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ABSTRACT 

Adverse caregiving early in life can result in long-lasting changes in brain 

function and behavior and has been linked to aberrant behavioral outcomes and 

psychopathology later in life. Animal models have shown similar changes and 

outcomes. One way that changes in brain and behavior are conferred by early life 

adversity is through epigenetic changes such as DNA methylation. DNA methylation 

is an epigenetic modification that can alter gene expression without changing the 

sequence of nucleotide bases and is generally associated with decreased gene 

expression. We have previously shown that rats exposed to a maltreatment regimen 

repeatedly throughout their first week of life have DNA methylation changes in the 

Brain-derived neurotrophic factor (Bdnf) gene in adulthood in the whole prefrontal 

cortex, medial prefrontal cortex, amygdala, and hippocampus. Bdnf plays an important 

role in neural development and plasticity and is implicated in various psychiatric 

disorders. The aim of the current study was to assess Bdnf methylation and gene 

expression changes in an additional brain region, the insula. The insula is involved in 

cognitive, sensory (i.e. soft stroking touch), and emotional domains in humans. It has 

alsobeen implicated in psychiatric disorders such as depression, anxiety, and mood 

disorders. Using a within-litter design, pups were exposed to an adverse 

(maltreatment) or nurturing (cross-foster care) caregiving environment outside of the 

home cage for 30 minutes a day for postnatal (PN) days 1-7. Remaining pups were left 

in the home cage with the biological mother.  Brains were removed on PN 90 and 

DNA methylation and gene expression were measured for Bdnf exon IV. Results 
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indicated that adult males nurtured early in life had less unmethylated Bdnf  IV DNA, 

although this group had no changes in gene expression. Further, maltreated males had 

no changes in methylation but a significant decrease in Bdnf mRNA compared to 

normal controls. Although more analyses are needed to confirm methylation findings, 

these data suggest that the insula could be a new region of interest for stress-induced 

DNA methylation and/or gene expression changes. 
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Chapter 1 

INTRODUCTION 

1.1 Child Maltreatment 

 

The national abuse statistics from 2013 reported an estimate of 679,000 

victims of child abuse, with the highest rate of victimization occurring during the first 

year of life (National Abuse Survey, 2013). Child maltreatment can lead to an array of 

cognitive and behavioral deficits (Kolla et al., 2013; Forsman et al., 2013; Vares et al., 

2015; Geoffroy et al; 2015; Gonzalez et al., 2016), and has been linked with many 

measures of poor somatic health (i.e. cardiovascular disease and cancer, (Felitti et al., 

1998). Child maltreatment has also been implicated in a variety of mental health 

disorders. For example, maltreatment predicts perinatal mood and anxiety disorders 

that occur during or after pregnancy, alcohol dependence, and nicotine dependence 

(Choi & Sikkema, 2015; Elliot et al., 2016). Maltreatment is associated with a greater 

risk for developing PTSD and bipolar disorder (Degennaro et al., 2013; Kauer-

Sant’Anna et al., 2007; S. Park et al., 2014; Poletti et al., 2015). Further, mood 

dysregulation and instability (Teicher, Ohashi, Lowen, Polcari, & Fitzmaurice, 2015) 

and increased aggression, violence, and rule breaking (Weder et al., 2009; González et 

al., 2016) are common outcomes in those who suffer from child maltreatment.  The 

profound influence maltreatment has on mental and somatic health is clear; however, 

mechanisms by which these experiences produce such outcomes are still largely a 

mystery. 
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1.2 Epigenetics 

The field of epigenetics investigates how the environment interacts with our 

genome and is providing a possible explanation for how child maltreatment could lead 

to the aforementioned phenotypic outcomes.  Epigenetic modifications include histone 

acetylation and deacetylation, histone methylation and demethylation, and DNA 

methylation, which is one of the most widely studied forms of epigenetic marking 

(Handy et al., 2011). DNA methylation occurs through the addition of methyl groups 

(CH3) to cytosines, typically at CG dinucleotides (commonly referred to as CpG sites) 

and is generally associated with gene silencing (Bird, 2002; Fuks, 2005; Jones, 

Hamilton, & Voinnet, 1999; Razin, 1998; Turker, 2002). DNA methyltransferases 

(DNMT1, DNMT3A, DNMT3B) are responsible for the addition of methyl groups to 

CpG sites (Gavin et al., 2013). One mechanism by which DNA methylation silences 

gene activity is via prevention of transcription factor binding at gene promoters. 

Another mechanism involves methyl CpG binding proteins such as MECP2, which 

contain methyl-CpG binding domains that allow these proteins to bind to methylated 

CpG sites and attract a co-repressor containing a histone deacytelase complex which 

helps condense chromatin structure, thus decreasing DNA accessibility. While the 

majority of CpG sites are methylated in the genome, those that are not tend to occur in 

clusters called CpG islands that are found at important areas for transcription such as 

the promoter region of a gene (Bird, 1986).  

Active DNA demethylation has been reported in post-mitotic cells and could 

even provide a mechanism to reprogram previously pathologic neurons (Gavin et al., 

2013). Though less understood, DNA demethylation occurs through a variety of 

mechanisms, including the removal of methyl groups by MBD2, the removal of the 

methylated base or derivative by glycosylases followed by DNA repair, and/or 
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through the activity of TET proteins capable of oxidizing methyl-cytosines to 

hydroxymethyl-cytosines (Detich et al., 2002; Ooi et al, 2008; Dalton et al., 2012; 

Niehrs et al, 2012).  

1.3 Early Life Stress and DNA Methylation 

Previously, DNA methylation/demethylation were thought to only occur 

during early embryonic development and cellular differentiation processes.  One of the 

first studies to provide evidence for the capability of the postnatal environment to 

influence DNA methylation was a rodent study conducted by Weaver and colleagues 

in 2004. This study found methylation of DNA associated with the glucocorticoid 

receptor (GR) gene that was directly associated with the type of caregiving received 

during the first week of life (Weaver et al., 2004). Specifically, investigators showed 

that specific sites within the exon 1 GR promoter were differentially methylated in 

response to high levels of licking and grooming/nursing versus low levels of licking 

and grooming/nursing (Weaver et al., 2004). Studies since have shown that stressful 

experiences, especially those during early postnatal development, can affect DNA 

methylation patterns for many genes that in turn influence behavior, cognition, and 

disease (Labonte, 2012; Meaney, 2015; St-Cyr & McGowan, 2015; Jawahar et al., 

2015; Anier et al., 2014; Bohacek et al., 2015; Hing & Potash, 2014).  

Studies of early life stress in humans have yielded data that confirm the effect 

of early life stress on the epigenome. A systematic review of reported DNA 

methylation changes in relation to child maltreatment and psychiatric disorders found 

epigenetic changes to occur most consistently at stress-related genes (e.g. HPA axis) 

and genes related to processes of neuroplasticity (e.g. Bdnf) (Hing, 2014). For 

example, child maltreatment and stressful events are associated with epigenetic 
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modifications of the GR gene (Radtke, 2015; van der Knaap, 2014). In addition, 

increased methylation of the GR promoter has been found in individuals with both a 

history of childhood trauma and diagnosis of Bipolar Personality Disorder (BPD, 

Martin-Blanco et al., 2014). In regard to neuroplasticity-related genes, a study 

examining the relationship between childhood trauma and Bdnf levels found that 

children exposed to trauma had increased plasma BDNF levels and inflammatory 

cytokines (Bücker et al., 2015). As the authors postulate, it is possible that the 

increased BDNF levels could be acting as a protective factor against the inflammatory 

markers. Traumatic experiences have also been associated with lower levels of BDNF 

in bipolar patients (Kauer-Sant’Anna et al., 2007). Other studies in humans have 

likewise found an association between low levels of parental care and stressful early-

life environments and aberrant DNA methylation in offspring (e.g. Beach, 2016, 

Naumova, 2016; Smearman et al., 2016; Booij, 2015; Perroud et al., 2016).  

1.4 Brain derived neurotrophic factor and stress-induced genetic alterations 

Bdnf is essential for differentiation, neuronal survival, growth, and plasticity in 

the central nervous system (CNS).  The protein is active at synapses, the site of cell 

communication in the brain, and could play a role in vesicle docking in important 

areas of synaptic plasticity such as the hippocampus (Bramham & Messaoudi, 2005; 

Pozzo-Miller et al., 1999). Polymorphisms in the Bdnf gene or aberrant methylation 

(resulting in lower BDNF protein levels) are implicated in learning and memory 

deficits (Caccamo, Maldonado, Bokov, Majumder, & Oddo, 2010; Egan et al., 2003; 

Radecki, Brown, Martinez, & Teyler, 2005) and disorders such as schizophrenia (Sahu 

et al., 2015; Jindal et al., 2010; Muglia et al., 2003; Neves-Pereira et al., 2005; Ray, 

Weickert, Wyatt, & Webster, 2011), anxiety (Chen, Yu, Liu, Zhang, & Zhang, 2015; 
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M.-H. Park et al., 2015), bipolar disorder (Fernandes et al., 2011; JJ Rakofsky1, KJ 

Ressler2, 2013; Kauer-Sant’Anna et al., 2007), depression (Kim et al., 2007; Lee, 

Kim, Park, & Kim, 2007; Martinowich, Manji, & Lu, 2007; Schumacher et al., 2005), 

PTSD (Martinotti et al., 2015; Su et al., 2015), and Alzheimer’s and Parkinson’s 

disease (Connor et al., 1997; Mogi et al., 1999; Phillips et al., 1991). Maltreatment-

induced epigenetic modifications of BDNF may be one underlying implication in 

psychiatric disorders: Many studies report lower levels of BDNF in these (Connor et 

al., 1997; Hauck et al., 2009; JJ Rakofsky1, KJ Ressler2, 2013; Karege et al., 2002; 

Kim et al., 2007; Lee et al., 2007; Mogi et al., 1999; Phillips et al., 1991; Ray et al., 

2011) and decreased Bdnf levels in children that have experienced maltreatment 

(Elzinga et al., 2011; Grassi-Oliveira, Stein, Lopes, Teixeira, & Bauer, 2008; Kauer-

Sant’Anna et al., 2007) and a specific relationship between maltreatment in childhood 

and increased methylation of the Bdnf gene has been found in borderline personality 

disorder patients (Perroud et al., 2013). It is important to mention that one study has 

reported increased levels of BDNF in trauma-exposed children (Bucker et al., 2015), 

suggesting the possibility of protective responses to early life stress. Indeed, results 

from a 2015 study in humans suggest that increased BDNF serum levels in trauma-

exposed patients could be a protective factor for (i.e. prevention of) PTSD 

development (Su et al., 2015). However, BDNF serum levels in women suffering from 

mental disorders are elevated compared to healthy controls (Dotta-Panichi, 2015), 

suggesting that the role of BDNF in mental health disorders may vary by sex or by the 

disorder in question. In either case, epigenetic mechanisms are a promising candidate 

for maltreatment-induced variations in Bdnf and the behavioral outcomes associated 

with these variations.  
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Our lab uses a rodent model of caregiver maltreatment to better understand the 

association between maltreatment and epigenetic alterations of Bdnf in the brain.  

Early work with this model showed that maltreatment creates a lasting difference in 

prefrontal cortex (PFC) gene expression and DNA methylation patterns in the Bdnf 

gene in adult rats exposed to maltreatment in infancy, as well as in offspring of 

maltreated-females when they are first time mothers (Roth et al., 2009). Subsequent 

work has identified maltreatment-induced changes in the hippocampus and amygdala 

as well (Doherty, Forster, & Roth, 2016; Roth, Matt, Chen, & Blaze, 2014).  Such data 

provide empirical support of the ability of caregiver maltreatment to produce DNA 

methylation alterations across behaviorally-relevant brain regions known to be 

affected by childhood maltreatment- the prefrontal cortex, hippocampus, and 

amygdala.   

 

1.5 Insula 
 

The current project aims to characterize Bdnf gene expression and methylation 

in the insula, a region of the brain the lab has never examined. The insula is widely 

known for its role in the interoceptive system and autonomic control as well as its role 

in emotional states, cognition, and conscious awareness (Craig, 2008; Gasquoine, 

2014; Shura, Psy, Hurley, Taber, & Ph, 2014; W. K. Simmons et al., 2013). The 

insular cortex is implicated in a wide range of mental disorders including drug 

addiction, schizophrenia, bipolar disorder, major depression, PTSD, obsessive 

compulsive disorder, and eating disorders (Naqvi et al., 2007;Shepard et al., 2012; 

Selvaraj et al., 2013; Takahashi et al., 2010; Chen et al., 2009; Sterzer et al., 2007; 
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Drevets, 2000; Schienle et al., 2009; Simmons et al 2011). For example, anxiety 

patients have shown increased right insular activation in response to anticipation 

(Simmons et al., 2011) and patients suffering from major depressive disorder exhibit a 

decreased insular response compared to healthy controls when tested for awareness of 

external stimuli (Wiebking et al., 2015). Resting state connectivity of the amygdala-

insula has shown an inverse relationship with emotional and behavioral dysfunction 

and depressive symptoms: resting state amygdala-insula connectivity in behaviorally 

and emotionally disrupted youth is decreased compared to healthy youth (Bebko et al., 

2014). In regard to addictive behaviors, the insula is a critical neural substrate in the 

maintenance of nicotine addiction; damage to this region has resulted in the ability to 

quit smoking without relapse (Naqvi et al., 2007). 

In relation to this project, the insula is a brain region that has direct 

involvement with the maternal relationship. Elevation of oxytocin, a neuropeptide that 

facilitates parental caregiving, results in enhanced insular activation in response to 

infant crying (Riem et al., 2011). The insula is activated when mothers are shown 

pictures of their offspring and is involved with the recognition of a mother’s offspring 

in humans (Noriuchi, 2008). The medial insula has also been identified as an area 

activated by maternal love (Bartels, 2004). This brain region is also known to contain 

sensory terminals involved with soft and nurturing touch (McGlone, Wessberg, & 

Olausson, 2014; Olausson et al., 2002). Specifically, it contains unmyelinated 

mechanosensitive C fiber afferents that are believed to be involved in these types of 

touch (McGlone et al., 2014).  

As one might then expect, this region is also responsive to disruption of the 

caregiving relationship. In a rodent (degu or octodon degus) study of parental 
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separation, separated infants exhibited increased density of tyrosine hydroxylase, an 

enzyme essential for dopamine synthesis, in the agranular insular cortex when 

compared to normal controls (Poeggel et al., 2003). Trauma exposed children also 

show aberrant insula connectivity in the salience network, a network important for 

communication and social behavior (Marusak & Thomason, 2015; Menon, 2015). 

1.6 Rationale 

 

Our lab has previously reported methylation alterations as a result of early life 

maltreatment in the whole and medial prefrontal cortex, the amygdala, and the 

hippocampus (Blaze et al., 2013; Doherty et al., 2016), and the insular cortex has 

major connectivity with these regions (Anand, Li, Wang, Lowe, & Dzemidzic, 2009; 

Baur, Hänggi, Langer, & Jäncke, 2013; Cauda et al., 2011; W. K. Simmons et al., 

2013) The insula region and our gene of interest are known to be sensitive to touch 

and caregiving (McGlone et al., 2014; Noriuchi, Kikuchi, & Senoo, 2008). They have 

also been implicated in many psychiatric disorders (Bebko et al., 2014; Simmons et 

al., 2011; Wiebking et al., 2015; Bebko et al., 2014; Naqvi, 2007). The purpose of this 

project is to determine whether different caregiving conditions experienced by rat pups 

in the first postnatal week alter Bdnf gene methylation and expression in the insula. 
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Chapter 2 

METHODS 

2.1 Subjects 

 

Long-Evans rats were bred in our breeding colony for this experiment and 

were housed in polypropylene cages with generous bedding in a temperature and light 

controlled room (12 hours light/dark, light on at 6:00am). All animals in the colony 

room were given unlimited access to food and water. Postnatal day (PN) 0 signified 

the day of birth and on PN1 litters were culled to 6 males and 6 females. A total of 69 

male and female rats from 7 litters were used for this study.  No first-time mothers 

were used.  The University of Delaware Institutional Animal Care and Use committee 

approved all procedures. 

2.2 Caregiving Manipulations 

Using a within-litter design, each experimental pup was exposed to its 

respective caregiving condition for 30 minutes per day from PN1 through PN7. The 

maltreatment condition consisted of a lactating dam placed in a novel environment 

with inadequate nesting material (100 ml of wood shavings). These conditions have 

been shown to consistently produce aversive behaviors towards infants in our lab 

(Blaze & Roth, 2013; Blaze, Scheuing, & Roth, 2013; Roth, Lubin, Funk, & Sweatt, 

2009; Roth, Matt, Chen, & Blaze, 2014a). The cross-foster care condition consisted of 

a lactating dam given one hour to habituate to the experimental chamber and given 
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abundant nesting shavings (about 2cm evenly spread across the chamber). Remaining 

littermates stayed with the biological mother during the 30 minute exposures (normal 

care condition); these pups were only marked for identification, weighed, and 

immediately returned to the home cage. The temperature in the exposure chambers 

was kept at 27-30°C to maintain pup body temperature. All caregiving exposures were 

conducted during the light cycle. At the end of each caregiving session pups were 

returned to the biological mother in the home cage. Pups remained undisturbed until 

PN21-23 when they were weaned for housing in same sex pairs according to 

condition.  

Nurturing and aversive behaviors were scored for all 3 conditions through live 

and video recordings of each caregiving session. Audible and ultrasonic (40 kHz) 

vocalizations emitted by pups during caregiving sessions were also scored. This 

frequency was used because it is generally emitted by pups in distress (Hofer, 1996; 

Portfors, 2007; Wohr & Schwarting, 2013). For caregiving behaviors, nurturing versus 

aversive behaviors were summed in 5-minute intervals over the 30-minute exposure 

time. They were then averaged across the 7 exposure days. Vocalizations were scored 

by marking if a vocalization was present or not for each minute in the 30-minute 

period and averaged across 7 exposure sessions.  

 

2.3 DNA Methylation and Gene Expression Assays on Adult Tissue 

Animals were sacrificed at PN90 via rapid decapitation under light isoflurane 

anesthesia. The stage of estrous was determined for females through post-mortem 

vaginal lavage. Brains were removed and sliced using a 1mm brain matrix. Brains 

were then placed on untreated slides, flash frozen with 2-methylbutane, and placed in 
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a -80°C freezer until later processing. The insular cortex in the rat brain was identified 

and dissected on dry ice using stereotaxic coordinates (The Rat Brain 6th Ed., George 

Paxinos and Charles Watson). DNA and RNA nucleic acids were extracted 

simultaneously (Qiagen AllPrep DNA/RNA kit) and quantification and assessment of 

nucleic acids was determined using spectrophotometry (NanoDrop 2000). Methylation 

status of Bdnf exon IV was assessed using methylation specific real time PCR (MSP, 

on Bio-Rad CFX96 systems) and direct bisulfite sequencing (BSP, on Bio-Rad CFX96 

systems) on bisulfite modified DNA (Qiagen, EpiTect Bisulfite kit) as previously 

described (e.g. Roth, Lubin, Funk, & Sweat, 2009; Roth Zoladz, Sweatt & Diamond, 

2011). For MSP, we utilized two primer sets targeting methylated and unmethylated 

CG dinucleotides in DNA associated with Bdnf exon IV (Blaze et al., 2013; Roth et 

al., 2009; Roth, Matt, Chen, & Blaze, 2014b). For BSP, bisulfite-treated samples were 

amplified with primer sets targeting DNA associated with Bdnf exon IV used in 

previous studies (Blaze et al., 2013; Lubin, Roth, & Sweatt, 2008; Roth et al., 2009). 

PCR products were purified (Diffinity Genomics, RapidTip) and sequenced using 

reverse primers at the Delaware Biotechnology Institute.   

To determine gene expression levels in PN 90 tissue the extracted RNA was 

used for cDNA synthesis and subsequent RT-PCR reactions. Quantification and 

assessment of RNA quality was determined (NanoDrop 2000). Reverse transcription 

was performed using a cDNA synthesis kit (Qiagen) which was then amplified using 

real-time PCR (BioRadCFX96) with taqman probes (Applied Biosystems) to identify 

Bdnf exon IV or tubulin (reference gene) mRNA. All reactions for the gene of interest 

and reference gene in the expression assays were repeated in triplicates. The product 

specificity was determined through gel electrophoresis.  
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2.4 Statistical Analyses 

Caregiver behaviors and pup vocalizations were analyzed using one- and two-

way ANOVAs respectively in addition to Bonferroni’s post hoc tests when needed. 

BSP data were analyzed with two-way ANOVAs (levels: pup condition, sex) and 

Bonferroni’s post-hoc tests when needed. MSP data were analyzed using two-way 

ANOVAs (levels: pup condition, sex) and one sample t-tests (for comparisons to 

normal care controls). For all analyses, differences were statistically significant for 

p<0.05. 
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Chapter 3 

RESULTS 

3.1 Caregiving Manipulations 

 

Pups were exposed to one of three conditions: normal maternal care, cross-

foster care, or maltreatment. Pup-directed behaviors from the mother were recorded as 

either a nurturing or aversive behavior (Figure 1).  Nurturing behaviors included 

nursing and licking of the pups. Aversive behaviors included stepping on, dragging, 

dropping, avoiding, and rough handling of the pups. Statistical analysis revealed a 

significant main effect of caregiving behavior (F1,36) = 200, p < .0001) and a 

significant interaction between maternal behavior and infant condition (F2,36) = 29.65, 

p <.0001). As seen in Figure 1, dams in the maltreatment condition displayed 

significantly more aversive behaviors (p<.001) and significantly less nurturing 

behaviors (p<.001) than both the normal maternal care and cross foster care dams. 

While dams in the maltreatment group displayed higher levels of aversive behavior 

than dams in the other conditions, they did display more nurturing than aversive 

behaviors (p<.001). 
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Figure 1: Overall quality of caregiving behavior amongst the three treatment conditions. Infant rodents 
in the maltreatment group experienced significantly higher levels of aversive behaviors 
and significantly lower levels of nurturing behaviors when compared to both normal 
care and cross foster care conditions. ***p < .001, ****p < .0001; Error bars represent 
SEM. 

3.2 Pup Vocalizations 

In addition to maternal behavior, pup responses to each caregiving condition 

were recorded through audible and ultrasonic (40 kHz) recordings. One-way 

ANOVAs and unpaired t-tests were used to detect significant differences between 

conditions. Audible vocalizations did not differ between treatment groups but 

ultrasonic vocalizations showed a significant difference among treatment groups 

(F2,8=3.766, p=.0430).  As seen in Figure 2, follow-up t tests for ultrasonic 

vocalizations showed significant differences between the maltreatment and normal 

care groups (p<.01) in that maltreatment pups had significantly higher vocalizations 

than normal care pups.   
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Figure 2: Pup vocalizations were recorded during each maternal care session. While the audible 
vocalizations (A) showed no significant differences between the three treatment groups 
the ultrasonic vocalizations (B) showed that the pups in the maltreatment condition 
vocalized significantly more than pups in the normal care condition (p<.01). Error bars 
represent SEM. N=11/12 per group.   

3.3 DNA Methylation 

To evaluate whether the different caregiving conditions produced changes in 

DNA methylation within the PN90 insula, both Methyl Specific PCR (MSP) and 

Bisulfite Specific PCR (BSP) were performed on all samples. Figure 3 shows the 

results for methylated (A) and unmethylated (B) Bdnf exon IV in adult rodents (PN 
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90) exposed to maltreatment or cross-foster care compared to normal maternal care 

animals (represented by the line at 1). A two way ANOVA revealed no interaction 

between methylation and treatment group and no main effect for treatment or sex in 

both the unmethylated and methylated assays. One-sample t tests were then completed 

for each group for unmethylated Bdnf IV and methylated Bdnf IV. Cross foster care 

males showed significantly less unmethylated Bdnf IV when compared to normal 

maternal care controls (T10 =3.659, p=.0044). Figure 4 shows the results for Bdnf 

methylation at 12 individual CpG sites found within the Bdnf exon IV target region. A 

two way ANOVA revealed a main effect of treatment in male (p<.01) and female 

(p<.05) Bdnf IV methylation. Two-way ANOVAs were performed for each cite and 

revealed no significant differences in methylation between groups (Table 1). The 

average methylation (i.e. when all 12 cites were averaged together) likewise revealed 

no significant interaction between treatment and sex (F2,56 =0.8936, p=0.4149), and no 

main effect of treatment (F2,56 =0.4661, p=.6298) or sex (F1,56 =2.073, p=.1555).  
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Figure 3: Methylation Specific PCR results for Bdnf IV methylation in the insula of PN90 rodents. 
Cross foster care males showed significantly less unmethylated Bdnf IV when 
compared to normal maternal care controls (p<.01). Error bars represent SEM. N=11-12 
per group 
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Figure 4: Bisulfite Specific PCR results for average methylation of Bdnf exon IV in the insula across 
12 individual CpG sites.  Error bars represent SEM. N=11/12 per group. 
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Table 1: Statistical analysis for individual CG site methylation. 

   Two-way ANOVAs for CG site methylation  
CG Site   F d.f. p value  

1 Interaction 0.5727 2,55 0.5673 
  Treatment  0.2975 2,55 0.7438 
  Sex 0.3597 1,55 0.5512 

2 Interaction 1.257 2,55 0.2925 
  Treatment  0.2236 2,55 0.8003 
  Sex 0.4965 1,55 0.484 

3 Interaction 0.5917 2,55 0.5569 
  Treatment  0.105 2,55 0.9005 
  Sex 3.14 1,55 0.0819 

4 Interaction 1.456 2,55 0.242 
  Treatment  2.164 2,55 0.1245 
  Sex 2.18 1,55 0.1455 

5 Interaction 0.09552 2,55 0.909 
  Treatment  0.6678 2,55 0.5169 
  Sex 1.357 1,55 0.249 

6 Interaction 0.7281 2,55 0.4874 
  Treatment  1.147 2,55 0.3249 
  Sex 1.666 1,55 0.02022 

7 Interaction 0.1376 2,55 0.8717 
  Treatment  0.2217 2,55 0.8018 
  Sex 1.973 1,55 0.1658 

8 Interaction 0.5861 2,55 0.5599 
  Treatment  0.1786 2,55 0.8369 
  Sex 2.517 1,55 0.1183 

9 Interaction 0.6263 2,55 0.5383 
  Treatment  0.0718 2,55 0.9308 
  Sex 2.702 1,55 0.1059 

10 Interaction 1.406 2,55 0.2539 
  Treatment  1.556 2,55 0.2201 
  Sex 1.691 1,55 0.1989 

11 Interaction 0.8151 2,55 0.4479 
  Treatment  0.2179 2,55 0.8049 
  Sex 1.161 1,55 0.2859 

12 Interaction 0.6825 2,55 0.5096 
  Treatment  2.324 2,55 0.1074 
  Sex 0.8233 1,55 0.3682 
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3.4 Gene Expression  

Previous work using this maltreatment paradigm has shown significant Bdnf 

gene expression changes in the whole prefrontal cortex of rodents maltreated during 

their first week of life (Roth, Lubin et al., 2009). In the insula, in contrast, a two way 

ANOVA found there were no significant effects of treatment (F 1,41 =0.1924, 

p=0.6632) or sex (F 1,41 =0.009957, p=0.9210) and no significant interaction (F 1,41 

=0.4445, p=0.5087). One sample t-tests were completed on each group and it was 

found that maltreated males at PN90 showed less Bdnf mRNA in comparison to 

normal maternal care controls (T10 =2.852, p<.05).    

 

Figure 6: Bdnf mRNA levels in the adult insula. The dotted line in this figure 
represents the values for normal maternal care controls. Error bars 
represent SEM. N= 11-12 per group.  
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3.5 Estrous Cycle in Females 

To determine if the estrus cycle (Figure 5) of adult females would have a 

significant effect on current methylation status, 2-way ANOVAs were performed. For 

gene expression (A) there was no interaction between treatment group and estrus stage 

(F 1,9 =0.2479, p=0.6243). The lack of differences was replicated in methylation assays 

(B) (F 2,24 =1.215, p=0.3144).  
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Figure 5: Comparison of gene expression (A) and methylation levels (B) of Bdnf exon IV in adult 
females (PN90) at various stages of the estrus cycle. To increase statistical power, the 
four stages were collapsed into two groups because of the similarity and temporal 
proximity. Figure A shows no significant differences in levels of Bdnf mRNA among 
treatment groups in various stages of the estrus cycle. Figure B shows no significant 
differences in methylation among treatment groups in various stages of estrus cycle. 
Error bars represent SEM. N=11-12 per group. 
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Chapter 4 

DISCUSSION 

The purpose of this study was to investigate differences in Bdnf DNA 

methylation and gene expression in the insula among adult rodents who experienced 

caregiver maltreatment during the first week of life. The results of this study support 

the use of animal models to study maltreatment as well as the effects maltreatment can 

exert on CNS DNA methylation. We were able to replicate previous results by 

eliciting aversive and nurturing care toward pups in our rodent model (Blaze & Roth, 

2013; Blaze et al., 2013; Roth et al., 2014a). Significant differences were found in 

caregiving behaviors between the three conditions pups were exposed to over the first 

postnatal week. The normal maternal care and cross-foster care conditions both 

exhibited higher levels of nurturing maternal behavior toward infants whereas the 

maltreatment condition exhibited higher levels of aversive behaviors toward infants. 

Pup responses to caregiving behaviors were also found to vary among the three 

treatment groups. Pups in the maltreatment condition emitted significantly more 

ultrasonic vocalizations overall when compared to normal care controls. There were 

no significant differences in audible vocalizations emitted between groups. This aspect 

of our model provides support for the idea that pups indeed experience adversity in the 

maltreatment condition as infant vocalizations have been used in previous studies to 

quantify distress in infant rodents (Blaze & Roth, 2013; Branchi, Santucci, & Alleva, 

2001; Zimmerberg et al., 2003; Marino, Cronise, Lugo, & Kelly, 2002). 
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4.1 Bdnf gene methylation and expression in the insula 

MSP was performed to measure DNA methylation of Bdnf exon IV in the 

adult insula. One significant finding was that cross-foster males had significantly less 

unmethylated Bdnf IV when compared to normal care controls, but this was not 

complemented by an increase in methylated Bdnf IV, suggesting very little change in 

methylation. No significant changes in methylated DNA were detected.  BSP was 

performed to verify and extend MSP data by examining methylation at each individual 

CpG site of the targeted Bdnf region. Statistical analyses revealed no significant 

differences at individual or collapsed CG sites.  At the time of tissue collection all 

female rodents were swabbed to determine stage in the estrous cycle. There were no 

significant differences between proestrus/estrus females and metestrus/diestrus 

females in percent methylation. Thus it can be concluded that the estrus stage of 

females was not a significant factor altering the current methylation status of the Bdnf 

gene in this study.   

Previously the same maltreatment paradigm was used to quantify caregiver 

experience effects on methylation of the Bdnf gene in other adult brain regions. In the 

medial prefrontal cortex Bdnf IV methylation in maltreated females was increased 

compared to maltreated males and female normal and cross foster care controls (Blaze 

et al., 2013).  Maltreatment-specific differences were also found in the amygdala and 

the dorsal and ventral hippocampus of adult rats exposed to this paradigm in infancy 

(Roth 2014).  In the current study we see that unlike other brain regions, the insula 

does not show significant differences in Bdnf IV methylation in maltreated animals. 

Together these data illustrate the brain region specific epigenetic effects that 

maltreatment is capable of producing.   
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A second goal of this study was to measure the level of Bdnf exon IV mRNA 

present in the adult insula following early-life maltreatment or nurturing care. We 

found that adult males that had been maltreated early in life had significantly less Bdnf 

mRNA (compared to normal care controls). It is possible to have gene expression 

changes that do not exhibit an inverse relationship to methylation changes because 

there are numerous mechanisms that work to drive gene expression that can occur at 

various stages of transcription and translation. Some examples of this include 

transcriptional regulator proteins that can control transcription initiation through 

activation or repression and post-transcriptional modifications such as RNA silencing 

by RNA molecules such siRNA (Xia, Mao, Paulson, & Davidson, 2002). One of the 

most widely studied post-transcriptional modifications occurs via short segments of 

non-coding RNA such as micro RNA (miRNA) that bind to complementary sequences 

and can recruit proteins for mRNA degradation (Bartel & Chen, 2004). Long 

intergenic non-coding RNA (lincRNA) have also been found to alter gene expression 

through guiding chromatin modifying complexes (Khalil et al., 2009).  

4.2 Conclusion and Future Directions 

While infant caregiving experiences early in life can have a long-term impact 

on gene expression and behavior, DNA methylation changes at Bdnf IV within the 

insula are likely not involved. Further research could help to identify which, if any, 

genes are experiencing expression alterations in the insula as a result of maltreatment 

or nurturing care in early life. Overall, this type of research will assist in mapping gene 

alterations resulting from early life experience as well as the locations and patterns in 

which they occur. Ultimately this will lead to a better understanding of how the 

environment can affect the epigenome and, in turn, behavior and psychopathology. 
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Understanding the epigenetic and phenotypic outcomes that result from maltreatment 

could lead to advancements in the way we treat psychopathology in patients with a 

history of early trauma.  



 27 

REFERENCES. 

Anand, A., Li, Y., Wang, Y., Lowe, M. J., & Dzemidzic, M. (2009). Resting state 
corticolimbic connectivity abnormalities in unmedicated bipolar disorder and 
unipolar depression. Psychiatry Research, 171(3), 189–98. 
http://doi.org/10.1016/j.pscychresns.2008.03.012 

Anier, K., Malinovskaja, K., Pruus, K., Aonurm-Helm, A., Zharkovsky, A., & Kalda, 
A. (2014). Maternal separation is associated with DNA methylation and 
behavioural changes in adult rats. European Neuropsychopharmacology : The 
Journal of the European College of Neuropsychopharmacology, 24(3), 459–68. 
http://doi.org/10.1016/j.euroneuro.2013.07.012 

Bartel, D. P., & Chen, C.-Z. (2004). Micromanagers of gene expression: the 
potentially widespread influence of metazoan microRNAs. Nat Rev Genet, 
5(5), 396–400. Retrieved from http://dx.doi.org/10.1038/nrg1328 

Bartels, A., & Zeki, S. (2004). The neural correlates of maternal and romantic love. 
NeuroImage, 21(3), 1155–1166. 

Baur, V., Hänggi, J., Langer, N., & Jäncke, L. (2013). Resting-state functional and 
structural connectivity within an insula-amygdala route specifically index state 
and trait anxiety. Biological Psychiatry, 73(1), 85–92. 
http://doi.org/10.1016/j.biopsych.2012.06.003 

Bebko, G., Bertocci, M., Chase, H., Dwojak, A., Bonar, L., Almeida, J., … Phillips, 
M. L. (2014). Decreased amygdala-insula resting state connectivity in 
behaviorally and emotionally dysregulated youth. Psychiatry Research, 231(1), 
1–10. http://doi.org/10.1016/j.pscychresns.2014.10.015 

Beach, S. R. H., Lei, M.-K., Brody, G. H., Kim, S., Barton, A. W., Dogan, M. V. and 
Philibert, R. A. (2016), Parenting, Socioeconomic Status Risk, and Later 
Young Adult Health: Exploration of Opposing Indirect Effects via DNA 
Methylation. Child Development, 87, 111–121. doi: 10.1111/cdev.12486 

Bird, A.P. (1986) CpG-rich islands and the function of DNA methylation. Nature, 321, 
209–13. doi:10.1038/321209a0 

 



 28 

Bird, A. (2002). DNA methylation patterns and epigenetic memory DNA methylation 
patterns and epigenetic memory. Genes & Development, 16, 6–21. 
http://doi.org/10.1101/gad.947102 

Blaze, J., & Roth, T. L. (2013). Exposure to caregiver maltreatment alters expression 
levels of epigenetic regulators in the medial prefrontal cortex. International 
Journal of Developmental Neuroscience, 31(8), 804–810. 
http://doi.org/10.1016/j.ijdevneu.2013.10.001 

Blaze, J., Scheuing, L., & Roth, T. L. (2013). Differential Methylation of genes in the 
medial prefrontal cortex of developing and adult rats following exposure to 
maltreatment or nurturing care during infancy. Developmental Neuroscience, 
35(4), 306–316. http://doi.org/10.1159/000350716 

Bohacek, J., Farinelli, M., Mirante, O., Steiner, G., Gapp, K., Coiret, G., … Mansuy, I. 
M. (2015). Pathological brain plasticity and cognition in the offspring of males 
subjected to postnatal traumatic stress. Mol Psychiatry, 20(5), 621–631. 
Retrieved from http://dx.doi.org/10.1038/mp.2014.80 

Booij, L., Szyf, M., Carballedo, A., Frey, E.-M., Morris, D., Dymov, S., … Frodl, T. 
(2015). DNA Methylation of the Serotonin Transporter Gene in Peripheral 
Cells and Stress-Related Changes in Hippocampal Volume: A Study in 
Depressed Patients and Healthy Controls. Plos One, 10(3), e0119061. 
http://doi.org/10.1371/journal.pone.0119061 

Bramham, C. R., & Messaoudi, E. (2005). BDNF function in adult synaptic plasticity: 
The synaptic consolidation hypothesis. Progress in Neurobiology, 76(2), 99–
125. http://doi.org/10.1016/j.pneurobio.2005.06.003 

Branchi, I., Santucci, D., & Alleva, E. (2001). Ultrasonic vocalisation emitted by 
infant rodents: a tool for assessment of neurobehavioural development. 
Behavioural Brain Research, 125(1-2), 49–56. http://doi.org/10.1016/S0166-
4328(01)00277-7 

Bücker, J., Fries, G. R., Kapczinski, F., Post, R. M., Yatham, L. N., Vianna, P., … 
Kauer-Sant’Anna, M. (2015). Brain-derived neurotrophic factor and 
inflammatory markers in school-aged children with early trauma. Acta 
Psychiatrica Scandinavica, 131(5), 360–368. http://doi.org/10.1111/acps.12358 

Caccamo, A., Maldonado, M. a, Bokov, A. F., Majumder, S., & Oddo, S. (2010). CBP 
gene transfer increases BDNF levels and ameliorates learning and memory 
deficits in a mouse model of Alzheimer’s disease. Proceedings of the National 
Academy of Sciences of the United States of America, 107(52), 22687–22692. 
http://doi.org/10.1073/pnas.1012851108 



 29 

Cauda, F., D’Agata, F., Sacco, K., Duca, S., Geminiani, G., & Vercelli, A. (2011). 
Functional connectivity of the insula in the resting brain. NeuroImage, 55(1), 
8–23. http://doi.org/10.1016/j.neuroimage.2010.11.049 

Chen, S., Li, L., Xu, B., & Liu, J. (2009). Insular cortex involvement in declarative 
memory deficits in patients with post-traumatic stress disorder. BMC 
Psychiatry, 9, 39–47.  

Chen, J., Yu, J., Liu, Y., Zhang, L., & Zhang, J. (2015). BDNF Val66Met, stress, and 
positive mothering: Differential susceptibility model of adolescent trait 
anxiety. Journal of Anxiety Disorders, 34, 68–75. 
http://doi.org/10.1016/j.janxdis.2015.06.001 

Choi, K. W., & Sikkema, K. J. (2015). Childhood Maltreatment and Perinatal Mood 
and Anxiety Disorders: A Systematic Review. Trauma, Violence & Abuse. 
http://doi.org/10.1177/1524838015584369 

Connor, B., Young, D., Yan, Q., Faull, R. L., Synek, B., & Dragunow, M. (1997). 
Brain-derived neurotrophic factor is reduced in Alzheimer’s disease. Molecular 
Brain Research, 49(1-2), 71–81. http://doi.org/10.1016/S0169-
328X(97)00125-3 

Craig, A.D. (2008). How do you feel-now? the anterior insula and human awareness. 
Nature Reviews Neuroscience,10, 59-70. 

Dalton S.R., Bellacosa A. (2012). DNA demethylation by TDG. Epigenomics, 4(4), 
459–467. 

Degennaro, M., Hurd, T. R., Siekhaus, D. E., Biteau, B., Jasper, H., & Lehmann, R. 
(2013). NIH Public Access, 20(2), 233–243. 
http://doi.org/10.1016/j.devcel.2010.12.007.Peroxiredoxin 

Detich N., Theberge J, Szyf M. (2002). Promoter-specific activation and 
demethylation by MBD2/demethylase. J. Biol. Chem. 277(39), 35791–35794. 

Doherty, T.S., Forster, A., Roth, T.L. (2015). Global and gene-specific DNA 
methylation alterations in the adolescent amygdala and hippocampus in an 
animal model of caregiver maltreatment. Behav. Brain Res., 298, 55–61. 

Dotta-Panichi, R. M., Bins, H. D., Tramontina, J. F., Ceresér, K. M., Aguiar, B. W. 
De, Paz, A. C., & Taborda, J. G. (2015). Serum concentrations of brain-derived 
neurotrophic factor and mental disorders in imprisoned women. Revista 
Brasileira de Psiquiatria. Advance online publication. 
http://doi.org/10.1590/1516-4446-2014-142 

http://doi.org/10.1016/j.neuroimage.2010.11.049
http://doi.org/10.1590/1516-4446-2014-142


 30 

Drevets, W. C. (2000). Neuroimaging studies of mood disorders. Biological 
Psychiatry, 48,813–829. 

Egan, M. F., Kojima, M., Callicott, J. H., Goldberg, T. E., Kolachana, B. S., Bertolino, 
A., … Weinberger, D. R. (2003). The BDNF val66met polymorphism affects 
activity-dependent secretion of BDNF and human memory and hippocampal 
function. Cell, 112(2), 257–269. http://doi.org/10.1016/S0092-8674(03)00035-
7 

Elliott, J. C., Stohl, M., Wall, M. M., Keyes, K. M., Skodol, A. E., Eaton, N. R., 
Shmulewitz, D., Goodwin, R. D., Grant, B. F., and Hasin, D. S. (2016) 
Childhood maltreatment, personality disorders and 3-year persistence of adult 
alcohol and nicotine dependence in a national sample. Addiction, 111, 913–
923. doi: 10.1111/add.13292. 

Elzinga, B. M., Molendijk, M. L., Oude Voshaar, R. C., Bus, B. A. A., Prickaerts, J., 
Spinhoven, P., & Penninx, B. J. W. H. (2011). The impact of childhood abuse 
and recent stress on serum brain-derived neurotrophic factor and the 
moderating role of BDNF Val 66Met. Psychopharmacology, 214(1), 319–328. 
http://doi.org/10.1007/s00213-010-1961-1 

Felitti, V. J., Anda, R. F., Nordenberg, D., Williamson, D. F., Spitz, A. M., Edwards, 
V., … Marks, J. S. (1998). Relationship of Childhood Abuse and Household 
Dysfunction to Many of the Leading Causes of Death in Adults. American 
Journal of Preventive Medicine, 14(4), 245–258. http://doi.org/10.1016/S0749-
3797(98)00017-8 

Fernandes, B. S., Gama, C. S., Maria Ceresér, K., Yatham, L. N., Fries, G. R., Colpo, 
G., … Kapczinski, F. (2011). Brain-derived neurotrophic factor as a state-
marker of mood episodes in bipolar disorders: A systematic review and meta-
regression analysis. Journal of Psychiatric Research, 45(8), 995–1004. 
http://doi.org/10.1016/j.jpsychires.2011.03.002 

Forsman, M., Johansson, A., Santtila, P., Sandnabba, K., & Langstrom, N. (2015). 
Sexually coercive behavior following childhood maltreatment. Archives of 
Sexual Behavior, 44, 149–156. 

 

Fuks, F. (2005). DNA methylation and histone modifications: Teaming up to silence 
genes. Current Opinion in Genetics and Development,15, 490–495. 
http://doi.org/10.1016/j.gde.2005.08.002 



 31 

Gasquoine, P. G. (2014). Contributions of the Insula to Cognition and Emotion. 
Neuropsychology Review, 24(2), 77–87. http://doi.org/10.1007/s11065-014-
9246-9 

Gavin, D. P., Chase, K. A., & Sharma, R. P. (2013). Active DNA Demethylation in 
Post-Mitotic Neurons: A Reason for Optimism. Neuropharmacology, 0, 10. 
http://doi.org/10.1016/j.neuropharm.2013.07.036 

Geoffroy, M.-C., Pinto Pereira, S., Li, L., & Power, C. (2015). Child Neglect and 
Maltreatment and Childhood-to-Adulthood Cognition and Mental Health in a 
Prospective Birth Cohort. Journal of the American Academy of Child & 
Adolescent Psychiatry, 55(1), 33–40. http://doi.org/10.1016/j.jaac.2015.10.012 

González, R. A., Kallis, C., Ullrich, S., Barnicot, K., Keers, R., & Coid, J. W. (2016). 
Childhood maltreatment and violence: Mediation through psychiatric 
morbidity. Child Abuse & Neglect, 52, 70–84. 
http://doi.org/10.1016/j.chiabu.2016.01.002 

Grassi-Oliveira, R., Stein, L. M., Lopes, R. P., Teixeira, A. L., & Bauer, M. E. (2008). 
Low Plasma Brain-Derived Neurotrophic Factor and Childhood Physical 
Neglect Are Associated with Verbal Memory Impairment in Major 
Depression-A Preliminary Report. Biological Psychiatry, 64(4), 281–285. 
http://doi.org/10.1016/j.biopsych.2008.02.023 

Handy, D.E., Castro, R., & Loscalzo, J. (2011). Epigenetic Modifications: Basic 
Mechanisms and role in cardiovascular disease. NIH Public Access, 65(9), 
760–769. http://doi.org/10.1016/j.biopsych.2008.11.028.LASTING 

Hauck, S., Gomes, F., Silveira Júnior, E. D. M., Almeida, E., Possa, M., & Ceitlin, L. 
H. F. (2009). Serum levels of brain-derived neurotrophic factor in acute and 
posttraumatic stress disorder: a case report study. Revista Brasileira de 
Psiquiatria, 31(1), 48–51. 

Hing B, Gardner C, Potash JB. 2014. Effects of negative stressors on DNA 
methylation in the brain: Implications for mood and anxiety disorders. Am J 
Med Genet Part B,165B, 541–554. 

Hofer, M. A. (1996). Multiple regulators of ultrasonic vocalization in the infant rat. 
Psychoneuroendocrinology, 21(2), 203-217. 

Jawahar, M. C., Murgatroyd, C., Harrison, E. L., & Baune, B. T. (2015). Epigenetic 
alterations following early postnatal stress: a review on novel aetiological 
mechanisms of common psychiatric disorders. Clinical Epigenetics, 7, 122. 
http://doi.org/10.1186/s13148-015-0156-3 



 32 

Jindal, R. D., Pillai, A. K., Mahadik, S. P., Eklund, K., Montrose, D. M., & Keshavan, 
M. S. (2010). Decreased BDNF in patients with antipsychotic na??ve first 
episode schizophrenia. Schizophrenia Research, 119(1-3), 47–51. 
http://doi.org/10.1016/j.schres.2009.12.035 

Jones, L., Hamilton, A., & Voinnet, O. (1999). RNA–DNA interactions and DNA 
methylation in post-transcriptional gene silencing. The Plant Cell, 11, 2291-
2301. http://www.plantcell.org/content/11/12/2291.short 

Karege, F., Perret, G., Bondolfi, G., Schwald, M., Bertschy, G., & Aubry, J. M. 
(2002). Decreased serum brain-derived neurotrophic factor levels in major 
depressed patients. Psychiatry Research, 109(2), 143–148. 
http://doi.org/10.1016/S0165-1781(02)00005-7 

Kauer-Sant’Anna, M., Tramontina, J., Andreazza, A. C., Cereser, K., da Costa, S., 
Santin, A., … Kapczinski, F. (2007). Traumatic life events in bipolar disorder: 
Impact on BDNF levels and psychopathology. Bipolar Disorders, Supplement, 
9(1), 128–135. http://doi.org/10.1111/j.1399-5618.2007.00478.x 

Khalil, A. M., Guttman, M., Huarte, M., Garber, M., Raj, A., Rivea Morales, D., … 
Rinn, J. L. (2009). Many human large intergenic noncoding RNAs associate 
with chromatin-modifying complexes and affect gene expression. Proceedings 
of the National Academy of Sciences of the United States of America, 106(28), 
11667–72. http://doi.org/10.1073/pnas.0904715106 

Kim, Y. K., Lee, H. P., Won, S. D., Park, E. Y., Lee, H. Y., Lee, B. H., … Choi, S. H. 
(2007). Low plasma BDNF is associated with suicidal behavior in major 
depression. Progress in Neuro-Psychopharmacology and Biological Psychiatry, 
31(1), 78–85. http://doi.org/10.1016/j.pnpbp.2006.06.024 

Kolla, N.J., Malcolm, C., Attard, S., Arenovich, T., Blackwood, N., Hodgins, S. 
(2013). Childhood maltreatment and aggressive behavior in violent offenders 
with psychopathy. Can. J Psychiatry, 58(8), 487-94.   

Labonte, B. (2012). Genome-wide Epigenetic Regulation by Early-Life Trauma. 
American Medical Association, 69(7), 722–731. 
http://doi.org/10.1001/archgenpsychiatry.2011.2287 

Lee, B. H., Kim, H., Park, S. H., & Kim, Y. K. (2007). Decreased plasma BDNF level 
in depressive patients. Journal of Affective Disorders, 101(1-3), 239–244. 
http://doi.org/10.1016/j.jad.2006.11.005 



 33 

Lubin, F. D., Roth, T. L., & Sweatt, J. D. (2008). Epigenetic regulation of BDNF gene 
transcription in the consolidation of fear memory. J Neurosci, 28(42), 10576–
10586. http://doi.org/10.1523/JNEUROSCI.1786-08.2008.EPIGENETIC 

Marino, M. D., Cronise, K., Lugo, J. N., & Kelly, S. J. (2002). Ultrasonic 
vocalizations and maternal-infant interactions in a rat model of fetal alcohol 
syndrome. Developmental Psychobiology, 41(4), 341–351. 
http://doi.org/10.1002/dev.10077 

Marusak, H. a., Etkin, A., & Thomason, M. E. (2015). Disrupted insula-based neural 
circuit organization and conflict interference in trauma-exposed youth. 
NeuroImage: Clinical, 8, 516–525. http://doi.org/10.1016/j.nicl.2015.04.007 

Martín-Blanco, A., Ferrer, M., Soler, J., Salazar, J., Vega, D., Andión, O., … Pascual, 
J. C. (2014). Association between methylation of the glucocorticoid receptor 
gene, childhood maltreatment, and clinical severity in borderline personality 
disorder. Journal of Psychiatric Research, 57, 34–40. 
http://doi.org/10.1016/j.jpsychires.2014.06.011 

Martinotti, G., Sepede, G., Brunetti, M., Ricci, V., Gambi, F., Chillemi, E., … Di 
Giannantonio, M. (2015). BDNF concentration and impulsiveness level in 
post-traumatic stress disorder. Psychiatry Research, 229(3), 814–818. 
http://doi.org/10.1016/j.psychres.2015.07.085 

Martinowich, K., Manji, H. K., & Lu, B. (2007). New insights into BDNF function in 
depression and anxiety. Nature Neuroscience, 10(9), 1089–1093. 
http://doi.org/10.1038/nn1971 

Menon V. (2015) Salience Network. In: Arthur W. Toga, editor. Brain Mapping: An 
encyclopedia Reference, vol. 2, 597-611. Academic Press: Elsevier. 

Meaney, M. J. (2015). Effects of the social environment and early life stress on 
neurodevelopment, cognition, behaviour and health. 
Psychoneuroendocrinology, 61, 11. 
http://doi.org/10.1016/j.psyneuen.2015.07.418 

McGlone, F., Wessberg, J., & Olausson, H. (2014). Discriminative and Affective 
Touch: Sensing and Feeling. Neuron, 82(4), 737–755. 
http://doi.org/10.1016/j.neuron.2014.05.001 

Mogi, M., Togari, A., Kondo, T., Mizuno, Y., Komure, O., Kuno, S., … Nagatsu, T. 
(1999). Brain-derived growth factor and nerve growth factor concentrations are 
decreased in the substantia nigra in Parkinson’s disease. Neuroscience Letters, 
270(1), 45–48. http://doi.org/10.1016/S0304-3940(99)00463-2 

http://doi.org/10.1016/j.nicl.2015.04.007


 34 

Muglia, P., Vicente, A. M., Verga, M., King, N., Macciardi, F., & Kennedy, J. L. 
(2003). Association between the BDNF gene and schizophrenia. Molecular 
Psychiatry, 8(2), 146–147. http://doi.org/10.1038/sj.mp.4001221 

Naumova, O. Yu., Hein, S., Suderman, M., Barbot, B., Lee, M., Raefski, A., 
Dobrynin, P. V., Brown, P. J., Szyf, M., Luthar, S. S. and Grigorenko, E. L. 
(2016), Epigenetic Patterns Modulate the Connection Between Developmental 
Dynamics of Parenting and Offspring Psychosocial Adjustment. Child 
Development, 87, 98–110. doi: 10.1111/cdev.12485 

Naqvi, N. H., Rudrauf, D., Damasio, H., & Bechara, A.. (2007). Damage to the Insula 
Disrupts Addiction to Cigarette Smoking. Science, 315(5811), 531–534. 
Retrieved from http://www.jstor.org/stable/20038846 

Neves-Pereira, M., Cheung, J. K., Pasdar,  a, Zhang, F., Breen, G., Yates, P., … St 
Clair, D. M. (2005). BDNF gene is a risk factor for schizophrenia in a Scottish 
population. Molecular Psychiatry, 10(2), 208–212. 
http://doi.org/10.1038/sj.mp.4001575 

Niehrs C, Schafer A. (2012). Active DNA demethylation by Gadd45 and DNA repair. 
Trends Cell Biol. 22(4), 220–227. 

Noriuchi, M., Kikuchi, Y., & Senoo, A. (2008). The Functional Neuroanatomy of 
Maternal Love: Mother’s Response to Infant's Attachment Behaviors. 
Biological Psychiatry, 63, 415–423. 
http://doi.org/10.1016/j.biopsych.2007.05.018 

Olausson, H., Lamarre, Y., Backlund, H., Morin, C., Wallin, B. G., Starck, G., … 
Bushnell, M. C. (2002). Unmyelinated tactile afferents signal touch and project 
to insular cortex. Nature Neuroscience, 5(9), 900–904. 
http://doi.org/10.1038/nn896 

Ooi SK, Bestor TH. (2008). The colorful history of active DNA demethylation. Cell 
133(7), 1145–1148. 

Park, M.-H., Chang, K. D., Hallmayer, J., Howe, M. E., Kim, E., Hong, S. C., & 
Singh, M. K. (2015). Preliminary study of anxiety symptoms, family 
dysfunction, and the brain-derived neurotrophic factor (BDNF) Val66Met 
genotype in offspring of parents with bipolar disorder. Journal of Psychiatric 
Research, 61, 81–8. http://doi.org/10.1016/j.jpsychires.2014.11.013 



 35 

Park, S., Hong, J. P., Bae, J. N., Cho, S.-J., Lee, D.-W., Lee, J.-Y., … Cho, M. J. 
(2014). Impact of childhood exposure to psychological trauma on the risk of 
psychiatric disorders and somatic discomfort: single vs. multiple types of 
psychological trauma. Psychiatry Research, 219(3), 443–9. 
http://doi.org/10.1016/j.psychres.2014.06.009 

Perroud, N., Salzmann, A., Prada, P., Nicastro, R., Hoeppli, M. E., Furrer, S., … 
Malafosse, A. (2013). Response to psychotherapy in borderline personality 
disorder and methylation status of the BDNF gene. Translational Psychiatry, 
3(1), e207. http://doi.org/10.1038/tp.2012.140 

Phillips, H. S., Hains, J. M., Armanini, M., Laramee, G. R., Johnson, S. A., & 
Winslow, J. W. (1991). BDNF mRNA is decreased in the hippocampus of 
individuals with Alzheimer’s disease. Neuron, 7(5), 695–702. 
http://doi.org/10.1016/0896-6273(91)90273-3 

Poeggel, G., Nowicki, L., & Braun, K. (2003). Early social deprivation alters 
monoaminergic afferents in the orbital prefrontal cortex of Octodon degus. 
Neuroscience, 116(3), 617–620. http://doi.org/10.1016/S0306-4522(02)00751-
0 

Poletti, S., Vai, B., Smeraldi, E., Cavallaro, R., Colombo, C., & Benedetti, F. (2015). 
Adverse childhood experiences influence the detrimental effect of bipolar 
disorder and schizophrenia on cortico-limbic grey matter volumes. Journal of 
Affective Disorders, 189, 290–297. http://doi.org/10.1016/j.jad.2015.09.049 

Portfors, C. (2007). Types and functions of ultrasonic vocalizations in laboratory rats 
and mice. Journal of the American Association for Laboratory Animal Science, 
46(1), 28-34. 

Pozzo-Miller, L. D., Gottschalk, W., Zhang, L., McDermott, K., Du, J., 
Gopalakrishnan, R., … Lu, B. (1999). Impairments in high-frequency 
transmission, synaptic vesicle docking, and synaptic protein distribution in the 
hippocampus of BDNF knockout mice. The Journal of Neuroscience : The 
Official Journal of the Society for Neuroscience, 19(12), 4972–4983.  

Radecki, D. T., Brown, L. M., Martinez, J., & Teyler, T. J. (2005). BDNF protects 
against stress-induced impairments in spatial learning and memory and LTP. 
Hippocampus, 15(2), 246–253. http://doi.org/10.1002/hipo.20048 

Radtke, K. M., Schauer, M., Gunter, H. M., Sill, J., Meyer, A., & Elbert, T. (2015). 
Epigenetic modifications of the glucocorticoid receptor gene are associated 
with the vulnerability to psychopathology in childhood maltreatment. 
Translational Psychiatry, 5(5), e571–7. http://doi.org/10.1038/tp.2015.63 

http://doi.org/10.1016/0896-6273(91)90273-3
http://doi.org/10.1038/tp.2015.63


 36 

Rakofsky, J.J. & Ressler, K.J., (2013). BDNF function as a potential mediator of 
bipolar disorder and post-traumatic stress disorder comorbidity. Mol 
Psychiatry, 17(1), 22–35. http://doi.org/10.1038/mp.2011.121.BDNF 

Ray, M. T., Weickert, C. S., Wyatt, E., & Webster, M. J. (2011). Decreased BDNF, 
trkB-TK+ and GAD67 mRNA expression in the hippocampus of individuals 
with schizophrenia and mood disorders. Journal of Psychiatry and 
Neuroscience, 36(3), 195–203. http://doi.org/10.1503/jpn.100048 

Razin, A. (1998). CpG methylation , chromatin structure and gene silencing — a 
three-way connection. The EMBO Journal, 17(17), 4905–4908. 

Riem, M. M. E., Bakermans-Kranenburg, M. J., Pieper, S., Tops, M., Boksem, M. A. 
S., Vermeiren, R. R. J. M., … Rombouts, S. A. R. B. (2011). Oxytocin 
Modulates Amygdala, Insula, and Inferior Frontal Gyrus Responses to Infant 
Crying: A Randomized Controlled Trial. Biological Psychiatry, 70(3), 291–
297. http://doi.org/10.1016/j.biopsych.2011.02.006 

Roth, T. L., Lubin, F. D., Funk, A. J., & Sweatt, J. D. (2009). Lasting Epigenetic 
Influence of Early-Life Adversity on the BDNF Gene. Biological Psychiatry, 
65(9), 760–769. http://doi.org/10.1016/j.biopsych.2008.11.028 

Roth, T. L., Matt, S., Chen, K., & Blaze, J. (2014). Bdnf DNA methylation 
modifications in the hippocampus and amygdala of male and female rats 
exposed to different caregiving environments outside the homecage. 
Developmental Psychobiology, 56(8), 1755–1763. 
http://doi.org/10.1002/dev.21218 

Sahu, G., Malavade, K., & Jacob, T. (2015). Cognitive Impairment in Schizophrenia: 
Interplay of BDNF and Childhood Trauma? A Review of Literature. 
Psychiatric Quarterly. Ahead of print. http://doi.org/10.1007/s11126-015-
9409-8 

Schienle, A., Schäfer, A., Hermann, A., & Vaitl, D. (2009). Binge-eating dsorder: 
reward sensitivity and brain activation to images of food. Biological 
Psychiatry, 65,654–661.  

Selvaraj, S., Arnone, D., Job, D., Stanfield, A., Farrow, T. F. D., Nugent, A. C., … 
McIntosh, A. M. (2012). Grey matter differences in bipolar disorder: a meta-
analysis of voxel-based morphometry studies. Bipolar Disorders, 14(2), 135–
145. http://doi.org/10.1111/j.1399-5618.2012.01000.x 

http://doi.org/10.1007/s11126-015-9409-8
http://doi.org/10.1007/s11126-015-9409-8


 37 

Schumacher, J., Jamra, R. A., Becker, T., Ohlraun, S., Klopp, N., Binder, E. B., … 
Cichon, S. (2005). Evidence for a relationship between genetic variants at the 
brain-derived neurotrophic factor (BDNF) locus and major depression. 
Biological Psychiatry, 58(4), 307–314. 
http://doi.org/10.1016/j.biopsych.2005.04.006 

Shepherd, A. M., Matheson, S. L., Laurens, K. R., Carr, V. J., & Green, M. J. (2012). 
Systematic meta-analysis of insula volume in schizo- phrenia. Biological 
Psychiatry, 72, 775–784. 

Shura, R. D., Psy, D., Hurley, R. A., Taber, K. H., & Ph, D. (2014). Insular Cortex : 
Structural and Functional Neuroanatomy. Journal of Neuropsychiatry and 
Clinical Neurosciences, 26(4), 277–282. Retrieved from 
http://www.scopus.com/inward/record.url?eid=2-s2.0-
84920939136&partnerID=tZOtx3y1 

Simmons, A. N., Stein, M. B., Strigo, I. a., Arce, E., Hitchcock, C., & Paulus, M. P. 
(2011). Anxiety positive subjects show altered processing in the anterior insula 
during anticipation of negative stimuli. Human Brain Mapping, 32(11), 1836–
1846. http://doi.org/10.1002/hbm.21154 

Simmons, W. K., Avery, J. a., Barcalow, J. C., Bodurka, J., Drevets, W. C., & 
Bellgowan, P. (2013). Keeping the body in mind: Insula functional 
organization and functional connectivity integrate interoceptive, exteroceptive, 
and emotional awareness. Human Brain Mapping, 34(11), 2944–2958. 
http://doi.org/10.1002/hbm.22113 

Smearman, E. L., Almli, L. M., Conneely, K. N., Brody, G. H., Sales, J. M., Bradley, 
B., Ressler, K. J. and Smith, A. K. (2016), Oxytocin Receptor Genetic and 
Epigenetic Variations: Association With Child Abuse and Adult Psychiatric 
Symptoms. Child Development, 87: 122–134. doi: 10.1111/cdev.12493 

St-Cyr, S., & McGowan, P. O. (2015). Programming of stress-related behavior and 
epigenetic neural gene regulation in mice offspring through maternal exposure 
to predator odor. Frontiers in Behavioral Neuroscience, 9, 145. 
http://doi.org/10.3389/fnbeh.2015.00145 

Sterzer, P., & Kleinschmidt, A. (2010). Anterior insula activations in perceptual 
paradigms: often observed but barely understood. Brain Structure and 
Function, 214, 611–622.  

http://doi.org/10.1016/j.biopsych.2005.04.006
http://doi.org/10.3389/fnbeh.2015.00145


 38 

Su, S., Xiao, Z., Lin, Z., Qiu, Y., Jin, Y., & Wang, Z. (2015). Plasma brain-derived 
neurotrophic factor levels in patients suffering from post-traumatic stress 
disorder. Psychiatry Research, 229(1-2), 365–369. 
http://doi.org/10.1016/j.psychres.2015.06.038 

Takahashi, T., Yücel,M., Lorenzetti, V., Tanino, R.,Whittle, S., Suzuki, M., et al. 
(2010). Volumetric MRI study of the insular cortex in individuals with current 
and past major depression. Journal of Affective Disorders, 121, 231–238. 

Teicher, M. H., Ohashi, K., Lowen, S. B., Polcari, A., & Fitzmaurice, G. M. (2015). 
Mood dysregulation and affective instability in emerging adults with childhood 
maltreatment: An ecological momentary assessment study. Journal of 
Psychiatric Research, 70, 1–8. http://doi.org/10.1016/j.jpsychires.2015.08.012 

Turker, M. S. (2002). Gene silencing in mammalian cells and the spread of DNA 
methylation. Oncogene, 21(35), 5388–5393. 
http://doi.org/10.1038/sj.onc.1205599 

van der Knaap, L. J., Riese, H., Hudziak, J. J., Verbiest, M. M. P. J., Verhulst, F. C., 
Oldehinkel, A. J., & van Oort, F. V. A. (2014). Glucocorticoid receptor gene 
(NR3C1) methylation following stressful events between birth and 
adolescence. The TRAILS study. Translational Psychiatry, 4(4), e381. 
http://doi.org/10.1038/tp.2014.22 

Vares, Edgar A., Salum, Giovanni A., Spanemberg, L., Caldieraro, M. A., Souza, L. 
H. de Borges, R. P., & Fleck, M. P. (2015). Childhood trauma and dimensions 
of depression: a specific association with the cognitive domain. Revista 
Brasileira de Psiquiatria, Advance online publication. 
https://dx.doi.org/10.1590/1516-4446-2015-1764 

Voelter-Mahlknecht, S. (2016). Epigenetic associations in relation to cardiovascular 
prevention and therapeutics. Clinical Epigenetics, 8, 4. 
http://doi.org/10.1186/s13148-016-0170-0 

Wang, C., Zhang, Y., Liu, B., Long, H., Yu, C., & Jiang, T. (2014). Dosage effects of 
BDNF Val66Met polymorphism on cortical surface area and functional 
connectivity. The Journal of Neuroscience : The Official Journal of the Society 
for Neuroscience, 34(7), 2645–51. http://doi.org/10.1523/JNEUROSCI.3501-
13.2014 

Weaver, I. C. G., Cervoni, N., Champagne, F. a, D’Alessio, A. C., Sharma, S., Seckl, 
J. R., … Meaney, M. J. (2004). Epigenetic programming by maternal behavior. 
Nature Neuroscience, 7(8), 847–54. http://doi.org/10.1038/nn1276 

http://doi.org/10.1016/j.psychres.2015.06.038
http://doi.org/10.1038/nn1276


 39 

Weder, N., Yang, B. Z., Douglas-Palumberi, H., Massey, J., Krystal, J. H., Gelernter, 
J., & Kaufman, J. (2009). MAOA Genotype, Maltreatment, and Aggressive 
Behavior: The Changing Impac of Genotype at Varying Levels of Trauma. 
Biological Psychiatry, 65(5), 10.1016/j.biopsych.2008.09.013. 
http://doi.org/10.1016/j.biopsych.2008.09.013 

Wiebking, C., de Greck, M., Duncan, N. W., Tempelmann, C., Bajbouj, M., & 
Northoff, G. (2015). Interoception in insula subregions as a possible state 
marker for depressionâ€”an exploratory fMRI study investigating healthy, 
depressed and remitted participants. Frontiers in Behavioral Neuroscience, 9, 
82. http://doi.org/10.3389/fnbeh.2015.00082 

Wöhr, M., & Schwarting, R. W. (2013). Affective communication in rodents: 
Ultrasonic vocalizations as a tool for research on emotion and motivation. Cell 
and Tissue Research, 354(1), 81-87. 

Xia, H., Mao, Q., Paulson, H. L., & Davidson, B. L. (2002). siRNA-mediated gene 
silencing in vitro and in vivo. Nature Biotechnology, 20(10), 1006–1010. 
http://doi.org/10.1038/nbt739 

 Zhang, J., Dai, W. J., & Yang, X.Z. Methylation Status of TRAF2 is associated with 
the diagnosis and prognosis of gastric cancer. Int J Clin Exp Pathol.. 2015. 
8(11). 14228-34.  

Zimmerberg, B., Kim, J. H., Davidson, A. N., & Rosenthal, A. J. (2003). Early 
deprivation alters the vocalization behavior of neonates directing maternal 
attention in a rat model of child neglect. Annals of the New York Academy of 
Sciences, 1008(1), 308-313. 

 

 


	ACKNOWLEDGMENTS
	TABLE OF CONTENTS
	Chapter 1
	1.1 Child Maltreatment
	1.2 Epigenetics
	1.3 Early Life Stress and DNA Methylation
	1.4 Brain derived neurotrophic factor and stress-induced genetic alterations
	1.5 Insula
	1.6 Rationale

	Chapter 2
	2.1 Subjects
	2.2 Caregiving Manipulations
	2.3 DNA Methylation and Gene Expression Assays on Adult Tissue
	2.4 Statistical Analyses

	Chapter 3
	3.1 Caregiving Manipulations
	Figure  1: Overall quality of caregiving behavior amongst the three treatment conditions. Infant rodents in the maltreatment group experienced significantly higher levels of aversive behaviors and significantly lower levels of nurturing behaviors when...

	3.2 Pup Vocalizations
	Figure  2: Pup vocalizations were recorded during each maternal care session. While the audible vocalizations (A) showed no significant differences between the three treatment groups the ultrasonic vocalizations (B) showed that the pups in the maltrea...

	3.3 DNA Methylation
	Figure  3: Methylation Specific PCR results for Bdnf IV methylation in the insula of PN90 rodents. Cross foster care males showed significantly less unmethylated Bdnf IV when compared to normal maternal care controls (p<.01). Error bars represent SEM....
	Figure  4: Bisulfite Specific PCR results for average methylation of Bdnf exon IV in the insula across 12 individual CpG sites.  Error bars represent SEM. N=11/12 per group.
	Table  1: Statistical analysis for individual CG site methylation.

	3.4 Gene Expression
	Figure  6: Bdnf mRNA levels in the adult insula. The dotted line in this figure represents the values for normal maternal care controls. Error bars represent SEM. N= 11-12 per group.

	3.5 Estrous Cycle in Females
	Figure  5: Comparison of gene expression (A) and methylation levels (B) of Bdnf exon IV in adult females (PN90) at various stages of the estrus cycle. To increase statistical power, the four stages were collapsed into two groups because of the similar...


	Chapter 4
	4.1 Bdnf gene methylation and expression in the insula
	4.2 Conclusion and Future Directions


