects (Boulle et al.,
2016; Schroeder, Lin, Crusio, & Akbarian, 2007). Adult rat females that were
prenatally exposed to fluoxetine displayed enhanced depression-like behavior, as
assessed via the forced swim test (Boulle, et al., 2016). Changes in the hippocampus
of these females included decreased Bdnf exon IV mRNA and increased histone 3
lysine 27 trimethylation (Boulle, et al., 2016). The presence of Bdnf mRNA was
negatively correlated with immobility time in the forced swim test, suggesting that the
observed epigenetic profile in these animals contributed to the phenotypic outcomes
associated with developmental fluoxetine exposure (Boulle, et al., 2016). Taken
together, data highlighted in this section illustrate that gestational perturbations
certainly have influences on neurobiological and behavioral outcomes in female

offspring.
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1.5 Rearing Environments

Rearing environments of rodent pups have long been recognized for their
profound influence on the development of behavior, including maternal behavior
(Brunelli, Shindledecker, & Hofer, 1989; Moretto, Paclik, & Fleming, 1986; Plotsky
& Meaney, 1993; Stanton & Levine, 1990; Stern, 1986). Female Long-Evans rats
demonstrate a natural variability in their quality of maternal care, with some females
exhibiting high levels of licking/grooming (LG), and others displaying low levels of
LG (Liu etal., 1997). This variability in maternal care is generationally transmitted, as
female rats who were exposed (either born or cross-fostered) to a low-licking and
grooming mother in their infancy demonstrate low levels of LG toward their own
offspring (Champagne, 2008; Francis, Diorio, Liu, & Meaney, 1999). Work utilizing
natural variations in LG maternal behavior found epigenetic modulation of the ERa
gene within the MPOA of dams. Specifically, low-LG mothers showed decreased ERo.
gene expression within the MPOA relative to high-LG mothers (Champagne, et al.,
2006). This effect was transmitted to female offspring, but cross-fostering these
offspring with a high-LG mother rescued ERa expression, showing that mother-infant
interactions early in life are critical for MPOA development (Champagne, Weaver,
Diorio, Sharma, & Meaney, 2003). Social enrichment postweaning also enhanced LG
behaviors in low-LG female offspring (Champagne & Meaney, 2007). The variability
of ERa expression and transmission of LG behaviors to offspring is mediated by DNA

methylation, as low-LG caregivers demonstrate higher methylation of the ERa1b
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promoter (Champagne, et al., 2006). The MPOA is a sexually dimorphic region
critical in maternal behavior (Champagne, et al., 2006; Alison S. Fleming, et al., 1983;
A. S. Fleming & Walsh, 1994; Numan & Stolzenberg, 2009; Pedersen, et al., 1994;
Pereira & Morrell, 2011) and estrogen is a transcription factor with known protective
effects (Lee & McEwen, 2001). Estrogen interacts with histone acetylation, suggesting
a route for estrogen to affect expression of many genes (Gagnidze, Weil, Faustino,
Schaafsma, & Pfaff, 2013; Kim, et al., 2001). Estrogen levels also affect sexual
behaviors, allowing for epigenetic alterations to have effects on mating capabilities of

females (Gagnidze, et al., 2013; Pfaff, 1989).

It is well established that the maternal behavior directed toward male versus
female offspring differs, as dams spend more time licking their male pups than their
female pups (Celia L. Moore, 1984; C. L. Moore & Chadwick-Dias, 1986; C. L.
Moore & Morelli, 1979). Because of the sex-specific nature of maternal care, altering
the sex composition of litters changes pup-directed maternal behavior (Alleva,
Caprioli, & Laviola, 1989). The resulting alterations in maternal behavior have
lifelong effects on the brain and behavior of these offspring (Alleva, Caprioli, &
Laviola, 1986; Cirulli, Adriani, & Laviola, 1997; Laviola & Terranova, 1998). Within
the Oprm1 gene promoter, which encodes for the p-opioid receptor, it was discovered
that female rats raised in female-only litters demonstrated higher levels of methylation
within the hippocampus as compared to females who belonged to mixed litters (i.e.

litters containing both male and female offspring) (Hao, Huang, Nielsen, & Kosten,
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2011). No effects on DNA methylation of Oprm1were found within the nucleus
accumbens, suggesting that this effect is brain-region specific (Hao, et al., 2011). The
p-opioid receptor is critical for mother-infant relationships, and thus, modulation of
this receptor within attachment and maternal behavior circuitry could have critical
implications for the maternal behavior of these offspring (Nelson & Panksepp, 1998).
Another study that manipulated litter sex composition found hypermethylation of the
hippocampal GR gene in adolescent female rats from female-only litters (Kosten,
Huang, & Nielsen, 2014). Because females receive less LG than their male
counterparts, this corroborates other data with regard to lower LG behavior and

enhanced DNA methylation of the GR gene in offspring (Weaver, et al., 2004).

Our lab and others have studied the effects of aversive rearing experiences on
the Bdnf gene (Figure 2). The medial prefrontal cortex (mPFC) is a region critical for
cognitive and memory processes and has been implicated in several neuropsychiatric
disorders (Broadbelt, Byne, & Jones, 2002; Chai et al., 2011; Joel, Weiner, & Feldon,
1997; Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 2004; Vertes, 2006).
Additionally, lesions to the mPFC disrupt maternal behaviors such as pup retrieval and
pup licking (Afonso, et al., 2007; Febo, et al., 2010). In a model of early-life
maltreatment whereby rat pups are exposed to 30-minute bouts of caregiver
maltreatment (frequent stepping on, dropping, dragging, actively avoiding and rough
handling) daily for the first postnatal week, variability in gene expression and DNA

methylation can be detected in developing and adult females (Blaze, Scheuing, &
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Roth, 2013; Doherty, Forster, & Roth, 2016; Roth, Lubin, Funk, & Sweatt, 2009;
Roth, Matt, Chen, & Blaze, 2014), and further, maltreated-females grow up to mistreat

their own offspring (Roth, et al., 2009).

Within the whole PFC, DNA methylation of the Bdnf gene was enhanced
across the lifespan (during infant, adolescent, and adult time points) in maltreated
animals, which corresponded with decreased Bdnf expression in adult females (Roth,
et al., 2009). Within the mPFC, female pups subjected to maltreatment displayed a
transient decrease in DNA methylation at the Reelin gene, which was no longer
present in adolescence or adulthood (Blaze, et al., 2013). However, these females
showed decreased gene expression of Reelin in adulthood, signifying that although
DNA methylation was no longer different, these developmental experiences resulted
in differential expression of Reelin (Blaze, et al., 2013). Adult females also displayed
decreased methylation of Bdnf exon | but increased methylation of Bdnf exon 1V in
adulthood (Blaze, et al., 2013). Gadd45b, which plays a role in DNA demethylation
(Ma, Guo, Ming, & Song, 2009; Ma et al., 2009), was the only epigenetic regulator
significantly altered (lower mRNA levels) within the mPFC of adult females (Blaze &
Roth, 2013), thus the mechanism (or mechanisms) underlying the maltreatment-
induced alterations in female gene expression and DNA methylation remains to be

elucidated.

Using the same maltreatment regimen, female-specific modulations were also

detected within the amygdala. The amygdala is a region involved in maternal behavior
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(A. S. Fleming, et al., 1980; A. S. Fleming & Walsh, 1994; Numan, et al., 1993) and
amygdalar pathways are particularly involved in maternal aggression (Ferris et al.,
1992; Lubin, Elliott, Black, & Johns, 2003; Sheehan, Paul, Amaral, Numan, &
Numan, 2001). Female rats that were maltreated in infancy displayed reduced
expression of the oxytocin receptor gene in infancy and adolescence (Hill, Warren, &
Roth, 2014), a gene important for maternal behavior (i.e. higher oxytocin receptor
levels are associated with more maternally responsive females) (Champagne, Diorio,
Sharma, & Meaney, 2001; Champagne, et al., 2003; Francis, Champagne, & Meaney,
2000). During adolescence, enhanced DNA methylation of the Bdnf gene (Doherty, et
al., 2016), and decreased Bdnf gene expression and increased Neuropeptide Y (NPY)
gene expression (Hill, et al., 2014) were found. Contrary to adolescent gene
expression, Bdnf gene expression was enhanced in females in adulthood (Hill, et al.,
2014) and this paralleled lower methylation levels (Roth, et al., 2014). These results
further illustrate the transient and dynamic nature of epigenetic changes resulting from
caregiver experiences. It is currently unclear what mechanism (or mechanisms) could
underlie these changes. To further probe these effects of early-life experience and
ascertain the way by which these epigenetic modifications could alter maternal
behavioral outcomes, an important factor in future research will be parsing apart the
nuclei within the amygdala that are functionally distinct and differentially contribute

to maternal behavior (Numan, et al., 1993).
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Finally, restricted access to a caregiver can also have long-lasting epigenetic
and behavioral consequences for female offspring (Kalinichev, Easterling, Plotsky, &
Holtzman, 2002). In a mouse model of maternal separation, adolescent female
C57BL/6J mice that experienced daily separation from their mother from postnatal
days (PND) 1 through PND 14 demonstrated decreased Bdnf gene expression and
enhanced GR methylation in the hippocampus (Kundakovic, Lim, Gudsnuk, &
Champagne, 2013). Interestingly, in Balb/cJ mice that were exposed to this same
manipulation, Bdnf expression was enhanced within the PFC and increased levels of
Bdnf exon IX methylation within the hippocampus were found (Kundakovic, Lim, et
al., 2013). Altogether, data highlight the brain region-dependent nature of epigenetic

modifications in females in response to different rearing environments.

19



5

Exposure to maltreatment in infancy (PND 1-7)

4

Methvlation status of Bdnf gene in adulthood

mPFC Amygdala dHPC vHPC
l Exon I l Exon IV No change 1 Exon 1
1 ExonlIV

Figure 1.2 Epigenetic modulation of the Bdnf gene by early-life stress. Exposure to
caregiver maltreatment in infancy has lifelong implications on the methylation status
of the Bdnf gene. This figure summarizes the changes in DNA methylation of exons |
and IV which are present in adulthood in female animals that were exposed to
caregiver maltreatment in the first week of life. Abbreviations: mPFC= medial
prefrontal cortex; dHPC= dorsal hippocampus; vHPC= ventral hippocampus;
PND=postnatal day. (Figure from Keller and Roth, 2016).
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1.6 Generational Transmission of Epigenetic Modifications and Phenotypes

Quality of maternal behavior is passed from mother to female offspring
(Champagne, et al., 2006; Francis, et al., 2000; Francis, et al., 1999; Liu, et al., 1997;
Roth, et al., 2009; Weaver, et al., 2004). The transmission of LG behaviors from
mother to female offspring is mediated by rearing experience, as cross-fostering
offspring to high-LG mothers is sufficient to enhance LG levels (Francis, et al., 1999;
Weaver, et al., 2004). Additionally, LG behaviors are enhanced by social experiences
post-weaning (Champagne & Meaney, 2007). In a multigenerational stress design
where three generations of rats were exposed to restraint and swim stressors, changes
in antepartum behavior were found to be altered across generations (Ward, et al.,
2013). Specifically, tail chasing behavior prior to parturition varied as a consequence
of multiple generations of stress exposure. The first generation exposed to the stressor
did not show behavioral variations, however, the second and third generation of stress-
exposed females showed a reduction in tail chasing behavior, with the third generation
showing the most severe decrease in tail chasing prevalence (Ward, et al., 2013). In
addition to programming of antepartum and maternal behavior, stress responsivity is
likewise transmitted from parent to offspring (Zaidan & Gaisler-Salomon, 2015;

Zaidan, et al., 2013).

Another line of generational transmission comes from studies in rats using the

endocrine disruptor vinclozolin, which is known to produce pregnancy abnormalities
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and kidney disease (Nilsson, Anway, Stanfield, & Skinner, 2008). In addition,
vinclozolin when limited to FO exposure and then using male offspring to generate
successive generations, alters expression levels of over 1000 hippocampal and 100
amygdala genes in F3 generation females, with concomitant increases in anxiety-like
behavior (Skinner, Anway, Savenkova, Gore, & Crews, 2008). In our own research
where we found enhanced levels of DNA methylation of the Bdnf gene in the PFC and
hippocampus in female rats with a history of maltreatment, we found this same change
in the next generation of offspring (Roth, et al., 2009). Interestingly, cross-fostering
pups of dams that experienced maltreatment in infancy was not sufficient to
completely rescue DNA methylation levels (Roth, et al., 2009). This might indicate
that these epigenetic marks were heritable (i.e. the associated epigenetic marks were
transmitted through the germline as a result of environmental experiences). Prepartum
behavior however was different in females that had been exposed to maltreatment
such that previously maltreated dams displayed more anxiety-related behaviors during
the last three days of pregnancy (Roth, et al., 2009). Thus, it is uncertain whether the
biological effects ascertained in our model were due to a compromised gestational
environment (i.e. maternal state during gestation) or that the epigenetic marks were
passed through the germline. Regardless of the mode of transmission in our study or
others highlighted here, together data indicate that stress exposure in females has
behavioral and epigenetic consequences for her offspring and grand-offspring. More
research is certainly warranted in the areas of behaviorally-mediated vs. germ-line-

mediated inheritance.
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1.7 Interventions to Alter the Female Epigenome

The inherently malleable epigenome may be a target of therapeutic or
behavioral intervention, and many studies have shown this to be true (e.g (Roth, et al.,
2009; Szyf, 2009; Weaver et al., 2005)). However, sex differences exist under basal
conditions in levels of various epigenetic regulators, and these sex differences in
epigenetic regulators contribute to sex differences in behavior (e.g. (Auger, Jessen, &
Edelmann, 2011; Nugent, et al., 2015)). For example, within the amygdala, mMRNA
levels of Dnmt3a, MeCP2 (Kolodkin & Auger, 2011), and Gadd45b (Kigar, Chang,
Hayne, Karls, & Auger, 2016) are higher in developing females as compared to males.
Sex differences are also found in baseline levels of posttranslational histone
modifications and DNA methylation throughout other regions of the brain including
the cortex, hypothalamus, and BNST/POA (Schwarz, Nugent, & McCarthy, 2010;
Shen et al., 2015; Tsai, Grant, & Rissman, 2009). This suggests that experiments
manipulating these molecules may see divergent effects between the sexes.
Additionally, levels of these regulators are dynamic and levels between the sexes
differ across developmental time periods, so assessing the efficacy of administration
of epigenetic regulators across the lifespan is of importance (Kurian, Forbes-Lorman,

& Auger, 2007).

There are some data to support the notion that drugs that manipulate the
epigenome can have positive effects on the female brain. For example, administration

of a DNMT inhibitor in adulthood rescued aberrant PFC DNA methylation patterns
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resulting from exposure to caregiver maltreatment (Roth, et al., 2009). This suggests
that modulating DNA methylation profiles could be utilized to normalize
consequences of early-life stress, even when the intervention occurs in adulthood.
Similarly, epigenetic modifications resulting from inhibition of HDACs have
beneficial effects, although very few of the studies that have been conducted included
female subjects. Sodium butyrate decreased depressive-like behaviors in mice, and
this effect was further enhanced by co-administration with the antidepressant
fluoxetine (Schroeder, et al., 2007). In a rat model of neonatal maternal separation,
adult females exposed to separation from PND2-9 demonstrated a reduced fear-
potentiated startle response, which corresponded with increased serum estradiol and
decreased histone methylation in the frontal cortex (Kao et al., 2012). Treatment with
the HDACI valproic acid, but not the DNMT inhibitor 5-aza-2’-deoxycytidine, prior to
daily maternal separation reversed this decrease in fear-potentiated startle behavior
and histone methylation (Kao, et al., 2012). As the DNMT and HDAC inhibitors
employed in these studies lack target specificity (i.e. many gene loci would be
presumed to be affected) and can produce off-target effects, there is a strong need to

explore strategies that enable select epigenetic modifications.

Maternal diet has strong modulatory effects on the epigenome, health, and
behavioral outcomes of her offspring. Supplementing maternal diet with folic acid, a
methyl donor, ameliorated aberrant epigenetic profiles in mouse offspring induced by

exposure to BPA (Dolinoy, et al., 2007). Methyl donor supplementation also rescued
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alterations in DNA methylation and behavior resulting from exposure to high fat diet
during gestation. Specifically, when a high fat diet was paired with methyl donor
supplementation, the global hypomethylation typically induced by gestational
exposure to high fat diet was eliminated in the PFC of female rat offspring (Carlin,
George, & Reyes, 2013). This treatment also ameliorated the enhancement of p-opioid
receptor mRNA in the nucleus accumbens and PFC, showing dietary supplementation
is capable of rescuing both global and gene specific aberrations induced by gestational
exposure to high fat diet (Carlin, et al., 2013). Further, methyl donor supplementation
rescued the high fat diet preference and reduced locomotor activity observed in
offspring of dams that consumed a high fat diet during pregnancy (Carlin, et al.,
2013). Such epigenetic alterations could contribute to differences in processing
rewarding stimuli. Because maternal behavior is a motivated behavior and pup-
interactions elicit a reward response in dams (Ferris et al., 2005; Gaffori & Le Moal,
1979; Hansen, Harthon, Wallin, L6éfberg, & Svensson, 1991), aberrant reward
processing could contribute to deficient maternal behavior towards offspring. Taken
together, these data highlight the ability of the maternal diet to regulate the epigenome
of offspring and the therapeutic potential for dietary supplementation during the

prenatal/early postnatal period.

Environmental interventions similarly rescue LG behavior in females that
received low levels of LG in infancy. As previously mentioned, social enrichment

post-weaning enhances levels of LG behavior in females that received low LG in
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infancy. This coincided with enhanced oxytocin receptor binding and exploratory
behavior as measured by the open-field test (Champagne & Meaney, 2007). This
suggests that social interactions for the female beyond those occurring in infancy have
behavioral and neurobiological implications, and such manipulations are capable of
modulating behavioral trajectories. Natural variation in maternal care also has
implications for the development of reward systems, with adult offspring of low-LG
dams exhibiting a blunted increase in the dopamine signal within the nucleus
accumbens in response to licking and grooming pups. Administration of the selective
dopamine re-uptake inhibitor GBR 12909 brought the dopamine signal generated by
pup interactions up to that of high-LG offspring (Champagne, et al., 2004). Thus,
drugs that manipulate dopamine systems could have positive effects for maternal care-
associated deficits in reward processing, and future studies could examine potential

epigenetic underpinnings of this drug action and efficacy.

1.8 Concluding Remarks

We have highlighted data demonstrating that environmental factors throughout
development modify the female epigenome and create epigenetic marks within brain
regions critical for maternal behavior. Epigenetic marks can be both long-lasting and
dynamic (i.e. some continue to transpire over the course of the lifespan or can be
modified). Future research is needed to better ascertain the effects of environmental

and psychosocial perturbations on the female epigenome, as well as motherhood itself.
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These data are important to have in hand, as their understanding has implications for
interventions for negligent/abusive maternal care as well as for neuropsychiatric
disorders such as postpartum depression, which is estimated to occur in about 15% of
pregnancies and could potentially have epigenetic underpinnings (Kaminsky & Payne,

2014; O'Hara & McCabe, 2013).
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Chapter 2

RESCUE OF MATERNAL BEHAVIOR IN DAMS WITH A HISTORY OF
MALTREATMENT VIA PHARMACOLOGICAL MANIPULATION OF DNA
METHYLATION

The quality of parental care received during development is known to
profoundly influence an individual’s phenotype. Maternal behavior is one such
behavior shaped by one’s own experience with a caregiver. Our lab has previously
found that female rats with a history of maltreatment during infancy mistreat their own
offspring. One proposed mechanism through which early-life experiences influence
maternal behavior is via epigenetic mechanisms. Indeed, our lab has previously
identified a number of altered epigenetic patterns throughout the brain of adult female
rats with a history of maltreatment. In the current study, we sought to investigate the
role of DNA methylation in aberrant maternal behavior in dams with a history of
maltreatment. We administered zebularine, a drug known to alter DNA methylation, to
dams exposed during infancy to the scarcity-adversity model of low nesting resources,
and then characterized the quality of their care towards their offspring in the home
cage. First, we replicated our previous finding that dams with a history of

maltreatment mistreat their own offspring. Second, we now show that maltreated-
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dams treated with intracerebroventricular administration of zebularine showed lower
levels of adverse behavior toward their offspring. Third, we found that administration
of zebularine disturbed maternal behavior in dams that received nurturing care in
infancy such that these animals exhibited enhanced levels of adverse behavior toward
offspring relative to their vehicle-treated counterparts. These findings lend support to
the hypothesis that epigenetic alterations resulting from maltreatment are causally
related to behavioral consequences. Further, our data highlight that early-life
experience dictates the implications of epigenome-modifying drugs administered to
adult animals, supporting the idea that specific epigenetic patterns underlie specific

behavioral outcomes.

2.1 Introduction

Infant experiences with a caregiver have lifelong behavioral consequences and
the mechanisms through which these early-life experiences are capable of inducing
long-term effects on phenotype continue to be elucidated (Champagne, Francis, Mar,
& Meaney, 2003; Doherty, Blaze, Keller, & Roth, 2017; Meaney, 2001; T. L. Roth,
Lubin, Funk, & Sweatt, 2009; Weaver et al., 2004). Epigenetic alterations offer one
potential mechanism through which experiences in infancy can perpetuate their
consequences throughout the lifespan (Anier et al., 2014; Blaze, Asok, & Roth, 2015;
Champagne & Curley, 2009; Champagne et al., 2006; Keller & Roth, 2016; Lutz &

Turecki, 2014; Maccari, Krugers, Morley-Fletcher, Szyf, & Brunton, 2014; McGowan
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& Roth, 2015; C. Murgatroyd et al., 2009; T. L. Roth, et al., 2009; T. L. Roth &
Sweatt, 2011; St-Cyr & McGowan, 2015). For example, experiencing adverse
maternal care induces both transient and long-term modifications to the epigenome
(Blaze, et al., 2015; Blaze & Roth, 2017; Blaze, Scheuing, & Roth, 2013; Doherty,
Forster, & Roth, 2016; Labonté et al., 2012; McGowan et al., 2009; Perroud et al.,
2011; T. L. Roth, et al., 2009; T. L. Roth, Matt, Chen, & Blaze, 2014). Epigenetic
mechanisms, such as DNA methylation and posttranslational histone modifications,
are capable of influencing gene expression without altering the underlying genomic
sequence. DNA methylation, or the addition of methyl groups to cytosine residues on
DNA, typically represses the expression of genes (Jones & Takai, 2001). This often
occurs at cytosine residues which are followed by guanine residues, referred to as CG
sites (Holliday & Grigg, 1993). These epigenetic modifications can have functional
implications by altering levels of gene expression and in turn protein products, in brain

regions that control behavior.

Maternal behavior is a complex behavior requiring the recruitment of multiple
brain regions including the nucleus accumbens (NAC) (Li & Fleming, 2003a, 2003b;
Olazabal & Young, 2006), bed nucleus of the stria terminalis (BNST) (Lonstein & De
Vries, 2000; Numan & Numan, 1996; Numan & Numan, 1995, 1997; Numan, Numan,
Marzella, & Palumbo, 1998; Perrin, Meurisse, & Lévy, 2007), ventral tegmental area
(VTA) (Hansen, Harthon, Wallin, Lofberg, & Svensson, 1991; Hernandez-Gonzalez,

Navarro-Meza, Prieto-Beracoechea, & Guevara, 2005; Numan & Numan, 1995;
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Pedersen, Caldwell, Walker, Ayers, & Mason, 1994), prefrontal cortex (PFC) (V. M.
Afonso, Sison, Lovic, & Fleming, 2007; Hernandez-Gonzalez, et al., 2005; Sabihi,
Dong, Durosko, & Leuner, 2014), amygdala (Ferris et al., 1992; Fleming, Vaccarino,
& Luebke, 1980; D. A. Lubin, Elliott, Black, & Johns, 2003; Numan, Numan, &
English, 1993; Sheehan, Paul, Amaral, Numan, & Numan, 2001), and medial preoptic
area (MPOA) (V. M. Afonso, et al., 2007; Numan & Numan, 1997; Numan, et al.,
1998; Numan & Stolzenberg, 2009; Numan & Woodside, 2010). In this circuit,
hormones including estrogen act on the MPOA to stimulate maternal behavior
(Numan, Rosenblatt, & Komisaruk, 1977; Numan & Stolzenberg, 2009). The MPOA
is then primed to become active in response to pup stimuli. The PFC and amygdala are
involved in processing sensory information, such as pup scent, which elicit maternal
responsiveness (Numan, 2012). The MPOA in turn projects to the VTA, which
provides dopaminergic input to the NAC. This projection is important for the
rewarding component of pup interactions (Veronica M Afonso, King, Chatterjee, &
Fleming, 2009). Dysregulation within this circuitry can lead to altered or impaired
maternal responsiveness (Numan, 2012), and epigenetic modifications within this
circuit is one potential mechanism through which dysregulation could occur. Indeed,
experience-driven alterations in DNA methylation in maternal circuitry can influence
maternal behavior via altered functioning in these brain regions (Champagne, et al.,

2006; Razin & Riggs, 1980; Stolzenberg & Champagne, 2016).
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Using the scarcity-adversity model of low nesting resources, a validated rodent
model of caregiver maltreatment (Walker et al., 2017), our lab has previously
identified altered gene expression and DNA methylation in some of the brain regions
controlling maternal behavior (Blaze & Roth, 2013; Blaze, et al., 2013; T. L. Roth, et
al., 2009). Coinciding with altered patterns of DNA methylation, our lab has likewise
found aberrant maternal behavior in females subjected to maltreatment (T. L. Roth, et
al., 2009), consistent with studies in humans finding disrupted maternal behavior (e.g.
increased hostility and reduced warmth toward children, impaired mother-child
bonding, and increased used of physical punishment) in women that experienced
childhood abuse (Bailey, DeOliveira, Wolfe, Evans, & Hartwick, 2012; Banyard,
1997; Cort, Toth, Cerulli, & Rogosch, 2011; Cross et al., 2016; Muzik et al., 2013;
Roberts, O’Connor, Dunn, Golding, & Team, 2004). Maternal behavior is an
intergenerational behavior, as the quality of maternal care a female experiences
influences the quality of care she will give her own offspring (Champagne, 2008; Cort,
et al., 2011; Francis, Champagne, & Meaney, 2000; Francis, Diorio, Liu, & Meaney,
1999; T. L. Roth, et al., 2009). Therefore, it is important to establish the
neurobiological underpinning of aberrant maternal behavior and explore treatments
that can improve maternal behavior to prevent the perpetuation of poor maternal care

across generations.

Previous work from our lab has validated the ability for the epigenome-altering

drug, zebularine, to reverse maltreatment-induced DNA methylation and expression of
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the brain-derived neurotrophic factor (Bdnf) gene in the adult PFC (T. L. Roth, et al.,
2009). Based upon this, in the current study, we sought to assess the ability of
zebularine to rectify consequences of maltreatment on maternal behavior when

administered to adult dams.

2.2 Methods

2.2.1 Subjects

All animal procedures were conducted following approval by the University of
Delaware Institutional Animal Care and Use committee using NIH established
guidelines. This study utilized Long-Evans rats that were bred in house. Dams were
maintained on a 12 hour light/dark cycle and were given ad libitum access to food and
water. Postnatal day (PN) 0 was classified as the day of parturition. Figure 1 provides

an approximate timeline of experimental procedures performed in this study.
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Figure 2.1 This figure depicts an approximate timeline of experimental procedures.
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2.2.2 Caregiving Manipulations

Rodent pups were exposed to the scarcity adversity model of low nesting
resources for 30 minutes per day from PN 1-7 (Blaze, et al., 2013; Doherty, et al.,
2017; Doherty, et al., 2016; Hill, Warren, & Roth, 2014; T. L. Roth, et al., 2009; T. L.
Roth, et al., 2014; Walker, et al., 2017). This model employs a within litter design
whereby 1/3 of the litter is dedicated to the maltreatment condition, 1/3 of the litter is
dedicated to the cross-foster care condition, and 1/3 of the litter receives normal
maternal care. For the maltreatment condition, pups were exposed to another dam with
limited nesting resources in a novel environment. Dams were matched for postpartum
age and diet to the biological mom of the experimental litter, as pups are unable to
distinguish between their biological dam and a diet-matched dam (Leon, 1975). In the
cross-foster care condition, pups were also exposed to another dam in a novel
environment. However, this dam had been given ample nesting resources and is
familiar with the environment (i.e. had habituated for one hour). In the normal
maternal care condition, the pups were marked, weighed, and subsequently returned to
the home cage with their biological mother. Maternal behavior in each of these
conditions was recorded. A subset of 5 of the 13 litters from which experimental
subjects were taken was scored to confirm the replicability of this model (i.e.
increased levels of adverse behavior by the caregiver during the maltreatment

condition relative to the two control conditions). Videos were coded for adverse
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(roughly handling, dropping, dragging, stepping on, or actively avoiding pups)
behaviors in five-minute time bins.

At the time of weaning, male and female offspring were separated and only
female offspring were utilized for the duration of the study. Males were used for other
experiments in our laboratory. Female subjects were placed into cages of two or three
animals from the same infant condition. When female rodents exposed to these infant
manipulations reached adulthood (around PN55), they were be bred with naive
breeder males and permitted to give birth. After the female had successfully bred with
the male (i.e. a sperm plug was found), animals were single-housed and remained

undisturbed until one day following parturition.

2.2.3 Stereotaxic Surgery and Drug Infusions

One day after parturition, stereotaxic surgery was performed to implant a
cannula into the left lateral ventricle following a protocol similar to one used
previously by our lab (T. L. Roth, et al., 2009). To induce anesthesia, dams were
placed in an induction chamber containing 5% isoflurane in oxygen. Once anesthesia
was induced, animals were administered 2 mL of sterile saline and .03 mg/kg
buprenorphine. The dam was then placed into a stereotaxic frame. Anesthesia was
maintained using 2-3% isoflurane in oxygen and a stainless steel guide cannula (22
gauge, 8 mm length, Plastics One Inc., Roanoke, VA) was implanted into the left

lateral ventricle (1.5 mm posterior, 2.0mm lateral, and 3.0 mm ventral relative to
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bregma). At the time of surgery, cannula placement was verified using gravitational
saline letdown as has been done in previous reports (Asok, Schulkin, & Rosen, 2016).
A dummy cannula extending 1Imm beyond the guide cannula was inserted into the
guide cannula upon cessation of surgery to prevent cannula blockage. While the dam
was undergoing surgery, her pups were left in the home cage on a heating pad and
monitored. To examine the presence of the Trivers—Willard effect, which predicts that
females with a history of stress will have a higher female:male pup ratio, pups were
sexed and counted (Trivers & Willard, 1973). Dams were allowed one day of recovery
after surgery during which they were left undisturbed and monitored to ensure

appropriate recovery (e.g. maintaining weight and grooming properly).

Following recovery, daily infusions of zebularine or vehicle were performed.
Zebularine is a cytosine analog known to incorporate into DNA and consequently
alters DNA methylation (Champion et al., 2010). This drug is known to alter levels of
DNA methylation when administered to adult rats (F. D. Lubin, Roth, & Sweatt, 2008;
E. D. Roth et al., 2015; T. L. Roth, et al., 2009). We selected a drug dose and
treatment regimen shown to reverse aberrant DNA methylation and gene expression
levels (T. L. Roth, et al., 2009). Specifically, zebularine (600 ng/ul in 10% DMSO, 2
ul volume, infusion rate of 1ul/min) was administered once daily for seven days.

Vehicle was comprised of 10% DMSO in sterile saline.
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2.2.4 Adult Behavior

A 30 minute behavioral recording was collected 24 hours following the final
infusion, as this is the same time point we have observed an effect of zebularine on
methylation and gene expression (T. L. Roth, et al., 2009). Recordings were later
coded offline for adverse (roughly handling, dropping, dragging, stepping on, and
avoiding the pups) maternal behaviors by scorers blind to experimental conditions.
Because a previous report from our lab found enhanced levels of adverse behaviors
performed toward offspring in dams with a history of maltreatment (T. L. Roth, et al.,
2009), the total number of adverse behaviors conducted throughout the 30 minute
recording were tallied. This method of recording each bout of a behavior has been
used by others to probe for differences in maternal care in dams with a history of
early-life stress (C. A. Murgatroyd & Nephew, 2013), providing more resolution that

can be lost when collapsing behaviors across time bins (as we have commonly done).

2.2.5 Statistical Analyses

Behavioral data collected from the infant manipulations were analyzed using a
one-way ANOVA. Behavioral data from dams previously exposed to infant
manipulations (i.e. total number of adverse maternal behaviors in the 30 minute
recording) were analyzed using two-way ANOVAs. T-tests were used for post-hoc
analyses to further probe statistically significant effects, with Bonferroni corrections

applied when necessary.
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2.3 Results

2.3.1 Infant Manipulations

A one-way ANOVA performed on adverse behaviors observed across our
infant manipulations revealed a main effect of infant condition (F (212 = 20.17, p =
.0001; Figure 2). Post-hoc comparisons showed that animals in the maltreatment
condition experienced significantly more adverse behaviors relative to the normal care
(p =.0013) and cross foster care (p =.0002) conditions. We did not find any differences
in the levels of adverse care between the cross-foster and normal care conditions (p
=.4145). These results are consistent with previous reports employing the scarcity-
adversity model of low nesting resources (Blaze, et al., 2013; Doherty, et al., 2017; T.
L. Roth, et al., 2009). These data validate the efficacy of our model to experimentally

induce an adverse caregiving environment.
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Figure 2.2 Pups in the maltreatment condition incurred more adverse behaviors from
the caregiver relative to pups placed in the cross-foster and normal maternal care
conditions. n=5 litters; *** denotes p < .001.
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2.3.2 Trivers—=Willard Effect

We did not find a significant difference in the female:male pup ratio (F 2,5 =
1.34, p =.2691) or litter size (F 265 = .5636, p =.5719) as a result of infant condition
(Figure 3). These data indicate that within the scarcity-adversity model of low nesting
resources, dams with a history of maltreatment do not show altered litter compositions

compared to control dams.
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Figure 2.3 No differences were found in litter size (A) or the female: male pup ratio
(B) as a result of infant caregiver condition. n=22-24/group.
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2.3.3 Adult Maternal Behavior

No significant differences in maternal behavior were found between subjects in
the cross-foster and normal maternal care vehicle groups (tz9) = 0.5541, p = .5927) nor
the cross-foster and normal maternal care zebularine groups (t1) = 1.071, p = .2962),
therefore the nurturing care vehicle groups were collapsed and the nurturing care
zebularine groups were collapsed to increase statistical power. A two-way ANOVA
performed on the number of adverse behaviors performed by dams demonstrated an
infant condition and drug treatment interaction (F (1,60) = 8.036, p = .0062). Consistent
with our previous finding (T. L. Roth, et al., 2009), post-hoc analyses revealed that
females with a history of maltreatment (i.e. maltreatment-vehicle group) performed
more aversive behaviors toward their offspring relative to animals with a history of
nurturing care (i.e. nurturing-vehicle group) (teg9) = 2.315, p =.0279). There was a
significant difference between the maltreatment group administered zebularine versus
the vehicle-treated maltreatment group, suggesting that zebularine rescued

maltreatment-induced aberrations in maternal behavior (t(1s) = 2.466, p = .0239).

Treatment with zebularine disrupted maternal care in females without a history
of maltreatment (i.e. controls), such that there was a marginally significant difference
between drug-treated animals and their vehicle-treated counterparts (t 42) = 2.006, p =
.0513). Drug-treated controls showed more adverse behaviors. No significant
differences were found between the zebularine-treated dams with a history of

nurturing care versus the maltreated dams given vehicle (p = .8927), or the vehicle-
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treated nurturing care group versus the zebularine-treated maltreatment group (p =
.1332). Taken together, our data indicate that zebularine normalizes maternal behavior
in dams with a history of maltreatment while disturbing maternal behavior in dams

with a history of nurturing care in infancy (Figure 4).
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Figure 2.4 Animals with a history of maltreatment exhibited more adverse behaviors
toward their pups as compared to dams without a history of maltreatment. Treatment
with zebularine significantly reduced levels of adverse behavior exhibited toward
offspring in previously maltreated dams. Zebularine treatment disturbed behavior in
dams without a history of maltreatment such that drug-treated dams exhibited higher
levels of adverse behavior toward offspring relative to vehicle-treated controls. n=10-
23/group; * denotes p < .05.
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2.4 Discussion

We replicated our previous finding that dams with a history of maltreatment
mistreat their own offspring (T. L. Roth, et al., 2009). Further, we found that daily
administration of zebularine at a dose previously shown to rescue aberrant DNA
methylation and gene expression (T. L. Roth, et al., 2009) normalized maternal
behavior in maltreated dams. Interestingly, this drug disturbed maternal behavior in
animals without of a history of maltreatment such that these animals displayed
enhanced levels of adverse behaviors toward offspring. These data suggest that the
effects of zebularine are specific to caregiving history, as the drug elicited opposite
effects in animals with a history of maltreatment relative to animals with no history of

maltreatment.

While it may seem perplexing that zebularine had contrasting effects on dams
dependent on their early-life history, our lab has previously identified a number of
differences within the epigenome resulting from exposure to our maltreatment
paradigm (Blaze, et al., 2015; Blaze & Roth, 2013; Blaze & Roth, 2017; Blaze, et al.,
2013; Doherty, et al., 2016; T. L. Roth, et al., 2009; T. L. Roth, et al., 2014). These
differences are widespread; we have discovered maltreatment-induced changes in
methylation in the PFC (Blaze & Roth, 2017; Blaze, et al., 2013; T. L. Roth, et al.,
2009), amygdala (T. L. Roth, et al., 2014), and hippocampus (T. L. Roth, et al., 2014).

Thus, it seems plausible that the divergent effects of the drug could be a result of the
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existing epigenetic differences in animals with different caregiving histories.
Presumably zebularine reduced aberrant methylation in dams with a history of
maltreatment, and this in turn normalized their maternal behavior. On the other hand,
zebularine presumably disrupted normative methylation patterns in dams without a
history of maltreatment which, in turn, produced disruptions in their maternal
behavior. Indeed several studies have previously found behavioral disruptions in non-
stressed animals administered zebularine (Anier, Malinovskaja, Aonurm-Helm,
Zharkovsky, & Kalda, 2010; F. D. Lubin, et al., 2008; E. D. Roth, et al., 2015). A
necessary next step for us will be to examine DNA methylation and gene expression
patterns in both sets of females to better elucidate the effects of our zebularine
treatment regimen. These results nonetheless hint heavily at the causal nature of the
relationship between the epigenome and behavioral phenotypes. Our data also argue
that future work is warranted to discern the conditions under which zebularine has

beneficial as opposed to harmful impacts on behavior.

There is a precedent in the literature for other epigenome-modifying drugs to
alter maternal responsiveness in female rodents. In a maternal sensitization paradigm,
female mice treated with a histone deacetylase inhibitor showed increased maternal
responsiveness toward pups (Stolzenberg, Stevens, & Rissman, 2012, 2014). In this
study, the expression of genes known to be involved in maternal behavior, including
estrogen receptor beta (ER) was altered for 30 days following the sensitization

paradigm (Stolzenberg, et al., 2014), suggesting that the facilitatory effects of this
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drug on maternal behavior can be long-lasting. Additionally, maternal behavior has
been improved by administration of drugs whose main target is not the epigenome,
such as those that alter reward circuitry. For example, increasing levels of dopamine
pharmacologically was found to increase levels of licking and grooming toward
offspring in dams that received low levels of licking and grooming as infants
(Champagne et al., 2004). However, to the knowledge of the authors this is the first
time that an epigenome-modifying drug has been utilized to rectify maltreatment-

induced aberrations in maternal behavior in adult animals.

Experiencing different types of early-life stress elicits diverse biological and
behavioral outcomes (Dong et al., 2015; Mychasiuk, IInytskyy, Kovalchuk, Kolb, &
Gibb, 2011; Schmidt, Wang, & Meijer, 2011; St-Cyr & McGowan, 2015). It is
unknown if behavioral consequences resulting from other types of early-life stress,
such as maternal separation or prenatal stress, could be rectified by altering DNA
methylation. Additionally, our study focused on a female-specific behavior, and as
such it is unclear if this drug would likewise ameliorate behavioral consequences of
maltreatment in male subjects. For example, male rats subjected to the scarcity-
adversity model of low nesting resources demonstrate deficits in fear extinction that
are not observed in females exposed to the model (Doherty, et al., 2017). Sex
differences exist throughout the epigenome (McCarthy et al., 2009; Nugent et al.,
2015; Schwarz, Nugent, & McCarthy, 2010) and in levels of epigenetic regulators

(Kolodkin & Auger, 2011; Kurian, Forbes-Lorman, & Auger, 2007), so it is possible
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that epigenome-modifying treatments would not be equally effective in male and
female subjects. It should be noted however that previous work from our lab
established an ability for zebularine administered at the same dose as this study to
rescue maltreatment-induced DNA methylation and gene expression in the PFC of
both female and male subjects, which would suggest that zebularine would likewise be
efficacious for behavioral deficits elicited by maltreatment in males (T. L. Roth, et al.,
2009). While we examined behavior at a time point when maltreatment-induced DNA
methylation is known to be rescued by zebularine treatment (i.e. 24 hours after a week
of daily infusions), looking at the ability for zebularine to change behavior over the

course of the seven day infusion regimen would also be an interesting future direction.

Our data here lend support to the hypothesis that altered DNA methylation
resulting from the early-life experience is causally related to the behavioral deficits
observed in these animals. While we would expect Bdnf methylation to be normalized
in the brain of maltreated dams administered zebularine based on previous findings (T.
L. Roth, et al., 2009), future work is needed to establish which genes could be
underlying the observed behavioral effects of zebularine and circuit-level alterations
responsible for the deficits seen in maternal behavior that zebularine is capable of
modulating. Zebularine cannot cross the blood-brain barrier and therefore needs to be
administered centrally (Beumer et al., 2006). As a result, this treatment cannot be
utilized in humans. However, several environmental factors, including exercise

(Boschen, McKeown, Roth, & Klintsova, 2017; Denham, Marques, O’Brien, &
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Charchar, 2014; Laker et al., 2014), diet (Carlin, George, & Reyes, 2013; K. Lillycrop,
Phillips, Jackson, Hanson, & Burdge, 2006; K. A. Lillycrop, Phillips, Jackson,
Hanson, & Burdge, 2005; Moreno Gudifio, Carias Picén, & de Brugada Sauras, 2017),
and social interaction (Branchi, Karpova, D’Andrea, Castrén, & Alleva, 2011,
Champagne & Curley, 2005; Kuzumaki et al., 2011), all measures that can easily be
employed in humans, have been shown to have lasting influences on the epigenome.
Thus, zebularine is a useful tool for understanding the relationship between epigenetic
and behavioral outcomes of stress, leading to knowledge that can then be leveraged in
the development of treatments and/or interventions in human cases of early adversity.
This is especially critical given that the impact of maltreatment on the brain and
behavior is multigenerational. One example of this comes from a recent study that
found reduced cortical gray matter volume in the brains of offspring of women that
experienced maltreatment in childhood (Moog et al., 2018). It is important to establish
treatments aimed at maternal behavior and the associated neurobiological deficits in
human populations in order to improve outcomes for those directly exposed to
adversity as well as outcomes for following generations. Further work is needed to
determine whether less invasive treatments such as social enrichment, diet, and
exercise could have facilitatory effects on maternal behavior through altering the
epigenome. The data reported here help to construct the necessary foundation for such

efforts.
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Overall, the finding that targeting the epigenome was successful in attenuating
poor maternal behavior is an exciting step forward in the literature. These data confirm
the utility of a rodent model to study the behavioral phenomenon of transgenerational
patterns of parenting. They then further provide support for studying the relationship
between maltreatment-induced epigenetic modifications and perpetuated patterns of
maternal maltreatment of offspring. Finally, they offer insight into the potential of

exploiting that relationship to subvert the often tragic outcomes of adversity.
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Chapter 3

PHARMACOLOGICAL MANIPULATION OF DNA METHYLATION IN
ADULT FEMALE RATS RESCUES BEHAVIORAL CONSEQUENCES OF
EARLY-LIFE MALTREATMENT

Exposure to adversity early in development alters brain and behavioral
trajectories. Data continue to accumulate that epigenetic mechanisms are a mediating
factor between early-life adversity and adult behavioral phenotypes. Previous work
from our laboratory has shown that female Long-Evans rats exposed to maltreatment
during infancy display both aberrant forced swim behavior and patterns of brain DNA
methylation in adulthood. Therefore, we examined the possibility of rescuing the
aberrant forced swim behavior in maltreated-adult females by administering an
epigenome-modifying drug (zebularine) at a dose previously shown to normalize
DNA methylation patterns. We found that zebularine normalized behavior in the
forced swim test in maltreated females, such that they performed at the levels of
controls (females that had been exposed to only nurturing care during infancy). These
data help link DNA methylation to an adult phenotype in our maltreatment model, but
more broadly provide additional evidence that non-targeted epigenetic manipulations

can change behavior associated with early-life adversity.
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3.1 Introduction

The period after birth is a sensitive period during which environmental
experiences are capable of altering the trajectory of brain development (Greenough,
Black, & Wallace, 1987; Knudsen, 2004; Rice & Barone Jr, 2000). Exposure to
adversity during this time has lifelong implications for the brain and, consequently,
behavior (Blaze et al., 2017; Blaze & Roth, 2013; Blaze, Scheuing, & Roth, 2013;
Brunson, Eghbal-Ahmadi, Bender, Chen, & Baram, 2001; Doherty, Blaze, Keller, &
Roth, 2017; Fride, Dan, Gavish, & Weinstock, 1985; Heim, Owens, Plotsky, &
Nemeroff, 1997; Lupien, McEwen, Gunnar, & Heim, 2009; McEwen, 2003; T. L.
Roth, Lubin, Funk, & Sweatt, 2009). Caregiver maltreatment is a form of early-life
adversity incurred by 10-15% of the population in the United States (Gilbert et al.,
2009; Lutz & Turecki, 2014). Individuals with a history of maltreatment are more
likely to experience cognitive deficits such as problems with learning and memory (De
Bellis, Woolley, & Hooper, 2013; Pears & Fisher, 2005; Rogosch, Cicchetti, & Aber,
1995). Further, exposure to maltreatment confers susceptibility to developing
psychiatric disorders including major depression, schizophrenia, and posttraumatic
stress disorder (Beers & De Bellis, 2002; Cicchetti & Toth, 2005; Heim & Binder,
2012; Provencal & Binder, 2015; Schenkel, Spaulding, DiLillo, & Silverstein, 2005;

Shea, Walsh, MacMillan, & Steiner, 2005).
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Our laboratory implements a rodent model of caregiver maltreatment (Blaze,
Asok, & Roth, 2015; Blaze & Roth, 2013; Blaze & Roth, 2017; Blaze, et al., 2013;
Doherty, et al., 2017; Doherty, Forster, & Roth, 2016) to better understand the
consequences of early adversity on brain and behavioral development. Previous work
from our lab has shown that female rodents exposed to brief bouts of daily caregiver
maltreatment exhibit as adults mild deficits in novel object recognition (NOR) and an
increased latency to become immobile in the forced swim test (Doherty, et al., 2017).
Interestingly, when animals were tested on these behaviors in adolescence, no
differences were observed in behavioral performance between animals with a history
of maltreatment relative to animals with a history of nurturing care in infancy
(Doherty, et al., 2017).

One way through which these early-life experiences might induce long-term
consequences on behavior is via epigenetic alterations (Champagne et al., 2006; Heim
& Binder, 2012; Kundakovic, Lim, Gudsnuk, & Champagne, 2013; Lewis & Olive,
2014; McGowan & Roth, 2015; Murgatroyd et al., 2009; T. L. Roth, 2012; T. L. Roth,
et al., 2009; Silberman, Acosta, & Zubilete, 2016; Weaver et al., 2004). Epigenetic
alterations, which are changes to chromatin that are capable of influencing gene
expression without altering the underlying genomic sequence, include DNA
methylation and posttranslational histone modifications (Attwood, Yung, &
Richardson, 2002; Kouzarides, 2007; Li, Carey, & Workman, 2007). Our lab has
uncovered a number of epigenetic alterations throughout the adult brain of female

subjects with a history of caregiver maltreatment, including increased DNA
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methylation of the brain-derived neurotrophic factor (Bdnf) gene in the hippocampus
and prefrontal cortex coinciding with reduced methylation in the amygdala (Blaze, et
al., 2015; Blaze & Roth, 2013; Blaze & Roth, 2017; Blaze, et al., 2013; Doherty, et al.,
2016; T. L. Roth, et al., 2009; T. L. Roth, Matt, Chen, & Blaze, 2014). These same
brain regions are recruited for behaviors known to be aberrant as a result of
maltreatment (Antunes & Biala, 2012; Blair, 2008; Drevets et al., 1997; Duncan et al.,
1986; Duncan, Johnson, & Breese, 1993; Warburton & Brown, 2015; Zierhut et al.,
2010), suggesting that these neurobiological changes could be involved in
maltreatment-induced phenotypes. However, the extent to which epigenetic
modifications resulting from exposure to maltreatment contribute to the altered
behavioral trajectories in these animals is unknown. The goal of this study was to
determine the ability of some phenotypic outcomes associated with caregiver
maltreatment to be rescued by altering adult DNA methylation. Further, a positive
finding would lend support to our hypothesis that the epigenetic changes resulting
from early-life maltreatment are causally related to phenotypic outcomes.

Although limited, data exist showing that manipulating the adult epigenome
has the capacity to rescue outcomes of stress in both rodents and human populations
(T. L. Roth, et al., 2009; Weaver, et al., 2004). For example, previous work from our
lab demonstrated the capability of administration of zebularine (at the same dose used
in this study), a drug known to modify DNA methylation, to normalize Bdnf DNA
methylation and gene expression in the prefrontal cortex of animals with a history of

maltreatment (T. L. Roth, et al., 2009). Further, in clinical studies individuals
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benefitting from pharmaceutical or therapeutic interventions demonstrate a
normalization of epigenetic marks (Lopez et al., 2013; Perroud et al., 2013). The
current study aimed to expand upon previous findings from our lab and explore the
implications of manipulating DNA methylation on behavioral outcomes of
maltreatment in adult subjects. Because the phenotypes under investigation were
found in female, but not male, subjects exposed to caregiver maltreatment (Doherty, et

al., 2017), only female subjects were utilized in the current study.

3.2 Methods

3.2.1 Subjects and Infant Manipulations

Long-Evans rats bred in-house were employed in this study. Animals were
given ad libitum access to food and water and maintained on a 12-hour light/dark
cycle. All animal procedures were performed with approval from the University of
Delaware Institutional Animal Care and Use committee following NIH established
guidelines. Day of parturition was deemed postnatal day (PN) 0.

The scarcity-adversity model of low nesting resources was used as previously
described (Blaze & Roth, 2017; Doherty, et al., 2017; Doherty, et al., 2016; T. L.
Roth, et al., 2009; Walker et al., 2017). These manipulations were performed for 30
minutes daily from PN1-7. Briefly, this model uses a within litter design whereby 1/3
of the litter is exposed to maltreatment outside of the home cage, 1/3 of the litter is

cross-fostered to a nurturing dam outside of the home cage, and the remaining 1/3 of
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the litter remains in the home cage with the biological dam. All dams were matched in
postpartum age and diet, as it has been demonstrated that pups cannot distinguish
between dams fed the same diet (Leon, 1975). For the maltreatment condition, the
dam was given limited nesting resources in an unfamiliar environment to care for the
infant rats. The cross-foster dam was given ample nesting resources and given one
hour to habituate to the chamber prior to receiving infant rats. Videos of these infant
manipulations were recorded. To confirm the efficacy of this model, behavioral videos
of the infant manipulations from five (selected using a random number generator) of
the 14 litters from which experimental subjects were collected were coded for
nurturing (i.e. nursing, licking and grooming the pups) and adverse (i.e. actively
avoiding, roughly handling, stepping on, dropping, and dragging the pups) behaviors
by trained scorers (89.5% inter-rater reliability). Each occurrence of a behavior was
coded in five-minute time bins.

At the time of weaning, female rats were placed into cages of two or three
animals from the same infant condition. Only female offspring were used for
behavioral testing in this study. Male subjects were utilized in each of the infant
conditions and remained with the dam as part of the litter until weaning to eliminate
the possibility of same-sex litter composition altering maternal behavior (Hao, Huang,

Nielsen, & Kosten, 2011; Kosten, Huang, & Nielsen, 2014; Moore & Morelli, 1979).
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3.2.2 Stereotaxic Surgery

Between PN70-80, stereotaxic surgery was performed. Anesthesia was induced
using 5% isoflurane in oxygen. Following induction of anesthesia, animals were
administered 2 mL of sterile saline and .03 mg/kg buprenorphine. Animals were
subsequently placed into a stereotaxic frame and anesthesia was maintained using 2-
3% isoflurane in oxygen. A stainless steel guide cannula (22 gauge, 8 mm length,
Plastics One Inc., Roanoke, VA) was implanted into the left lateral ventricle using the
following coordinates: 1.5 mm posterior, 2.0mm lateral, and 3.0 mm ventral relative to
bregma. At the time of surgery, cannula placement was verified using gravitational
saline let-down as has been done in other reports (Asok, Schulkin, & Rosen, 2016).
Once surgery was completed, a dummy cannula extending 1mm beyond the guide
cannula was inserted into the guide cannula. Animals were single-housed following
surgery to avoid injury. In a subset of animals, cannula tracks were also visually

confirmed postmortem after slicing brains in a cryostat at -12° C.

3.2.3 Drug Administration

After one day of recovery from stereotaxic surgery, intracerebroventricular
(ICV) infusion of either zebularine or vehicle began as has been previously described
(T. L. Roth, et al., 2009). Zebularine, which is a cytosine analog, incorporates into
DNA and prevents DNA methyltransferases (DNMTSs) from adding methyl groups to

DNA (Champion et al., 2010; Gnyszka, JASTRZEBSKI, & Flis, 2013). This drug has
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previously been demonstrated to alter levels of DNA methylation in the brains of adult
animals (Anier, Malinovskaja, Aonurm-Helm, Zharkovsky, & Kalda, 2010; Lubin,
Roth, & Sweatt, 2008; E. D. Roth et al., 2015; T. L. Roth, et al., 2009). Zebularine
(Sigma Aldrich) was dissolved in dimethyl sulfoxide (DMSQ) and subsequently
diluted with sterile saline such that the solution was comprised of 10% DMSO.
Zebularine was administered via an infusion cannula (28 gauge) attached to PE20
tubing at a dose of 600 ng/ul delivered at the rate of 1 pl per minute. This dose was
selected because it has been previously demonstrated to reverse maltreatment-induced
DNA methylation of the Bdnf gene (T. L. Roth, et al., 2009). An equivalent amount of
vehicle (10% DMSO in sterile saline) was administered at the same rate. Zebularine or

a vehicle solution was administered once daily for seven days.

3.2.4 Adult Behavior

One day after the final drug or vehicle infusion, behavioral testing commenced.
Animals were run through a battery of behavioral tests including open-field, NOR, and
forced swim testing following protocols previously implemented by our lab and others
(Arakawa, 2003; Castagné, Moser, Roux, & Porsolt, 2011; Doherty, et al., 2017;
Oliveira, Hawk, Abel, & Havekes, 2010) and briefly described below. A timeline of
experimental procedures can be seen in Figure 1. Testing was conducted in a room
with white noise under red light. A camera placed on the ceiling above the behavioral

apparatuses and Any-maze software (Stoelting Co., Wood Dale, IL) were used to
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record all behavioral procedures. After behavioral testing, a subset of rats were
sacrificed and their brains were harvested for slicing. Post-mortem vaginal lavages

were performed to determine estrous cycle stage for all females.
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Infant Surgery  Infusions Open  Novel Object  Forced

Manipulations Field Recognition Swim
PNO  PN1.7 PN81 PN83-89 PN90 PN93-94 PN95-96

Figure 3.1 Timeline of experimental procedures implemented in this study.
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3.2.5 Open-field Testing

Rats were placed into a circular arena (84 cm diameter x 36 cm height) for 10
minutes. Any-maze software (Stoelting Inc.) was used to score behavior in open-field
testing. Time spent in the center of the field, number of entries into the center, and
distance traveled were all recorded. The apparatus was cleaned using 70% ethanol in

between subjects.

3.2.6 Novel Object Recognition

Novel object testing occurred in the same apparatus utilized for open-field
testing. Animals were habituated to this chamber for an additional two days following
open-field testing. Subjects were exposed to two identical objects for 15 minutes. The
total time the rat spent investigating the objects was scored. Binder clips and conical
tubes were used as objects. Total time spent exploring the items was recorded.
Twenty-four hours later, rats were exposed to one item from the previous day in
addition to a novel item. Objects used and their placement in the apparatus were
counterbalanced across experimental subjects. To quantify the amount of time the rats
spent exploring the novel object, a ratio was computed whereby the total time spent
exploring the novel object was divided by the total time spent exploring both the novel
and familiar objects. Behavior was recorded using Any-maze software and later scored

offline by trained scorers blind to experimental groups.
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3.2.7 Forced Swim

One day after NOR, rats were placed into a bucket (29 cm diameter x 48 cm
height) of 25°C water and given 15 minutes to swim. Once rats were removed from
the water, they were dried using a microfiber cloth and their cage was placed on a
heating pad under a heat lamp until they were completely dry. Twenty-four hours
later, animals were returned to the water bucket for a five-minute test. Behavior was
recorded using Any-maze software and later scored offline by trained scorers blind to
experimental conditions. Time spent immobile, which was defined as performing only
the motions necessary to keep the head above water, and latency until the first bout of
immobility were coded. Two animals were removed from the data set for neglecting to
demonstrate immobility during the forced swim test (1 normal maternal care vehicle

subject and 1 cross-foster care zebularine subject).

3.2.8 Statistical Analyses

A chi-squared analysis revealed that there were no significant differences in
estrus cycle (i.e. estrus, diestrus day one, diestrus day two, and proestrus) status across
experimental groups (32 (15, N=71) =20.8, p=.1688). Two-way ANOVAs (levels:
infant condition, drug or vehicle) were used for analyzing behavioral data. For all
analyses, p < .05 was used to denote statistical significance. T-tests were used for

post-hoc analyses and Bonferroni corrections were applied where necessary.
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3.3 Results

3.3.1 Infant Manipulations

Two-way ANOVAs performed on nurturing and aversive care observed across
our infant conditions revealed a main effect of caregiving behavior (F24) = 67.74, p <
.0001) and a significant interaction of caregiving behavior and infant manipulation
condition (F(1,24) = 51.72, p <.0001), which is consistent with findings from other
reports using the form of the scarcity-adversity model (Blaze & Roth, 2013; Doherty,
et al., 2017; Doherty, et al., 2016; Hill, Warren, & Roth, 2014; T. L. Roth, et al., 2009;
T. L. Roth, et al., 2014). As illustrated in Figure 2, post-hoc analyses revealed that
significantly more adverse behaviors were observed in the maltreatment condition
relative to the cross-foster (p <.0001) and normal maternal (p < .0001) care
conditions, while more nurturing behaviors were performed in the cross-foster (p <
.0001) and normal maternal care (p = .0002) conditions relative to the maltreatment
condition. No differences in nurturing (p = .4797) or adverse care (p = .9242) were
observed between the cross-foster and normal care conditions. More nurturing care
was observed relative to adverse care in both normal care (p <.0001) and cross-foster
care (p <.0001) conditions, while more adverse care was observed relative to

nurturing care in the maltreatment condition (p = .0003).
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Figure 3.2 Infant rats exposed to the maltreatment condition received more adverse
and less nurturing behavior relative to infant rats assigned to the cross-foster and
normal maternal care conditions. NMC, normal maternal care; CFC, cross-foster care;
MAL, maltreatment. n=5 dams; *** denotes p < .0001.
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3.3.2 Open-field Testing

No statistically significant effects of infant caregiver condition or drug
treatment were observed in the open-field test on any of the measures recorded
including entries into the center (Figure 3a), time spent in the center (Figure 3b), or
distance traveled (Figure 3c) within the behavioral apparatus (p’s > .05). These results
suggest that locomotor behavior was not altered as a result of infant caregiver or drug

treatment condition.
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Figure 3.3 No differences were found as a result of infant condition or drug treatment
on number of entries into the center zone (A), time spent in zone (B), or distance
traveled (C) in the open-field test. NMC, normal maternal care; CFC, cross-foster
care; MAL, maltreatment. n=11-13/group.
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3.3.3 Novel Object Recognition

Neither infant caregiver condition nor drug treatment had a statistically
significant effect on total time spent exploring the objects during habituation (Figure
4a, p’s > .05). There was likewise no significant effect of drug treatment or infant
caregiver condition on the novel-to-familiar object ratio (Figure 4b, p’s > .05). As
demonstrated by t-tests performed relative to chance (i.e. 50% exploration time with

the novel object), subjects from all conditions were able to perform NOR (p’s <.05).
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Figure 3.4 We did not find an effect of infant caregiver history or zebularine treatment
on time spent investigating objects (A) or novel-object recognition testing (B).
Subjects from all conditions were able to perform NOR. Dashed line at 50% indicates
chance performance. NMC, normal maternal care; CFC, cross-foster care; MAL,
maltreatment. n=11-13/group; * denotes p < .05.
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3.3.4 Forced Swim

A significant interaction was found between drug treatment and infant
condition (F2,64) =8.234, p =.0007) on the latency to immobility in the forced swim
test. Post-hoc analyses revealed that the maltreatment group administered vehicle was
significantly different from the normal (p = .0027) and cross-foster care (p = .0146)
vehicle-treated control groups (Figure 5a). Further, the zebularine-treated animals with
a history of maltreatment were significantly different from their vehicle-treated
counterparts (p =.0022). This suggests that animals with maltreatment history display
altered behavior in the forced swim test and zebularine administration in adulthood
was able to normalize this behavior measure. No statistically significant differences
were found as a result of drug treatment or infant condition on total time spent

immobile (Figure 5b, p’s >.05).
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Figure 3.5 Female rats with a history of maltreatment demonstrated an increased
latency to become immobile in the forced swim test (A). Treatment with zebularine
normalized this behavior, but did not alter behavior in females with a history of
nurturing maternal care. No differences were found as a result of infant manipulation
or drug treatment on total time spent immobile (B). NMC, normal maternal care; CFC,
cross-foster care; MAL, maltreatment. n=11-13/group; * denotes p =.0007.
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3.4 Discussion

We replicated our previous finding that exposure to adverse caregiving
conditions in infancy induces alterations in forced swimming behavior in adult
females (Doherty, et al., 2017). Specifically, animals with a history of maltreatment
took longer to demonstrate their first bout of immobility relative to animals with a
history of nurturing care. The main finding from the current study was that
administration of zebularine to maltreated-animals at a dose previously shown to
decrease DNA methylation and rescue gene expression (T. L. Roth, et al., 2009) was
capable of normalizing this behavior, with no effect on forced swim behavior in

animals with a history of nurturing care.

Several interpretations of behavior in the forced swim test have been proposed
(De Kloet & Molendijk, 2016; De Pablo, Parra, Segovia, & Guillamén, 1989;
Nishimura, Tsuda, Oguchi, Ida, & Tanaka, 1988; R. Porsolt, Bertin, & Jalfre, 1977; R.
D. Porsolt, Bertin, & Jalfre, 1978; West, 1990). One interpretation is that animals that
learn to go immobile during this inescapable swim stressor are exhibiting an adaptive
coping strategy, as immobility would allow for energy conservation (Andolina, Maran,
Viscomi, & Puglisi-Allegra, 2015; Campus et al., 2017; De Kloet & Molendijk, 2016;
West, 1990). Using this interpretation of the test, our data would suggest that animals
with a history of maltreatment are failing to exhibit adaptive coping when faced with a
stressful situation. This interpretation would be consistent with other reports finding

impairments in coping in individuals with a history of early-life stress (Dich et al.,
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2015; Grace, Martin-Gousset, & Angelier, 2017; Wadsworth, 2015). Deficits in the
forced swim task may also be reflective of an inability to learn the immobility
behavior (De Pablo, et al., 1989). Using this interpretation, our data would suggest that
animals with a history of maltreatment exhibit an inability to readily learn this
behavior. This interpretation would be consistent with other reports of learning
impairments in animals exposed to early adversity (Doherty, et al., 2017; Walker, et
al., 2017). A reduction in the latency to immobility in the maltreated-animals that
received zebularine could suggest that altering aberrant methylation levels promoted
an adaptive coping strategy and/or facilitated learning of immobility behavior. Though
this study was not designed to parse out these interpretations, our data nonetheless
demonstrate the ability of infusions of zebularine to ameliorate a phenotype associated

with exposure to early adversity.

Previous work from our lab found a mild but significant deficit in NOR in
adult female animals with a history of maltreatment (Doherty, et al., 2017). While we
neglected to replicate the modest deficit in NOR in females with a history of
maltreatment, several methodological differences exist between our previous study
and the current study that could explain this discrepancy. Due to our drug treatment
regimen, animals here received daily handling for one week, whereas in our previous
work animals were handled at most three times prior to the behavioral assays. Further,
in our previous study, animals were pair-housed, while in the current study animals

were single-housed immediately following surgery (to aid in recovery from surgery).
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While our maltreated animals did not exhibit a statistically significant deficit in
NOR, this group did show a numerically lower novel objet preference and more
variability in their performance (M = 59.01, SD = 10.99) relative to vehicle-treated
normal care animals (M = 68.16, SD = 8.77). That same reduction in novel object
preference and increased variability was observed in our drug-treated normal care
animals (M = 61.69, SD = 10.63), as about half the subjects in this group did not
exhibit a novel object preference while all of the vehicle-treated normal maternal care
animals did exhibit a preference. The lack of NOR performance in some of the
zebularine-treated normal maternal care animals is consistent with a previous report
finding an impairment in NOR in normal animals after administration of a DNMT
inhibitor (Scott, Smith, Barker, Uney, & Warburton, 2017). Zebularine was
administered ICV, and thus is acting globally on the epigenome throughout the brain.
Because each animal has a different epigenome, it is possible that this drug is exerting
divergent effects between animals even within the same infant caregiver group. The
effects of zebularine treatment could be similar to the efficacy of drugs like
antidepressants, which are only effective in certain individuals or only alleviate some,
but not all, of the symptoms of depression (Al-Harbi, 2012; Anderson & Tomenson,
1994; Cipriani et al., 2009; Fournier et al., 2010). Future research is warranted to
elucidate the reasons for the variability in NOR performance and the effect, if any, of
zebularine treatment and exposure to maltreatment on the ability to perform NOR in

individual subjects.
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In conclusion, data presented here are consistent with the hypotheses that
epigenetic alterations produced by exposure to adverse caregiving conditions play a
role in adult phenotypes and that non-targeted epigenetic manipulations can change
behavior. The current study is one of few that have investigated the possibility of
altering the female epigenome in adulthood (for review see (Keller & Roth, 2016)).
While reports have found an effect of zebularine administration on behavior in adult
rats (Lubin, et al., 2008; E. D. Roth, et al., 2015), to the knowledge of the authors
there are no data on the duration of time that the effects of zebularine administration
are maintained. The results of the current study suggest that zebularine is able to
impact behavior for at least one week after administration, as the forced swim test was
conducted seven days after the final zebularine infusion. While our results suggest that
altering brain DNA methylation has implications for behavior, it is unclear which
genes are contributing to the observed behavioral effects and whether zebularine may
be having any non-specific drug effects, all of which warrant elucidation in future

research.
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Chapter 4

SEX DIFFERENCES IN CAREGIVING IN THE SCARCITY-ADVERSITY
MODEL OF LOW NESTING RESOURCES OUTSIDE THE HOME CAGE

The effects of exposure to developmental stress often diverge for males and
females. Using the scarcity-adversity model of low nesting resources outside the home
cage, our lab has discovered sex differences in both behavioral and epigenetic
consequences of repeated exposure to caregiver maltreatment. For the measures we
have performed to date, we have found more consequences for females. The reasons
underlying this sex disparity are unknown. In the current experiment, we aimed to
discern the quality of maternal care received by male and female pups in our model.
As we have previously found more behavioral and epigenetic consequences in
females, we hypothesized that females receive more adverse care compared to their
male littermates. Our hypothesis was supported; in our maltreatment condition, we
found that female pups received more adverse care than males. This sex difference in
adverse care was not present in our two control conditions (cross-foster and normal
maternal care). These data lend support to the notion that one reason females in our
model incur more behavioral and epigenetic consequences is a result of greater

mistreatment by the dam.
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4.1 Introduction

Animal models of early adversity are invaluable in investigating outcomes and
mechanisms of developmental stress, as these models afford the ability to conduct
experiments that would not be possible to perform in humans. A number of animal
models exist (Walker et al., 2017), and similar to data from human populations
(Carmen, Rieker, & Mills, 1984; MacMillan et al., 2001; Stein, Golding, Siegel,
Burnam, & Sorenson, 1988), sex differences are often found in outcomes associated
with developmental stress (Bath et al., 2017; Benoit, Rakic, & Frick, 2015; Blaze et
al., 2017; Blaze & Roth, 2017; Darnaudery & Maccari, 2008; Doherty, Blaze, Keller,
& Roth, 2017; Francis, Young, Meaney, & Insel, 2002; Mueller & Bale, 2008;
Richardson, Zorrilla, Mandyam, & Rivier, 2006; Roth, Matt, Chen, & Blaze, 2014; St-
Cyr & McGowan, 2015; Viveros, Diaz, Mateos, Rodriguez, & Chowen, 2010; Zuena
et al., 2008). Our lab utilizes the scarcity-adversity model of low nesting resources
outside the home cage, which capitalizes on resource deprivation to experimentally
induce caregiver maltreatment (Blaze & Roth, 2013; Blaze, Scheuing, & Roth, 2013;
Doherty, et al., 2017; Roth, Lubin, Funk, & Sweatt, 2009; Roth, et al., 2014; Walker,
et al., 2017). Using this model, we have uncovered a number of sex-specific outcomes
of maltreatment in the domains of both neurobiology and behavior, with females
typically exhibiting more consequences relative to male subjects (Blaze & Roth, 2013;
Blaze & Roth, 2017; Doherty, et al., 2017; Roth, et al., 2014). For example, in the

realm of behavior, female rats exposed to the scarcity-adversity model exhibit altered
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behavior on the novel object recognition and forced-swim tests not present in
maltreated males, while males show deficits in fear extinction that are not exhibited by
females subjected to maltreatment (Doherty, et al., 2017). Following exposure to
maltreatment, animals of both sexes exhibit increased DNA methylation of the brain-
derived neurotrophic factor (Bdnf) gene in whole prefrontal cortex as well as altered
levels of various epigenetic regulators in the medial prefrontal cortex (mPFC) (Blaze
& Roth, 2013; Roth, et al., 2009). In the dorsal hippocampus, males but not females
have reduced Bdnf methylation, while both males and females showed reduced Bdnf
methylation in the amygdala (Roth, et al., 2014). Female, but not male, rats subjected
to maltreatment show increased DNA methylation of the Bdnf gene that is
concomitant with reduced histone 3 lysine 9/14 acetylation at the Bdnf exon 1V
promoter in the mPFC (Blaze, Asok, & Roth, 2015; Blaze & Roth, 2017).

Other animal models that differ in timing and severity of early adversity have
too found sex differences. Many have reported male subjects to be more susceptible to
the effects of developmental stress, especially gestational stress, as compared to their
female counterparts (Loi et al., 2017; Mueller & Bale, 2008; Viveros, et al., 2010;
Walker, et al., 2017; Zuena, et al., 2008). For example, a model of prenatal stress
found that adult males subjected to prenatal stress exhibited increased depressive-like
and anxiety-like behaviors coinciding with reduced corticotropin-releasing factor (Crf)
gene DNA methylation in the hypothalamus, none of which were found in females

exposed to the same model (Mueller & Bale, 2008).
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In rodent species commonly used in studies of early adversity, the mother
provides all nurturance. However, she does so differently to males and females. For
example, dams spend more time licking the anogenital regions of male pups (C. L.
Moore, 1985; C. L. Moore & Morelli, 1979). Anogenital licking is critical for the
survival of pups, as pups cannot urinate or defecate unless they receive anogenital
licking. This behavior has important implications for the programming of stress
systems, as glucocorticoid receptor (GR) gene DNA methylation and expression are
under the influence of nurturance received during infancy (Caldji et al., 1998; Francis,
Diorio, Liu, & Meaney, 1999; Weaver et al., 2004). Further, sex differences in
nurturance has been shown to mediate sex differences in methylation at the estrogen
receptor alpha (ERa) promoter, (Kurian, Olesen, & Auger, 2010) a gene with
importance in the development of sex-specific behaviors (Ogawa, Lubahn, Korach, &
Pfaff, 1997; Ogawa, Taylor, Lubahn, Korach, & Pfaff, 1996; Patchev, Gotz, & Rohde,
2004).

Because we have observed sex differences in brain and behavioral outcomes in
our model of caregiver maltreatment, this raises the possibility that males and females
are experiencing different care during our experimental manipulations. Sex differences
in adverse behavior received by males and females during our maltreatment paradigm
could explain the propensity for females subjected to our model to present more
consequences of maltreatment despite the tendency for female rats to show resilience
to stress at the age during which the manipulations are performed (i.e. postnatal days

(PN) 1-7) (Walker, et al., 2017). Though we have always quantified levels of adverse
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care in our model, we have never done so with reference to sex of offspring. In the

current study, we now quantify adverse behavior directed toward male versus female

pups.

4.2 Methods

4.2.1 Subjects

This study utilized Long-Evans rats that were bred in house. Dams were
maintained on a 12 hour light/dark cycle and were allowed ad libitum access to food
and water. A total of ten experimental litters were implemented in this study. Day of
parturition was deemed PNO. Litters were culled to 12 pups on PN1. All experimental
procedures were approved by the University of Delaware Institutional Animal Care

and Use Committee following guidelines established by the NIH.

4.2.2 Caregiving Manipulations

The scarcity-adversity model of low nesting resources outside the home cage
was used, as has been done previously by our laboratory (Blaze & Roth, 2013; Blaze
& Roth, 2017; Doherty, et al., 2017; Doherty, Forster, & Roth, 2016; Hill, Warren, &
Roth, 2014; Roth, et al., 2009; Roth, et al., 2014; Walker, et al., 2017). This model
employs a within litter design such that 1/3 of the litter remains with the biological
dam in the home cage, 1/3 of the litter is placed with a cross-foster dam in a novel

environment, and 1/3 of the litter is exposed to maltreatment in a novel environment.
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To induce maltreatment, a dam (matched in postpartum age and diet to the pups’
biological mother) is given inadequate nesting resources (i.e. 100 mL of wood
shavings) and insufficient time to habituate to the experimental chamber. This
manipulation causes the dam to become stressed and, in turn, perform adverse
behaviors (i.e. dragging, dropping, stepping on, and roughly handling pups) toward the
pups. The cross-foster condition also employs a dam (likewise matched in postpartum
age and diet) in an experimental chamber; however, this dam has been given adequate
resources to build her nest and at least one hour to habituate to her environment. All
dams were matched in postpartum age and diet, as data suggest that pups cannot
distinguish between their biological mother and age-matched dams fed the same diet
(Leon, 1975). One male and one female pup were assigned to each of the three infant
conditions. To distinguish the male and female pups from one another, all the pups of
one sex (either male or female) were marked along the back and hind legs using a
nontoxic marker. The sex chosen to be colored was counterbalanced across litters.
Pups were exposed to these manipulations for 30 minutes daily for the first week of
postnatal life. The remaining six pups in the litter were placed on a heating pad located
in a separate room for the 30 minute manipulations and were not subjected to any of
the infant conditions. Upon completion of the daily manipulations, all 12 pups were

returned to the biological dam in the home cage.

To ensure consistency of effects reported in our prior publications, trained

scorers without reference to pup sex scored infant manipulations for nurturing
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(licking, grooming, nursing) and adverse (dragging, dropping, stepping on, and
roughly handling pups) behaviors in five-minute time bins. To probe for differences in
adverse care received between the sexes, the total number of adverse behaviors
directed toward males and females was recorded and a percentage of adverse
behaviors directed toward each sex was computed for each day of the scarcity-
adversity model. Daily percentages of adverse behaviors received by each sex taken
from each of the seven days of the paradigm were then averaged. Because the aim of
this study was to examine sex-specific differences in maltreatment and due to
methodological limitations producing an inability to visualize pups under the dam

during bouts of nurturance, sex differences in nurturing care were not recorded.

4.2.3 Statistical Analyses

Two-way ANOVAs were conducted to analyze nurturing and adverse
behaviors performed by dams during the infant manipulations. T-tests were conducted
to probe sex differences in adverse behaviors sustained between the sexes. Bonferroni
corrections were applied where necessary. For all analyses, p < .05 was used to

indicate statistical significance.
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4.3 Results

4.3.1 Caregiver Manipulations

A two-way ANOVA conducted on caregiving behavior observed across the
infant manipulations revealed an interaction between caregiving behavior and infant
condition (F(2,54) = 84.28, p <.0001) and a main effect of caregiver behavior (F54) =
41.83, p <.0001). Post-hoc comparisons demonstrated that pups placed in the
maltreatment condition incurred more adverse behavior as compared with the cross-
foster (p < .0001) and normal maternal care (p <.0001) control conditions. Further,
fewer nurturing behaviors were observed in the maltreatment condition as compared to
the cross-foster (p < .0001) and normal maternal (p < .0001) care conditions.
Significantly more adverse relative to nurturing behaviors were performed by dams in
the maltreatment condition (p <.0001). We did not find any differences in nurturing (p
=.164) or adverse behavior (p = .3822) received by pups in the normal maternal care
and cross-foster care conditions. Consistent with other reports using this model (Blaze,
et al., 2015; Blaze & Roth, 2013; Blaze & Roth, 2017; Blaze, et al., 2013; Doherty, et
al., 2017; Doherty, et al., 2016; Roth, et al., 2009; Roth, et al., 2014), these analyses
demonstrate that pups placed in the maltreatment conditions receive more adverse and

less nurturing behavior relative to pups in the two control conditions.
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Figure 4.1 Similar to our previous reports where adverse behaviors directed at both

sexes were combined, pups in the maltreatment condition experienced more adversity
and less nurturance. n=10 litters; *** denotes p < .001.
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4.3.2 Sex Differences in Caregiving

T-tests performed on the number of adverse behaviors directed toward each
sex revealed a significant difference between males and females in the maltreatment
condition, with females receiving more adverse care than males (t1s) = 4.454, p =
.0003). No differences were found in levels of adverse care directed toward pups of
each sex in the cross-foster (t(14) = 0.4337, p = .6711) or normal maternal (t(s) =
1.486, p = .1568) care conditions. These data indicate that female pups receive more
adverse care exclusively in the maltreatment condition, where adverse behaviors

directed by the dam are more numerous.
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Figure 4.2 In the maltreatment condition, female pups received more adverse care
from the dam relative to their male littermates (A). No sex differences in adverse care
were detected in the cross-foster (B) or normal maternal (C) care conditions. n=10
litters; *** denotes p < .001.
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4.4 Discussion

We found that dams direct more adverse behaviors toward female pups as
compared to their male littermates within the maltreatment condition of the scarcity-
adversity model of low nesting resources outside the home cage. Interestingly, these
sex differences were only observed in the maltreatment condition, where the dam
performs more adverse behaviors toward the pups; no sex differences in adverse
behavior were found in the cross-foster or normal maternal care conditions, conditions
where dams perform few adverse behaviors. These data lend support to our hypothesis
that females subjected to maltreatment in our rodent model exhibit more consequences
of maltreatment relative to their male counterparts because they experience greater

maltreatment.

Though it may seem surprising that the sex-specificity of adverse care would
vary across infant caregiver conditions in our model, there is precedent for sex-
differences in parental care during times of stress or unfavorable environmental
conditions. For example, dams have been shown to reject their male offspring during
times of food restriction, favoring the survival of their female offspring (McClure,
1981). The Trivers-Willard effect, whereby female mammals shift their offspring
composition to contain more female relative to male offspring during times of stress,
also predicts greater parental investment in females by parents in stressful conditions

(Trivers & Willard, 1973). Further, mothers of low-socioeconomic status have been
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found to produce more nutritious breast milk when feeding daughters as compared to

sons (Fujita et al., 2012).

Why might female pups incur more adverse behaviors in our maltreatment
condition? Dams can distinguish the sex of their pups by odor (C. L. Moore, 1981)
and the hormonal status of pups also impacts the amount of anogenital licking the dam
will provide to individual pups (C. L. Moore, 1982). This discrimination of pup sex
results in male pups receiving more licking and grooming relative to their female
littermates (C. L. Moore & Morelli, 1979), and could also contribute to sex differences
in adverse behavior received by the pups. As another possible explanation, maternal
caregiving toward pups could be sex-biased because of the behavior of the pups
(Alleva, Caprioli, & Laviola, 1989; C. L. Moore & Chadwick-Dias, 1986). Male pups
exhibit leg extension earlier and with a longer duration after the start of anogenital
licking as compared to female pups (C. L. Moore & Chadwick-Dias, 1986). Because
this behavior helps to recycle resources back to the dam, it is advantageous for the
dam to focus anogenital licking on the male pups. Another potential explanation could
involve the increased locomotor activity observed in female as opposed to male
rodents (Rosenfeld, 2017). We speculate that enhanced locomotor activity typical of
female rodents could place the female pup in contact with the dam more frequently,
which in turn results in more adverse behaviors directed toward the female pup.

Ultrasonic vocalizations (USVs), which are a distress call elicited by pups to

encourage attention from the dam (Noirot, 1966, 1972), are produced more loudly and
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of a longer duration by male versus female pups (Naito & Tonoue, 1987). We have
previously found that within the scarcity-adversity model, more USVs are emitted by
pups (without reference to sex) in the maltreatment condition relative to the nurturing
care conditions (Blaze, et al., 2013; Roth, et al., 2014). These vocalizations trigger
maternal responsiveness, as dams increase nest building, pup retrieval, and pup licking
in response to pup USVs (Brouette-Lahlou, Vernet-Maury, & Vigouroux, 1992;
Brunelli, Shair, & Hofer, 1994; Noirot, 1974). In addition to eliciting maternal
responsiveness, vocalizations also dampen levels of maternal aggression and rough
handling toward pups (lhnat, White, & Barfield, 1995). Increased USVs from male
pups could contribute to the sex-disparity in maternal behavior observed in maltreated
pups in our study. While sex differences in pup odor or pup behavior could underlie
the sex differences in caregiver behavior observed in our study, future research is
warranted to elucidate the reason underlying this disparity in adverse care directed

toward the sexes.

It is important to explore sex and gender differences in caregiving because the
quality of parental care received during development has lifelong implications on
health and behavior (Banyard, 1997; Doherty, et al., 2017; Liu et al., 1997; Mallers,
Charles, Neupert, & Almeida, 2010; Pears & Fisher, 2005; Roberts, O’Connor, Dunn,
Golding, & Team, 2004; Roth, et al., 2009; Shaw, Krause, Chatters, Connell, &
Ingersoll-Dayton, 2004). Experiencing neglect or abuse in childhood is associated

with poor mental health outcomes in adulthood (Beers & De Bellis, 2002; De Bellis et
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al., 2002; De Bellis, Woolley, & Hooper, 2013; Edwards, Holden, Felitti, & Anda,
2003; Kendall-Tackett, 2002; MacMillan, et al., 2001; Shea, Walsh, MacMillan, &
Steiner, 2005; Wexler, Lyons, Lyons, & Mazure, 1997). Neurobiological perturbations
resulting from early-life stress are thought to mediate the relationship between
childhood maltreatment and these outcomes (Bremner et al., 2003; Cirulli et al., 2009;
De Bellis, et al., 2013; Tarullo & Gunnar, 2006; Teicher et al., 2003). Importantly, the
outcomes of incurring childhood maltreatment are often gender or sex-specific
(MacMillan, et al., 2001; Weiss, Longhurst, & Mazure, 1999). For example, females
subjected to childhood abuse are more likely to experience depression than males
(Carmen, et al., 1984; MacMillan, et al., 2001; Stein, et al., 1988). Females are more
likely to experience sexual abuse than males (Finkelhor, 1987; Maikovich-Fong &
Jaffee, 2010; Silverman, Reinherz, & Giaconia, 1996), and experiencing sexual abuse
has been proposed to make females particularly susceptible to developing psychiatric
disorders (Cutler & Nolen-Hoeksema, 1991; Weiss, et al., 1999). Further, this is
consistent with reports of enhanced levels of depression and anxiety disorder
diagnoses in females (Kendler et al., 2010; Kessler, 2003; Sheikh, Leskin, & Klein,
2003; Tolin & Foa, 2006).

Gender differences in parenting occur in humans. For example, boys are more
likely to receive harsh discipline by their parents relative to girls (McKee et al., 2007;
Straus & Stewart, 1999) while mothers use more emotional talk (i.e. use more emotion
words) when reading to their daughters (Aznar & Tenenbaum, 2015). Women provide

more affectionate touch (e.g. hugging, stroking, kissing, cuddles) to their sons relative
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to their daughters (Fausto-Sterling, Crews, Sung, Garcia-Coll, & Seifer, 2015).
Mothers provide more negative feedback toward their daughters relative to their sons
when observing their children completing a task, and offer sons more positive
feedback as compared to their daughters (Alessandri & Lewis, 1996). Women
subjected to maltreatment during childhood show disrupted care toward their own
offspring and, consistent with our findings, stressed mothers have been shown to
provide poorer care to their daughters (Cross et al., 2016; DiLillo & Damashek, 2003).
For example, women who incurred sexual abuse during childhood exhibited reduced
warmth toward their daughters, but not toward their sons (Cross, et al., 2016).
Together, these data suggest that in humans, females may receive less nurturance,
particularly when the mother has experienced abuse.

While this study added to the existing literature highlighting sex differences in
maternal care, the sex-specific nature of paternal care cannot be established because
male rats do not typically contribute to parenting (Bales & Saltzman, 2016). In
humans, differences in caregiving provided by father to their sons versus daughters
have been established. Boys, as compared to girls, are more likely to be the target of
aggression by abusive fathers (Jouriles & Norwood, 1995). A recent study found that
fathers interacted differently with their sons and daughters, engaging in more rough
and tumble play with their sons while singing more to their daughters (Mascaro,
Rentscher, Hackett, Mehl, & Rilling, 2017). These behavioral differences
corresponded with different patterns of brain activation in response to their child’s

facial expressions (Mascaro, et al., 2017), suggesting a biological underpinning of
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these gender differences in caregiving. It is unclear how a two-parent dynamic could
contribute to outcomes of caregiver experience in human populations. It is important
to note that many studies examining sex-specific parenting behaviors do so under
normal conditions, while under the current study we only found sex-differences in

maternally-directed behavior during times of maternal resource deprivation.

In summary, we found that dams direct more adverse behaviors toward female
as compared to male pups during times of stress. Additional work is needed to
establish the consequences and functional implications of this sex-specific direction of
adverse caregiving. This study highlights the importance of examining the
contribution of maternal care received when interpreting sex-specific outcomes.
Female pups receiving more adverse care coupled with less nurturing care (i.e. licking
and grooming) relative to male pups could underlie sex differences in outcomes of

stress found across other models of early-life stress.
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Chapter 5

CONCLUSIONS, IMPLICATIONS, AND FUTURE DIRECTIONS

This dissertation contributes to the growing body of empirical literature
demonstrating epigenetic alterations as a mediating factor between early-life
maltreatment and later life behavioral consequences. Data from this dissertation
highlight the capacity for the consequences of early-life caregiver maltreatment to be
rectified in adulthood via administration of a drug known to alter DNA methylation.
These data are important, as they show the plasticity of the epigenome even outside of
sensitive periods of development can be capitalized on to alter behavior. While
epigenome-altering drugs have been utilized in male subjects (Weaver et al., 2004;
Weaver et al., 2005), we show for the first time a beneficial effect of zebularine in
modifying behavioral outcomes associated with early-life adversity in female subjects.
Further, we show for the first time the sex-specific nature of adverse caregiving in a
rodent model of caregiver maltreatment, as we found during times of caregiver
maltreatment female pups sustain increased rates of adverse behavior relative to male
pups.

While the purpose of the experiments conducted in chapters 2 and 3 was to
establish the capacity for a drug known to alter maltreatment-induced DNA
methylation to rectify behavioral consequences of maltreatment, questions still exist

regarding the mechanisms through which the drug is having beneficial effects. In these
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experiments, zebularine was administered intracerebroventricular (ICV) and therefore
circulated throughout the entire brain, so it is unclear which brain regions were altered
by zebularine administration. The behaviors found to be altered by drug treatment (i.e.
forced swim and maternal behavior) require circuit-level interactions for appropriate
performance (Choi et al., 2013; De Kloet & Molendijk, 2016; Numan, 2012; Numan
& Stolzenberg, 2009). Therefore, cellular and circuit level (i.e. functional interactions
between cells and brain regions) changes resulting in behavioral improvements in
zebularine-treated animals with a maltreatment history warrants further investigation.
The rat genome contains roughly 24,000 genes (Shimoyama et al., 2017). More
work is certainly warranted to understand the genes that zebularine is acting on and
the specific nature of changes in gene expression (and consequently protein products)
induced by the drug treatment, and any non-specific effects the drug may have. Other
work utilizing a maternal sensitization paradigm found an epigenome-altering drug to
be effective in increasing maternal responsiveness in nulliparous female mice. This
coincided with altered gene expression in the medial preoptic area (MPOA), a brain
region critical in maternal behavior (Numan, 2012; Numan & Numan, 1995, 1997;
Numan, Rosenblatt, & Komisaruk, 1977; Numan & Stolzenberg, 2009). Genes found
to be upregulated included estrogen receptor beta (ER[), oxytocin receptor, and cyclic
AMP response element-binding protein. This would suggest that these same genes
within the MPOA could be underlying the behavioral effects obtained in chapter 2. As
for the ability for zebularine to rescue aberrant forced swim behavior in maltreated
females as detailed in chapter 3, methylation of the brain-derived neurotrophic factor
(Bdnf) gene has been implicated in behavioral abnormalities on the forced swim test

associated with early stress (Jin et al., 2017; Seo et al., 2016). Previous work has
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established altered methylation patterns of Bdnf in animals subjected to the scarcity-
adversity model (Blaze & Roth, 2017; T. L. Roth, Lubin, Funk, & Sweatt, 2009; T. L.
Roth, Matt, Chen, & Blaze, 2014), and the ability for maltreatment-induced
methylation to be normalized with zebularine (T. L. Roth, et al., 2009), making this a
plausible mechanism for behavioral improvement in our study. However, it seems
plausible that other genes and brain regions would likewise be altered via zebularine
treatment and play a role in the behavioral rescue. Genome-wide analyses would be
useful in determining the full extent of changes in gene expression induced by
zebularine.

We found that zebularine disrupted maternal behavior in animals with no
history of maltreatment, consistent with other reports finding behavioral disruption
after zebularine treatment in normal animals (i.e. animals never exposed to any stress)
(Anier, Malinovskaja, Aonurm-Helm, Zharkovsky, & Kalda, 2010; Lubin, Roth, &
Sweatt, 2008; E. D. Roth et al., 2015). The effects this drug is having that causes a
behavioral disruption in normal animals also warrants investigation, as the deleterious
effect the drug has in normal animals could be a result of disruptions in a different set
of genes relative to the changes which occurred in the zebularine-treated maltreatment
group that showed a beneficial effect of drug treatment. While zebularine disturbed
maternal behavior in control animals, we did not find any statistically significant
differences in the nurturing care groups given zebularine on any of the other behaviors
measured (open-field, novel object recognition, and forced swim test). It is unclear
why some behaviors would be disturbed by zebularine treatment but others would
remain unchanged. However, this suggests the effects zebularine is having are specific

(despite the drug being administered globally), so it is likely zebularine is changing
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methylation at some gene loci but not others. Further, because these behavioral tasks
recruit different brain circuits, this suggests that zebularine is affecting function in
certain brain circuits, but not others.

Once specific genes and brain regions underlying the observed behavioral
effects were discovered, targeted genome-editing techniques such as CRISPR/Cas9
(Day, 2014; Hsu, Lander, & Zhang, 2014; Ran et al., 2013) could be utilized to offer
more concrete evidence for a causal link between epigenome and phenotype in
response to maltreatment. While zebularine cannot currently be used in humans to
modify behavior, understanding the biological impact this drug is having could
ultimately provide the knowledge required to develop DNA methylation-targeted
therapeutics (either behavioral or pharmacological) that could be used to ameliorate
symptoms of maltreatment exposure in human females.

The experiments in chapters 2 and 3 used a seven day drug regimen because
seven days of drug administration had been previously shown in a report to normalize
DNA methylation and gene expression after early adversity (T. L. Roth, et al., 2009).
However, it is unclear if seven days of drug treatment would be required to see
behavioral improvement, or if behavior would change over time while the animals
were experiencing the drug regimen. It is also unknown how long after the final
infusion the efficacious (or deleterious) impacts of zebularine would last, as in this
dissertation behavior was only measured at a time point when maltreatment-induced
DNA methylation is known to be rescued by zebularine (i.e. 24 hours after the final
infusion). Further, the maternal brain changes over time (Kim et al., 2010), so this
naturally occurring neural change could interact with drug efficacy. An interesting

future direction would include allowing dams to give birth to a second litter of pups
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and exploring whether improved maternal behavior in zebularine-treated dams with a
history of maltreatment or disrupted maternal behavior in zebularine-treated dams
without a history of maltreatment would persist.

Previous work has found DNA methylation resulting from maltreatment to be
transmitted to the next generation (T. L. Roth, et al., 2009). Due to methodological
limitations including separating pups from the dam while the dam was undergoing
surgery and administering pain medication (buprenorphine) to the dam that could have
been transmitted to the offspring through maternal milk, we were unable to utilize the
brains of offspring. Future work should be designed to determine whether zebularine
treatment in dams would be sufficient to prevent the transmission of DNA methylation
from mother to offspring. Should zebularine be sufficient to prevent transmission of
epigenetic marks associated with maltreatment from parent to offspring, a timeline of
when the drug would need to be administered (preconception, during gestation,
postpartum) would also be worthwhile. Previous work showed that maltreated dams
had increased levels of anxiety-like behaviors in the days leading up to parturition (T.
L. Roth, et al., 2009), suggesting that the drug would need to be administered
preconception to prevent transmission of epigenetic marks to offspring. However,
further work is needed to empirically test this prediction.

Results from chapter 4 showed that female subjects in the maltreatment
condition of the scarcity-adversity model incur enhanced levels of adverse care
relative to their male littermates. Reasons underlying this sex-discrepancy are unclear,
but sex differences in pup behavior or odor could be at play (Moore, 1981; Naito &
Tonoue, 1987; Rosenfeld, 2017). This effect was context-specific; caregivers only

exhibited female bias in adverse caregiving within the maltreatment condition of the
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scarcity adversity model. Are there circuit level changes in the brains of dams during
the stressful conditions that underlie this sex-difference in caregiving? More work is
needed to understand the reasons for and conditions under which female pups receive
enhanced levels of adverse caregiving. Nonetheless, these data contribute evidence to
the hypothesis that female subjects exhibit more consequences of maltreatment due to
receiving more adverse care than their male counterparts.

We only examined the differences in caregiver behavior from PN 1-7 because
this is the age during which the scarcity-adversity model in our laboratory is
conducted (Walker et al., 2017). Maternal behavior changes over time with the dam
spending less time in contact with pups and exhibiting lower levels of aggression
toward intruders as pups age (Giovenardi, Consiglio, Barros, & Lucion, 2000; Grota &
Ader, 1969; Orpen & Fleming, 1987). Therefore, it would be interesting to see if this
model was conducted for a longer period of time if sex differences in adverse
caregiving would be maintained until weaning or were specific to the early postnatal
time period. Gender differences in parenting have likewise been observed in human
populations (Aznar & Tenenbaum, 2015; Fausto-Sterling, Crews, Sung, Garcia-Coll,
& Seifer, 2015; McKee et al., 2007; Straus & Stewart, 1999). In the context of human
maltreatment, one study did find that maltreating mothers were harsher toward their
daughters relative to sons (Alessandri & Lewis, 1996), suggesting that our data have
direct translational relevance.

Another important future direction involves establishing the functional
consequences of the increased levels of adverse behavior directed toward females in
the outcomes of incurring caregiver maltreatment. For example, it is unclear to what

extent this enhanced maltreatment is involved in producing aberrant forced swim
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behavior in female, but not male, rats subjected to maltreatment. While females
subjected to maltreatment tend to show more consequences of maltreatment, there are
some phenotypes, such as deficits in fear extinction that are present in males but not in
females (Doherty, Blaze, Keller, & Roth, 2017). Therefore, differences in adverse
behavior received between the sexes cannot underlie all the observed sex-disparities in
the consequences of maltreatment, and thus additional experiments are needed to more
fully understand the reasons underlying sex differences in the outcomes of

developmental stress.
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Title of Protocol: Epigenetic mechanisms in lifelong changes in genes and behavior
associated with adverse caregiving

AUP Number: 1216-2014-0 € (4 digits only — if new, leave blank)

Principal Investigator: Tania L. Roth

Common Name: Rat (Long Evans Blue Spruce)

Genus Species: Rattus norvegicus

Pain Category: (please mark one)
USDA PAIN CATEGORY: (Note change of categories from previous form)

Category Description
OB Breeding or holding where NO research is conducted
ac Procedure involving momentary or no pain or distress
Op Procedure where pain or distress is alleviated by appropriate means (analgesics,

tranquilizers, euthanasia etc.)

KE Procedure where pain or distress cannot be alleviated, as this would adversely
affect the procedures, results or interpretation

Official Use Only

IACUC Approval Signature: i )g“ / a/ A. AD'/M

Date of Approval: 0‘7 !/ / // 7

174



RECEIVED

DEC 19 2016

ARCUC -

University of Delaware
Institutional Animal Care and Use Committee

Application to Use Animals in Application to use animals in R1

(New and 3-Yr submission)

Title of Protocol: Epigenetic mechanisms in lifelong changes in genes and behavior
associated with adverse caregiving

AUP Number: 1216-2017-0 € (4 digits only — if new, leave blank)

Principal Investigator: Tania L. Roth

Common Name (Strain/Breed if Appropriate): Rat (Long Evans Blue Spruce)

Genus Species: Rattus norvegicus

Date of Submission: 12-19-16

Official Use Only

.
’_.' P /<
IACUC Approval Signature: ,Q_ e P, B

Date of Approval: /| / 20 /2677

175



Appendix B

PERMISSION FORMS

176



AA Pyt i by Do gy ghi! Cloan areon st

@ e RightsLink

Cenber

Tithe: Enwircnimeental influeroes on the
W T female epigenome and behavior
{' }}\ 'F"'" }R‘l_} BAuthar: Kedler, Samantha M.; Roth, Tania

UNHIVERSITY PRESS L
Publication: Ervironmental Eplgenstcs
Publisher: Owford University Press
Date: A016-07-04

Cogyrigiit £ 2118, Oufard Univarslly Press

Creative Commons

This ks an open acoess article distributed under the terms of the Crestive Commons 00 BY llosnss,
which permits unrestricied use, distribution, and reproduction in any medium, provided the arkginal
work s property cibsd.

¥our are not Peguinsd to abtaln permission to reuse this articie.

Pl i 1000 gl L =i B OUPas 055558 BANN = fwinarieniel S0 vencei e ioThe NI M . 101

177



	Chapter 1
	1.1 Introduction
	1.2 Overview of Rodent Maternal Behavior and Circuitry
	1.3 Adulthood and Preconception Psychosocial Stress
	1.4 Gestational Stressors
	1.5 Rearing Environments
	1.6 Generational Transmission of Epigenetic Modifications and Phenotypes
	1.7 Interventions to Alter the Female Epigenome
	1.8 Concluding Remarks

	Chapter 2
	2.1  Introduction
	2.2 Methods
	2.2.1 Subjects
	Figure 2.1 This figure depicts an approximate timeline of experimental procedures.

	2.2.2 Caregiving Manipulations
	2.2.3 Stereotaxic Surgery and Drug Infusions
	2.2.4 Adult Behavior
	2.2.5 Statistical Analyses

	2.3 Results
	2.3.1 Infant Manipulations
	2.3.2 Trivers–Willard Effect
	Figure 2.3 No differences were found in litter size (A) or the female: male pup ratio (B) as a result of infant caregiver condition. n=22-24/group.

	2.3.3 Adult Maternal Behavior
	Figure 2.4 Animals with a history of maltreatment exhibited more adverse behaviors toward their pups as compared to dams without a history of maltreatment. Treatment with zebularine significantly reduced levels of adverse behavior exhibited toward off...


	2.4 Discussion

	Chapter 3
	3.1 Introduction
	3.2 Methods
	3.2.1 Subjects and Infant Manipulations
	3.2.2 Stereotaxic Surgery
	3.2.3 Drug Administration
	3.2.4 Adult Behavior
	Figure 3.1 Timeline of experimental procedures implemented in this study.

	3.2.5 Open-field Testing
	3.2.6 Novel Object Recognition
	3.2.7 Forced Swim
	3.2.8 Statistical Analyses

	3.3 Results
	3.3.1 Infant Manipulations
	Figure 3.2 Infant rats exposed to the maltreatment condition received more adverse and less nurturing behavior relative to infant rats assigned to the cross-foster and normal maternal care conditions. NMC, normal maternal care; CFC, cross-foster care;...

	3.3.2 Open-field Testing
	Figure 3.3 No differences were found as a result of infant condition or drug treatment on number of entries into the center zone (A), time spent in zone (B), or distance traveled (C) in the open-field test. NMC, normal maternal care; CFC, cross-foster...

	3.3.3 Novel Object Recognition
	Figure 3.4 We did not find an effect of infant caregiver history or zebularine treatment on time spent investigating objects (A) or novel-object recognition testing (B). Subjects from all conditions were able to perform NOR. Dashed line at 50% indicat...

	3.3.4 Forced Swim
	Figure 3.5 Female rats with a history of maltreatment demonstrated an increased latency to become immobile in the forced swim test (A). Treatment with zebularine normalized this behavior, but did not alter behavior in females with a history of nurturi...


	3.4 Discussion

	Chapter 4
	4.1 Introduction
	4.2 Methods
	4.2.1 Subjects
	4.2.2 Caregiving Manipulations
	4.2.3 Statistical Analyses

	4.3 Results
	4.3.1 Caregiver Manipulations
	Figure 4.1 Similar to our previous reports where adverse behaviors directed at both sexes were combined, pups in the maltreatment condition experienced more adversity and less nurturance. n=10 litters; *** denotes p < .001.

	4.3.2 Sex Differences in Caregiving
	Figure 4.2 In the maltreatment condition, female pups received more adverse care from the dam relative to their male littermates (A). No sex differences in adverse care were detected in the cross-foster (B) or normal maternal (C) care conditions. n=10...


	4.4 Discussion

	Chapter 5

