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ABSTRACT 

Early life stress, especially childhood maltreatment, increases the risk for 

cognitive dysfunction and mental problems later in life. Studies have sought to identify 

how these phenotypes come about by examining structural and functional changes in 

various brain regions. Recent work has also focused on identifying whether changes in 

DNA methylation, an epigenetic modification that helps regulate gene transcription 

important for the structural and functional capacity of the brain, is also responsible for 

phenotypic outcomes. Using a rat model, we investigated whether maltreatment leaves 

long-term epigenetic modifications on DNA associated with the brain-derived 

neurotrophic factor (bdnf) gene in the adult amygdala and hippocampus and whether 

administering an epigenome modifying drug (sodium butyrate, NaB) at the time of 

maltreatment prevents these epigenetic modifications. We focused on the bdnf gene as 

it is critical for structural and functional capacity of the brain and known to be sensitive 

to early life stress. During first post-natal week, infant male rats were either 

administered NaB or a vehicle solution and exposed to either maltreatment or nurturing 

maternal care. We then assessed DNA methylation after pups reached adulthood. We 

replicate observations we made in a previous report that exposure to maltreatment 

alters bdnf DNA methylation in the amygdala and hippocampus. We also find concurrent 

administration of NaB with maltreatment capable of changing patterns of methylation. 

These results provide further empirical support that DNA methylation modifications are 

biological consequences of experiences within the caregiving environment and highlight 

the ability to potentially intervene and change epigenetic trajectories.  
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Chapter 1 

INTRODUCTION 

Early life stress, especially childhood maltreatment, increases the risk for 

maladaptive behavioral outcomes, including cognitive dysfunction and psychiatric 

disorder (Lansford et al, 2002; McCrory et al, 2011). For example, studies have shown 

that exposure to trauma during early development increases the risk for post-traumatic 

stress disorder (PTSD) (Breslau et al, 1999) and often renders individuals with 

heightened stress responsivity (Silberman et al, 2016). Over the years, as one way to 

envision how these phenotypes arise studies have often examined underlying structural 

and functional changes in various brain regions. Early stress is often associated with 

increases in amygdala and decreases in hippocampal volumes (McCrory et al, 2011; 

McEwen 1999). There are also functional changes, such that in the amygdala by way of 

example, humans and non-human animals have heightened stress reactivity and neural 

responses to threat (Fareri and Tottenham, 2016; Tottenham and Sheridan, 2010).  

The early caregiving environment may produce structural and functional changes 

in the amygdala and hippocampus through changes in DNA methylation, an epigenetic 

process through which methyl groups are added to cytosines (McGowan and Roth 

2015). For the bdnf gene, increased DNA methylation is typically associated with 

decreased bdnf gene expression (Blaze and Roth, 2013; Roth et al, 2009). 

Epidemiological studies have begun to show DNA methylation changes in the human 
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genome reflective of early life experiences. For example, a study looking at epigenetic 

regulation of the glucocorticoid receptor gene (NR3C1) in postmortem human 

hippocampal tissue shows a link between childhood abuse, decreased levels of 

glucocorticoid receptor mRNA, and increased methylation of DNA associated with a 

promoter region of the gene (McGowan et al, 2009). Further, another study shows a 

relationship between childhood maltreatment and higher bdnf methylation present in 

blood (Perroud et al, 2013).   

As there are often confounds in human studies making it difficult to confidently 

associate maltreatment with an epigenetic and behavioral outcome, here we utilized a 

rodent model to better be able to link the experience of maltreatment with an 

epigenetic change in the brain. The model used is a variation used in the Baram (Ivy et 

al, 2008) and Sullivan (Roth & Sullivan, 2005) laboratories which exploits the idea that, 

deprivation of resource can produce aberrant caregiving behaviors which in turn can 

affect neural mechanisms and behavior of offspring (Roth et al, 2014). Previous findings 

using this model have shown DNA methylation modifications in the amygdala and 

hippocampus in the candidate gene bdnf (Roth et al, 2014). The bdnf gene is a gene that 

codes for a protein involved in neural plasticity and neurogenesis and is involved in life-

long cognitive and emotional processes (Nina, 2014; Wei et al, 2014) and experiences 

epigenetic changes due to early life stress (Kordi-Tamandani et al 2012; Roth et al 2009; 

Roth et al 2014). Furthermore, there has been associations between aberrant 

methylation of the bdnf gene and various psychiatric disorders associated with early life 
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adversity (Kang et al, 2013; Keller et al, 2010; Kordi-Tamandani et al 2012; Perroud et al, 

2013).  

Here we look to replicate methylation observations in our previous study (Roth 

et al 2014) and to extend these by looking at whether NaB can prevent methylation 

associated with maltreatment. NaB is a histone deacetylase inhibitor that can decrease 

DNA methylation (Sarker et al, 2011; Wei et al, 2014). NaB is known to down-regulate 

DNA methyltransferase 1 (DMNT1), an enzyme that catalyzes DNA methylation (Sarker 

et al, 2011). In a study done by Wei et al (2014) in adult rats, NaB produced both 

functional methylation changes in the bdnf gene and behavior (antidepressant-like 

behaviors). Developmental work is just beginning to show that histone deacetylase 

inhibitors may be useful in preventing epigenetic alterations if administered to animals 

prior to adverse experiences (Burenkova, Aleksandrova, & Zarayskaya, 2019; Kao et al., 

2012; A. Sarkar et al., 2014). This gives investigators a unique way to determine whether 

preventing an epigenetic change prevents an aberrant behavioral outcome. Here we 

therefore seek to investigate whether NaB delivered at the time of maltreatment 

prevents methylation we normally see in maltreated-animals when adult.  
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Chapter 2 

METHODS 

 
Caregiving Manipulations 

Long-Evan rat mothers and pups (24 litter in total, 9-12 pups per litter) were used for 

this experiment. Rats and pups were housed in polypropylene cages with ample bedding 

and ad libitum access to food and water in a light- and temperature-controlled room 

(12-hour light/dark cycle with lights on at 6:00 am). All experimental procedures were 

done during the light cycle. Dams were bred in the lab and allowed to have one litter 

before they were used in experimental paradigm, alleviating potential confounds 

associated with being a first-time mother. On postnatal day (PN) 1, infant Long-Evan 

male pups were either assigned to spend time with a stressed dam with limited nesting 

material in a novel environment (maltreatment condition, MAL) or to remain in their 

home cage to receive nurturing care (normal care condition, NMC). Pups in the 

maltreatment condition were exposed to their caregiving condition for 30 minutes daily 

from PN1-7 (e.g. Roth et al, 2009; Roth et al, 2014). Both conditions were video-taped, 

and a subset of recordings (randomly chosen) were later assessed to observe caregiving 

behavior. Both conditions were also audio recorded for 40 kHz ultrasonic vocalizations 

(distress measures) and a subset of recordings were listened to at a later time.   

Pups were then left undisturbed (aside from weekly cage changes) in the home cage 

until weaning (PN21-23), at which time they were pair-housed with a subject from the 

same group and allowed to mature to PN90. Rats were anesthetized and brains were 
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harvested and stored at -80°C until processing. All procedures were approved by the 

University of Delaware Animal Care and Use Committee prior to beginning the 

experiment.  

 

Drug Preparation and Administration  

Prior to caregiving manipulations, NaB (400 mg/kg) was dissolved in a 5% 

sucrose solution and delivered orally to pups with a pipette (vehicle animals were given 

only the 5% sucrose solution in ultra-pure water), based on their current weight.  

 

Methylation Assays on Adult Brain Tissue 

Brains were sliced with a cryostat at 100 microns and then dissected on dry ice 

using stereotaxic coordinates (George and Watson, 2007) to retrieve the dorsal 

hippocampus, ventral hippocampus, and amygdala (central and basolateral nuclei were 

extracted together to yield sufficient DNA for downstream analyses). DNA was then 

extracted from these brain regions (Qiagen AllPrep DNA kit), bisulfite converted (Qiagen 

EpiTect Bisulfite), and underwent direct bisulfite sequencing (BSP) as previously 

described to measure DNA methylation levels (Parrish et al 2012; Roth et al 2014). 

Bisulfite sequencing allows for the estimation of methylation at individual cytosine sites 

(Parrish et al 2012). Bisulfite-treated samples were amplified by primer sets targeting 

bdnf exons I, IV, and IX as used in our previous study (Roth et al 2014). BSP samples 

were sent to University of Delaware DNA Sequencing and Genotyping Center and 

sequenced using reverse primers. Average methylation levels across a targeted bdnf 
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region were determined using Chromas software as previously described (Parrish et al 

2012; Roth et al 2009, 2014).   

 

Statistical Analysis 

Overall type of caregiving behavior (aversive or nurturing) for the two infant 

conditions (MAL and NMC) was analyzed using a two-way ANOVA with Tukey-Kramer 

post-hoc tests. Individual types of caregiving behaviors (i.e. step on, drop, nurse) and 

pup ultrasonic vocalizations were analyzed using unpaired t-tests. BSP data for each 

exon (averaged across individual cytosine-guanine [CG] dinucleotide sites, as there were 

no site-specific changes responsible for methylation changes previously reported, Roth 

et al 2014) and brain region were analyzed using two-way ANOVAs and Tukey-Kramer 

post-hoc tests when appropriate.  For all analyses, differences were said to be 

statistically different when p £  0.05. For comparison purposes to previous research, 

non-significant trends at p < 0.1 are also reported. 

 

 

 

 

 

 

 

 



 7 

Chapter 3 

RESULTS 

 

Caregiving Behaviors and Infant Responses  

Consistent with our previous reports (e.g. Roth et al, 2009; 2014), overall 

caregiving behaviors (Fig. 1A) show that there is a main effect of type of behavior 

displayed [F(1, 16) = 49.31, p<0.001] and an interaction of type of behavior and infant 

condition, [F(1, 16) = 73.3, p< 0.001] such that the maltreatment condition is less 

nurturing and more aversive than the normal maternal condition (multiple comparisons 

tests, all p’s < 0.001). Within the maltreatment condition (Table 1), dams exhibited 

higher proportions of specific aversive caregiving behaviors (pup dropping, actively 

avoiding, and rough handling) and less nurturing caregiving behaviors (pup 

licking/grooming and crouching over/nursing). Pups also responded differently to the 

caregiving conditions (Fig. 1B), as pups emitted significantly more ultrasonic 

vocalizations in the maltreatment condition (t8 = 4.65, df=8, p < 0.01).   
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Table 1  Average percent occurrence of individual caregiving behaviors directed toward 
infants across the 7 days. 

*p < 0.05, **p < 0.01, ***p < 0.001 normal versus maltreatment 

Figure 1   Overall maternal caregiving behaviors (A) and ultrasonic pup vocalizations 
(B) averaged across the 7-day paradigm. ***p’s < 0.001 for MAL aversive versus NMC 
aversive and MAL nurturing versus NMC nurturing; ***p < 0.001 for NMC aversive 
versus NMC nurturing in panel A. **p < 0.01 MAL versus NMC in panel B. n = 5 
litters/group; error bars = SEM; NMC = normal maternal care, MAL = maltreatment.  
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Methylation Patterns in Amygdala 

DNA methylation patterns were measured to assess the effects of the two 

caregiving environments and/or NaB.  A two-way ANOVA showed there was a main 

effect of infant condition (Fig. 2A) such that maltreatment produced significantly less 

methylation [F(1, 45) = 4.72, p=0.04] of bdnf exon I. There was no main effect of drug 

[F(1, 45) = 1.48, p=0.23] nor an infant condition x drug interaction [F(1, 45) = 0.13, 

p=0.72] on methylation of  bdnf exon I.  

A two-way ANOVA showed no infant condition x drug interaction [F(1, 33) = 

0.001, p=0.97], nor main effect of infant condition [F(1, 33) = 0.29, p=0.59] or drug [F(1, 

33) = 1.72, p=0.2] on methylation of bdnf exon IV within the amygdala (Fig. 2B). Even 

though there was a not significant effect of infant condition on amygdala bdnf IX DNA 

methylation (Fig. 2C), there was a non-significant trend of increased methylation with 

exposure to maltreatment [F(1, 39) = 3.76, p = 0.06]. There was no main effect of drug 

[F(1, 39) = 0.38, p=0.54] nor an infant condition x drug interaction [F(1, 39) = 1.93, 

p=0.17] on bdnf IX methylation. 
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Figure 2   Average percent methylation of bdnf I (A), IV (B), and IX (C) DNA in the 
adult amygdala. Data presented are an estimation of average methylation levels 
across the 10 (bdnf I), 12 (bdnf IV), and 11 (bdnf IX) CG sites amplified. *p < 0.05 for 
NMC versus MAL in panel A. n = 10-14/group; error bars = SEM; NMC = normal 
maternal care, MAL = maltreatment; NaB = sodium butyrate.  
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Methylation Patterns in Dorsal Hippocampus 

In the dorsal hippocampus, using a two-way ANOVA, a non-significant trend [F(1, 

43) = 3.73, p = 0.06] suggests a decrease in methylation in bdnf I with exposure to 

maltreatment (Fig. 3A). There was no main effect of drug [F(1, 43) = 0.13, p=0.72] nor an 

infant condition x drug interaction [F(1, 43) = 0.12, p=0.73] on methylation of exon I. 

Likewise, a two-way ANOVA on dorsal hippocampus bdnf IV methylation showed a non-

significant trend of maltreatment on methylation [F(1, 38) = 2.69, p = 0.1] (Fig. 3B). 

There was no main effect of drug [F(1, 38) = 0.07, p=0.8] nor an interaction between 

infant condition and drug [F(1, 38) = 0.14, p=0.71].  

A two-way ANOVA showed a significant main effect of infant condition, with 

maltreatment increasing methylation of bdnf IX [F(1, 45) = 21.46, p <0.001]. Further, it 

also showed a significant main effect of drug [F(1, 45) = 5.46, p=0.02] as well as an 

infant-condition x drug interaction [F(1, 45) = 39.76, p < 0.001] on IX methylation (Fig. 

3C). Tukey post-hoc tests revealed significantly less methylation in maltreated-subjects 

that received NaB than vehicle counterparts (p=0.02), though their methylation was still 

higher than vehicle-treated controls (p<0.001). There was more methylation in controls 

that received NaB than their vehicle counterparts (p < 0.001), reaching similar levels as 

present in the maltreated-vehicle subjects (p=0.41 versus MAL vehicle and p=0.65 

versus MAL NaB).  
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Figure 3   Average percent methylation of bdnf I (A), IV (B), and IX (C) DNA methylation in the 
dorsal hippocampus. Data presented are estimates of average methylation levels across the 10 
(bdnf I), 12 (bdnf IV), and 11 (bdnf IX) CG sites. ***p < 0.001 for NMC versus MAL, ###p < 0.001 for 
NMC vehicle versus NMC NaB, and #p < 0.05 for MAL vehicle versus MAL NaB in panel C. n = 10-
14/group; error bars = SEM; NMC = normal maternal care, MAL = maltreatment; NaB = sodium 
butyrate.  
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Methylation Patterns in Ventral Hippocampus 

Using a two-way ANOVA, there was a significant main effect of infant condition 

on ventral hippocampal bdnf I, with maltreatment increasing methylation [F(1, 43) = 

5.78, p=0.02] (Fig.4A). There was also a significant main effect of NaB [F(1, 43) = 6.36, 

p=0.02] such that there was less methylation levels in subjects from both conditions that 

received NaB. There was no infant condition x drug interaction [F(1, 43) = 2.08, p=0.16]  

A two-way ANOVA for bdnf IV methylation within the ventral hippocampus (Fig. 

4B) showed a main effect of infant condition [F(1, 35) = 5.52, p=0.02], no main effect of 

drug [F(1, 35) = 1.54, p=0.22], but  an infant x drug interaction [F(1, 35) = 6.65, p=0.01]. 

Tukey post-hocs showed NaB lowered methylation in maltreated subjects (p=0.02 

versus vehicle counterparts). A two-way ANOVA for bdnf IX methylation within the 

ventral hippocampus (Fig. 4C) showed an infant x drug n interaction [F(1, 43) = 17.55, p 

<0.001], with no main effects of infant condition [F(1, 43) = 0.70, p=0.41] or drug [F(1, 

43) = 0.58, p=0.45]. Maltreated-vehicle subjects had significantly higher methylation 

than vehicle-treated controls (p=0.003) and maltreated subjects given NaB (p=0.004). 
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Figure 4   Average percent methylation of bdnf I (A), IV (B), IX (C) DNA in the adult ventral 
hippocampus. Data presented are average methylation across the 10 (bdnf 1), 12 (bdnf IV), and 11 
(bdnf IX) CG sites. *p < 0.05 for NMC versus MAL and ##p < 0.01 for NaB versus vehicle in panel A.  
**p < 0.01 for NMC versus MAL and #p < 0.05 for MAL vehicle versus MAL NaB in panel B. **p < 0.01 
in NMC vehicle versus MAL vehicle and #p < 0.01 MAL vehicle versus MAL NaB. n = 10-14/group; 
error bars = SEM; NMC = normal maternal care, MAL = maltreatment; NaB = sodium butyrate. 
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Chapter 4 
 

DISCUSSION 

In this thesis, we used a rat model in which rats were exposed at infancy to 

maltreatment from a caregiver after being administered either NaB or a vehicle 

solution. This was done to explore the hypothesis that epigenetic modulations such as 

DNA methylation are affected by maltreatment. Additionally, we wanted to explore the 

hypothesis that administering NaB prevents the maltreatment effect on DNA 

methylation.  

Observations of caregiving behaviors during sessions showed that infants in the 

maltreatment condition experienced higher aversive behaviors, including being 

dropped, actively avoided, and roughly handled. Infants in the normal care condition 

were subjected to higher amounts of nurturing behaviors, which included more 

crouching/nursing, and pup licking/grooming. Ultrasonic vocalizations suggest that pups 

in the maltreatment condition experienced more adversity, as they had more 

vocalization emissions. Overall, these findings are in line with those initially reported 

with this model (e.g. Roth et al, 2009; Roth et al 2014). In our lab, we usually include a 

third set of caregiver manipulations (cross-foster care); we decided not to include that 

set of caregiver manipulation in our study to decrease the amount of animals needed 

for this project because previous studies rarely show a significant difference between 

normal maternal care and cross-foster care (Roth eat al 2014). 

Our biological findings significant to maltreatment revealed that there is lower 

methylation (bdnf exon I) in the amygdala and higher methylation (bdnf I and exon IV) in 
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the ventral hippocampus of adult male rats. In one of our recent studies, we likewise 

found lower methylation at exon I in the amygdala and higher methylation at exon IV in 

the ventral hippocampus and (Roth et al, 2014). Findings with non-significant trends 

suggested lower methylation in bdnf exons I and IV in the dorsal hippocampus; 

significantly lower methylation for these loci were found in our earlier study (Roth et al, 

2014).  In our previous report there was a significant decrease in methylation in bdnf 

exon IV within the amygdala associated with maltreatment, but here we did not see this 

effect.  Further, there was significantly higher methylation at bdnf exon I in the ventral 

hippocampus in the cohort in the current study, an effect not observed in our previous 

report (Roth et al, 2014).  

In our previous report, we did not examine methylation at bdnf exon IX. Here, 

our findings showed a non-significant trend such that maltreated-subjects had higher 

methylation in their amygdala than their normal maternal care counterparts. In the 

dorsal and ventral hippocampus, there was higher methylation in bdnf exon IX with 

exposure to maltreatment. Altogether, these findings are in agreement with other 

reports where environmental experiences can produce complex DNA methylation 

patterns that vary across the bdnf gene and brain regions (Kundakovic et al., 2013; Roth 

et al 2014). 

Administering NaB lowered methylation patterns in bdnf exons I and IV in the 

ventral hippocampus to the extent that methylation patterns were decreased to control 

levels. With administration of NaB, methylation of bdnf exon IX in both the dorsal and 

ventral hippocampus were decreased in maltreated subjects, though methylation in the 
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dorsal hippocampus did not reach control levels. Interestingly, we also found that NaB 

increased methylation levels in the normal care condition in bdnf IX in the dorsal 

hippocampus. These results provide further empirical support for the ability of NaB to 

affect methylation patterns of the bdnf gene (Wei et al, 2014). These findings also show 

that NaB can produce effects that vary across gene loci and brain regions (Stertz et al, 

2013) which can also differ based upon infant experience.  

There were several limitations in our current study. These include a low sample 

size that likely limited statistical power for some effects.  In our previous study (Roth et 

al 2014) subjects did not receive any type of stimulation whereas here subjects 

experienced daily handling for drug delivery and then drug delivery itself. Such variables 

may have influenced methylation, thus producing some differences in methylation 

observations between the two studies. Here we did not assess mRNA levels which can 

be very useful in interpreting the functional consequences of DNA methylation. Studies 

however continue to associate DNA methylation with gene expression, showing 

correlations at base line levels of gene expression (i.e. in the absence of any stimulus) as 

well as in when there are transcriptional responses following presentation of stimuli 

(Baker-Anderson et al, 2013; Charour et al, 2008). Whole-genome and candidate gene 

approaches both help reveal causal relationships between the quality of caregiving and 

DNA methylation (Jensen & Champagne, 2012; Roth, 2012; Szyf & Bick, 2013); but 

whole-genome approaches provide more detail in relationships regarding gene 

networks, which may help us better link maltreatment-induced changes in DNA 

methylation to behavior.    
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In conclusion, the data collected as part of this thesis highlight the effect of early 

adverse experiences on amygdala and hippocampal DNA methylation. In addition, the 

NaB data hint at the possibility of epigenetic interventions to prevent maltreatment-

induced epigenetic alterations, which will be a useful strategy in future research to 

determine if preventing the epigenetic changes likewise prevents the appearance of 

maladaptive outcomes typically seen with maltreatment in this model. Altogether, this 

work can help better establish a causal relationship between maltreatment, DNA 

methylation, and behavioral outcome.  
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