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There is growing evidence of abnormal epigenetic processes playing a role in the neurobiology of psychiatric disorders, although the
precise nature of these anomalies remains largely unknown. To study neurobiological (including epigenetic) factors that influence
emotionality, we use rats bred for distinct behavioral responses to novelty. Rats bred for low novelty response (low responder [LR])
exhibit high levels of anxiety- and depressive-like behavior compared with high novelty responder (HR) rats. Prior work revealed distinct
limbic brain development in HR versus LR rats, including altered expression of genes involved in DNA methylation. This led us to
hypothesize that DNA methylation differences in the developing brain drive the disparate HR/LR neurobehavioral phenotypes. Here we
report altered DNA methylation markers (altered DNA methyltransferase protein levels and increased global DNA methylation levels) in
the early postnatal amygdala of LR versus HR male rats. Next-generation sequencing methylome profiling identified numerous differentially methylated regions across the genome in the early postnatal HR/LR amygdala. We also contrasted methylation profiles of male
HRs and LRs with a control rat strain that displays an intermediate behavioral phenotype relative to the HR/LR extremes; this revealed
that the LR amygdalar methylome was abnormal, with the HR profile more closely resembling that of the control group. Finally, through
two methylation manipulations in early life, we found that decreasing DNA methylation in the developing male and female amygdala
improves adult anxiety- and depression-like behavior. These findings suggest that inborn DNA methylation differences play important
roles in shaping brain development and lifelong emotional behavior.
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Significance Statement
Epigenetic changes are biological mechanisms that regulate the expression and function of genes throughout the brain and body.
DNA methylation, one type of epigenetic mechanism, is known to be altered in brains of psychiatric patients, which suggests a role
for DNA methylation in the pathogenesis of psychiatric disorders, such as depression and anxiety. The present study examines
brains of rats that display high versus low levels of anxiety- and depression-like behavior to investigate how neural DNA methylation levels differ in these animals and how such differences shape their emotional behavioral differences. Studying how epigenetic processes affect emotional behavior may improve our understanding of the neurobiology of psychiatric disorders and lead
to improved treatments.

Introduction
Vulnerability to mental illness and ability to cope with stress are
shaped by individual differences in temperament (Kagan et al.,
1987; Rosenbaum et al., 2000; Biederman et al., 2001). Under-
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such as anxiety and depression, as well as for improving treatment strategies. To study neurodevelopmental factors that contribute to individual differences in emotionality, we use model
rats that were selectively bred for distinct behavioral response to
novelty. Rats bred for low response to novelty (low responders
[LRs]) are highly inhibited in novel situations and display high
levels of anxiety-like behavior, diminished sociability, low sexual
motivation, and passive coping in response to stress compared
with high novelty responder (HR) rats (Stead et al., 2006b;
Stedenfeld et al., 2011; Cummings et al., 2013; Cohen et al., 2015).
A valuable aspect of these lines is their phenotypic predictability
(the ability to foretell whether a rat will grow up to display high or
low novelty response from birth throughout life), which permits
developmental neurobiological studies that were not previously
possible. Our prior work with the bred HR and LR lines shows
that the HR/LR behavioral traits emerge during the first weeks of
life (Clinton et al., 2008, 2011), and that the traits are associated
with distinct patterns of hippocampal development (Clinton et
al., 2011; Turner et al., 2011). A more recent transcriptome study
revealed marked gene expression differences in the HR/LR
amygdala as well as in the hippocampus, including alterations of
genes involved in epigenetic processes, such as DNA methylation
(Simmons et al., 2012; McCoy et al., 2016b).
Growing evidence suggests that abnormalities in epigenetic
processes (including DNA methylation) occur in the brains of
individuals suffering major psychiatric disorders (Tsankova et
al., 2007; Mill et al., 2008; Dempster et al., 2011; Sun et al., 2013).
Many studies have shown how early-life experiences (e.g., exposure to stress or variation in maternal care) shape brain development and emotional behavior through epigenetic mechanisms
(McGowan et al., 2009; Murgatroyd et al., 2009; Roth et al., 2009;
LaSalle, 2011; Naumova et al., 2012; Bedrosian et al., 2018). However, far less is known of inborn interindividual epigenetic differences that likely also play important roles in driving psychiatric
disease susceptibility and pathology (Rakyan and Beck, 2006;
Bock et al., 2008; Richards, 2008; Zhang et al., 2010). Furthermore, another important knowledge gap in the field relates to the
developmental timeline when such epigenetic changes unfold because most studies in psychiatric patients and model animals
relevant to psychopathology focus on changes in the adult brain.
Prior transcriptome studies in our laboratory uncovered vast
gene expression differences in the developing hippocampus and
amygdala of HR versus LR rats (Clinton et al., 2011; McCoy et al.,
2016b). These gene changes included molecules involved in epigenetic processes, particularly DNA methylation, thereby pointing to a regulatory mechanism that could underlie widespread
HR/LR differences in gene expression and ultimately behavior.
Based on these findings, we hypothesized that (1) HR/LR differences in neural DNA methylation patterns constitute a key
phenotype-driving molecular mechanism; and (2) manipulating
methylation in the developing brain (to recapitulate an HR-like
methylation pattern) can modulate adult emotional behavior. To
test this, the present study examined DNA methyltransferase
(DNMT) protein levels and global DNA methylation (5methylcytosine) levels in the early postnatal HR/LR brain. Nextgeneration sequencing was then used to interrogate gene-specific
HR/LR methylation differences. Based on findings of increased
DNA methylation levels in the developing amygdala of LR versus
HR pups, we tested whether decreasing DNA methylation in the
early postnatal amygdala (via a dietary manipulation or siRNAmediated approach) could lead to improved anxiety- and/or
depression-like behavior in adulthood. Our results suggest that
inborn DNA methylation differences in the developing brain in-
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fluence lifelong emotional behavior, which may shed light on
neural mechanisms relevant to the neurobiology of emotional
disorders and new potential treatments.

Materials and Methods
Animals
Rats were obtained from our in-house colony where the HR/LR bred
lines were rederived using a breeding strategy described in our original
publication with the bred HR/LR rats (Stead et al., 2006b). The present
experiments used HR/LR male and female rats from the fourth, fifth,
sixth, and eighth generations of our colony. Because HR/LR rats represent extreme behavioral phenotypes, one of the current experiments includes a control group with intermediate novelty responder (IR) rats.
These IR rats were created by cross-breeding the HR/LR lines and have
been shown to display intermediate novelty-induced activity and
anxiety-like behavior relative to HR/LR counterparts (Flagel et al., 2014).
For all experiments, housing and testing facilities were maintained at
21°C–23°C and 50%–55% humidity; rats were pair-housed in a 12:12
light-dark cycle (lights on/off at 6:00 A.M./6:00 P.M.). Studies were approved by the local Institutional Animal Care and Use Committee, and
the work was performed in accordance with the National Institutes of
Health (2011) and National Research Council (2011) guidelines on animal research.

DNMT expression and global DNA methylation (5-methylcytosine)
levels in early postnatal HR versus LR amygdala and hippocampus
At birth, HR and LR litters were culled to 6 male and 6 female pups to
control for litter size and gender composition. Offspring were killed by
rapid decapitation to harvest brains at three early postnatal time points:
postnatal day (P) 7, P14, and P21 (n ⫽ 16 pups/phenotype/time point).
To avoid “litter effects,” experimental groups were comprised of animals
from independent litters. Only male offspring were studied in the experiments described here.
Brains were removed, flash frozen in isopentane, cooled to ⫺30°C on
dry ice, and then stored at ⫺80°C until further use. Brains were sectioned
on a cryostat at ⫺10°C to ⫺12°C, with alternating sections of 20 and 300
m collected. The 20 m sections were stained with cresyl violet to
identify target anatomical regions in the 300 m sections. Portions of the
hippocampus and amygdala were removed from the 300-m-thick sections using a surgical scalpel (#11) and then homogenized. One set of
samples was used to isolate protein (EpiQuik Nuclear Extraction kit,
Epigentek, catalog #OP-0002–1; n ⫽ 8/group). Extracted protein concentration was quantified using a BCA protein assay (Thermo Fisher
Scientific), and samples were used in EpiQuik DNMT1, DNMT3a, and
DNMT3b protein assays (Epigentek, catalog #P-3011, P-3012, and
P-3013, respectively) according to the manufacturer’s instructions. Separate samples were used to isolate DNA (DNeasy, QIAGEN; n ⫽
8/group). DNA was quantified using a Nanodrop ND-1000, stored at
⫺20°C, and later used to assess levels of 5-methylcytosine (DNA methylation) and 5-hydroxymethylcytosine (DNA hydroxymethylation). The
MethylFlash Methylated DNA Quantification Kit (Colorimetric; Epigentek) measured global methylation, and the Hydroxymethylated DNA
Quantification kit (Colorimetric; Epigentek) assessed global hydroxymethylation per the manufacturer’s instructions and as we previously described (Simmons et al., 2013).

DNA methylation profiling in HR versus LR early postnatal
amygdala using next-generation sequencing
To obtain a more detailed understanding of DNA methylation differences in the early postnatal (P7) HR versus LR amygdala, we performed
an experiment using methylated DNA capture coupled with nextgeneration sequencing (MethylCap-Seq). Moreover, as an additional
control, these experiments also included samples from IR rats, which
display an intermediate behavioral phenotype relative to the selected
HR/LR lines (Flagel et al., 2014).
Methylated DNA was captured using a MethylMiner DNA enrichment kit (Applied Biosystems, ME10025) according to the manufacturer’s recommended protocol. DNA samples from P7 male HR, LR, and IR
amygdala (n ⫽ 4/group) were sheared by sonication using a Bioruptor
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Pico (Diagenode, B01060001). The sonication cycle consisted of 15 s
on/45 s off for 7 total cycles to generate fragments of (on average) 450 bp
for the methylated DNA enrichment protocol as previously described
(Brinkman et al., 2010). Methylated DNA fragments were captured with
a methyl-binding domain 2 (MBD2) protein coupled to paramagnetic
Dynabeads M-280 Streptavidin. Starting material for the enrichment
protocol was 1 g of sonicated DNA, and captured fragments were eluted
using 2500 mM NaCl per the manufacturer’s instructions and as described previously (Brinkman et al., 2010). Captured material was purified using QIAquick PCR purification spin columns (QIAGEN) and
quantified using Quant-it high sensitivity DNA Assay Kit (Invitrogen,
Q-33120) and a 2100 Bioanalyzer high sensitivity chip kit (Agilent Technologies). Samples were sent to HudsonAlpha Genomic Services Laboratory (Huntsville, AL; http://gsl.hudsonalpha.org) for next-generation
sequencing. Barcoded DNA fragment libraries were created, checked for
quality, and quantified with the Kapa Library Quant Kit (Kapa Biosystems). Afterward, each library was used for high-throughput sequencing
on a HiSeq 2000 (Illumina) with a minimum of 25 million reads total 50
bp single-end reads per sample. We sequenced four biological replicates
per group as well as an input (noncaptured) control for normalization.
To ensure that MBD2 protein capture resulted in specific enrichment
of methylated DNA in our laboratory, we performed control reactions.
In these reactions, gDNA was spiked with synthetic methylated and nonmethylated DNA fragments (1 pg each, Methyl Miner kit, Invitrogen)
before immunoprecipitation with recombinant MBD2. We performed
PCR with primers for these synthetic fragments within the methylated
and nonmethylated DNA capture, using both the captured (MBD2bound) and unbound fractions. Our results demonstrated the presence
of methylated DNA fragments in the captured sample and the absence of
methylated DNA in the unbound fraction.
We imported sequencing data files into Galaxy (http://g2.bx.psu.edu),
an online data analysis system that facilitates large-scale genome analyses
(Giardine et al., 2005; Blankenberg et al., 2010; Goecks et al., 2010). Raw
single-end sequenced reads were quality controlled and filtered for read
quality (FastQC toolkit, Galaxy). Sample reads were mapped onto the rat
genome reference sequence (Rn5 assembly) using the high-performance
alignment software Bowtie (http://bowtie-bio.sourceforge.net/index.
shtml). We have archived this dataset in NCBI SRA. Overall, we obtained
an average of 37.4 million mapped single-end reads from Methyl-Cap
samples. Data analysis was conducted using MEDIPS, a coverage analysis
R program designed for enrichment studies (Lienhard et al., 2014). MEDIPS compares input and enriched samples to find the signal density
(reads per kilobase per million) and then contrasts these measures
among experimental groups. We have archived this dataset in NCBI SRA
(ID: PRJNA483463).
Our first analysis focused on comparing differentially methylated regions (DMRs) between HR and LR samples, using a nominal level of 0.05
with Bonferroni multiple test corrections. These liberal statistical parameters were set to survey global patterns of methylation differences.
Methylation patterns were examined within several genomic features,
including the cis-regulatory regions of genes, which enabled us to evaluate distinct HR/LR methylation within 10 kilobases (kb) upstream and
downstream of a gene and across the gene body. Genes that showed
differential methylation within the gene body or 10 kb upstream of the
transcription start site were also examined with Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis using Enrichr (Kuleshov et al.,
2016).

Comparing DNA methylation patterns in the HR, LR,
and IR amygdala
Our next phase of analysis sought to compare methylation patterns in
HR, LR, and IR amygdala to determine whether methylation differences
in HR versus LR samples predominantly reflect an aberration of one
group or the other compared with “normal” IRs (i.e., whether LRs exhibit abnormally high methylation levels or whether HRs exhibit abnormally low levels relative to an IR control). We examined methylation
peak values (corrected against input in reads per kilobase per million) for
HR, LR, and IR rats, focusing on the 1881 peaks that were identified as
differentially methylated between HRs and LRs in the first analysis phase.
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Using the averaged HR, LR, and IR methylation profiles, we first examined correlations between (1) HR and IR profiles and (2) LR and IR
profiles. These results were used to create scatterplots of each methylation site and calculate the overall correlation between IR and either HR
or LR. We then focused on DMRs that previously differed between
HR/LR rats and asked whether this new analysis found differences between HR and IR and/or between LR and IR. This approach allowed us to
ask whether IR methylation patterns are more similar to HR or LR methylation patterns, or whether IRs display a unique intermediate pattern of
DNA methylation relative to HRs and LRs. The null hypothesis was that
the outcomes would show equal frequency of HR-like and LR-like methylated sites. To address this hypothesis, we again used a threshold of p ⬍
0.05 when comparing DMRs between HRs and LRs; this yielded a total of
934 HR/LR DMRs within or surrounding genes to then be examined in
the HR/IR/LR analysis. We used McNemar’s  2 test using a 2 ⫻ 2 contingency table of dichotomous data for matched pairs of subjects to
determine whether row and column marginal frequencies are equal
(whether there is “marginal homogeneity”).

Examining behavioral effects of perinatal dietary methyl donor
depletion in HR/LR offspring
Given the observed DNA methylation differences in the early postnatal
HR versus LR brain, a pivotal next question was as follows: what role do
these methylation differences play in shaping the disparate HR/LR behavioral phenotypes? We hypothesized that LRs’ elevated DNA methylation levels in the early postnatal amygdala (relative to HRs) contribute
to differences in limbic brain development and ultimately their disparate
anxiety-/depression-like behaviors. We first tested this hypothesis by
manipulating methyl donor availability in perinatal HR/LR rats via manipulation of dietary methyl donor content of pregnant/lactating rat HR
or LR mothers. The experiment was conducted in two phases: the first
phase in LR dams and the second phase in HR dams. Adult male/female
LR or HR pairs were mated to produce offspring for each study. Beginning at gestational day 17 (G17), females were randomly assigned to
receive (1) a control diet of standard rat chow (CON; n ⫽ 11 LR dams,
n ⫽ 6 HR dams); or (2) chow that was 90% depleted of methyl donors
(DEP; n ⫽ 8 LR dams, n ⫽ 5 HR dams). The CON dams received commercially made semisynthetic L-amino acid-complete rodent diet no.
A10021 (Research Diets). The DEP group received an L-amino aciddefined rodent diet lacking 90% of the normal requirements of choline,
folate, and methionine (diet no. A04062402, Research Diets). At birth,
litters were culled to 6 male/6 female pups. Dams continued to receive
assigned diets through P21 when pups were weaned. We chose to initiate
the maternal diet in late gestation (G17), in part to avoid gross birth
defects that might occur due to methyl donor depletion from conception
onward. In addition, we felt another advantage of the G17 time point was
that it coincides with a time when limbic system predominates, whereas
other major neural systems (e.g., motor and sensory systems) are largely
established (Moore et al., 2006).
Maternal behavior of dams exposed to CON and DEP diets. To determine whether the methyl diet manipulation affected dams’ behavior, we
observed maternal behavior in CON and DEP females from P1 to P14
using a previously published protocol (Clinton et al., 2010). Each cage
was observed twice daily: once during the light phase (at ⬃10:00 A.M.)
and once during the dark phase (at ⬃9:00 P.M.). Each observation period
(lasting 45 min to 1 h) consisted of a series of 10 5 s “snapshot” observations for each cage, which were taken ⬃5 min apart. During a “snapshot”
observation, a checklist was used to note which behaviors were being
observed. The behaviors noted were as follows: (1) mother licking or
grooming a pup; (2) mother resting away from litter; (3) mother passive
nursing pups; and (4) mother arched-back nursing pups. Passive nursing
was defined as the mother lying on her side or back and nursing any
number of pups. Arched-back nursing was classified as the mother
arched over any number of nursing pups with her legs extended. By the
end of the 14 observation days, each cage had accumulated 280 observations (10 observations per session ⫻ 2 sessions each day ⫻ 14 total days).
Behavioral test battery in offspring exposed to CON and DEP diets. On
P21, male and female offspring of the CON and DEP dams were weaned.
These offspring will be referred to as pDEP or pCON to designate peri-
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natal exposure to the methyl donor-deprived or control maternal diets,
respectively. Offspring were housed 2 or 3 per cage (separated by sex and
experimental condition) and raised in standard housing (including standard rat chow) until they reached adulthood (P70⫹). In the LR experimental phase, adult male and female pDEP and pCON offspring (n ⫽
14 –16 per group) embarked on a behavioral test battery consisting of the
Open Field Test (OFT), the Elevated Plus Maze (EPM), a Social Interaction Test, Sucrose Preference Test, and the Forced Swim Test (FST). In
the HR experimental phase, adult HR offspring (HR-pCON, n ⫽ 12
males, 13 females; HR-pDEP, n ⫽ 6 males, 5 females) were evaluated in
the same tests. All animals were subjected to the full test battery in this
test order, with 1–2 d rest between tests. Males and females were tested on
separate days, and all tests were performed between 8:00 A.M. and 12:30
P.M. under dim lighting (30 lux). Behavioral tests were conducted as
previously described (Nam et al., 2014; Cohen et al., 2015). For all tests,
the Ethovision XT 8.0 video tracking software (Noldus) was used to video
record and analyze behavior.
OFT. The OFT was conducted in a black Plexiglas box (100 ⫻ 100 ⫻ 50
cm). The rat was placed into one corner of the apparatus at the start of the
test and permitted to explore for 5 min. The latency to enter the center of
the OF, the amount of time spent, and distance traveled in the center,
periphery, and corners of the apparatus were quantified. A trained observer blinded to experimental conditions manually assessed grooming
and rearing behavior using a component of the Ethovision software.
EPM. The EPM apparatus was constructed of black Plexiglas with four
elevated arms (70 cm from the floor, 45 cm long, 12 cm wide) arranged in
a cross. Two opposite arms were open (lighting at 30 lux), and the other
two arms were enclosed by 45-cm-high walls, which limited lighting to
3–5 lux. A rat was placed in the center square of the EPM facing a closed
arm at the test start, and it was then allowed to freely explore for 5 min.
Ethovision was used to monitor latency to enter the open arms, time
spent, and frequency to visit the open arms, closed arms, and center
square.
Social interaction. The Social Interaction Test was conducted as previously described (Nam et al., 2014) using a 2 d procedure where experimental animals spent 10 min per day in a clear Plexiglas chamber (45 ⫻
45 ⫻ 60 cm Noldus PhenoTyper Box) containing a smaller “interaction
box” (10 ⫻ 10 ⫻ 8 cm) that held a novel stimulus rat. On test day 1, a
novel interactor of the same sex was placed in the interaction box shortly
before the experimental rat was introduced. On test day 2, a novel interactor of the opposite sex was placed in the interaction box shortly before
the experimental rat was introduced. The interaction box allowed for the
experimental animal to approach, see, and smell the interactor without
the potential for physical contact. To assess experimental animals’ level of
social interaction, we defined specific zones in the test chamber as either
“interaction” or “avoidance” zones. Thus, a 2-cm-wide zone around the
“interaction box” was designated as the “interaction zone,” and a 10 ⫻ 10
cm zone opposite to the “interaction box” was considered the avoidance
zone. Time spent within each zone and number of visits to each zone
during the two sessions was quantified by Ethovision. A blinded, trained
observer scored grooming behavior and stress-induced defecation as secondary measures of rodent anxiety.
Sucrose preference. At the start of the dark cycle, each cage was provided
with two bottles with one bottle (randomly selected) filled with 0.5%
sucrose solution. Bottles were then weighed at three later time points (1,
2, and 12 h after being exposed to the sucrose solution); sucrose preference was determined by the percent sucrose solution intake per total
volume consumed.
FST. Porsolt’s FST was performed as previously described (Nam et al.,
2014) with 30-cm-deep 25°C water in Plexiglas containers (45 cm high ⫻
20 cm diameter). On FST day 1, rats were placed (1/cylinder) into the
water for 15 min; 24 h later, they were returned to the water-filled cylinder and tested for another 5 min. Water was changed after every swim
session so that every rat was swimming in clean water. Ethovision was
used to score rats’ immobility on each test day. We focused on the immobility measure because it is classically considered to be an indicator of
behavioral despair and depressive-like behavior (Porsolt et al., 1977), and
it can be clearly defined from active coping measures, such as swimming
and climbing (Cryan et al., 2005).
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Assessing behavioral consequences of transient siRNA-mediated
DNMT3b knockdown in the early postnatal amygdala
Based on our findings of higher levels of global methylation and the
DNMT, DNMT3b, in the early postnatal amygdala of LR versus HR rats,
we hypothesized that suppressing DNMT3b in the early postnatal
amygdala would induce lasting changes in emotional behavior, potentially leading to a low anxiety/depression-like HR phenotype. To test this
hypothesis, we infused an Accell siRNA designed to target and transiently
suppress the expression of Dnmt3b (or control siRNA) into the amygdala
of P10 IR pups. We chose to use IR rats for this experiment because they
show a predictable intermediate behavioral phenotype. Although it
would have been ideal to perform the siRNA injections at an earlier time
point (i.e., at or before P7), we felt that stereotaxic surgery in rats younger
than P10 was pushing the limits of technical feasibility and likely animal
viability. Thus, we chose the P10 time point because it falls within the
timeframe when we observed HR/LR DNA methylation differences in
the amygdala (P7-P14). Previously published work with these siRNAs
demonstrated effective knockdown for 2–7 d after treatment (Nakajima
et al., 2012; Mitchnick et al., 2015). As noted, here, we have included a
subset our Dnmt3b siRNA and control siRNA treated rats for death 4 d
after treatment to confirm Dnmt3b knockdown.
Adult male and female rats were mated to produce offspring for the
surgeries. At birth, litters were culled to 6 male/6 female pups. On P10,
using a within-litter design, 1 or 2 male and 1 or 2 female pups per litter
(total n ⫽ 14 or 15/condition/sex) received bilateral injections of Accell
SMARTpool siRNA targeting Dnmt3b (E-103388-03-0005 Dharmacon)
or a negative control siRNA (K-005000-G1-02) into the amygdala (anteroposterior ⫺2.2 mm, mediolateral ⫾ 4.1 mm, dorsoventral 7 mm
relative to bregma). Accell siRNA aliquots were diluted in Accell siRNA
resuspension buffer (working concentration 15 M), stored at ⫺20°C;
and fresh aliquots were used daily. Animals were anesthetized with isoflurane, and 0.5 l of siRNA was injected (0.1 l per minute over 5 min).
Following surgery, pups were returned to their mothers and remained
undisturbed until weaning at P21. Offspring were monitored daily to
assess potential negative outcomes following surgery; all dams resumed
sufficient maternal care of pups following surgeries, and no offspring
were rejected by the dam. A subset of the pups that underwent stereotaxic
surgery were killed 4 d after surgery to harvest brain tissue to confirm
siRNA-mediated knockdown of Dnmt3b expression in the amygdala of
Dnmt3b siRNA-treated versus control siRNA-treated pups (n ⫽ 5 per
condition). The remaining pups (control siRNA, n ⫽ 14 males and 15
females; Dnmt3b siRNA, n ⫽ 15 males and 14 females) were weaned on
P21, housed 2 or 3 per cage (separated by sex and experimental condition), and raised to adulthood to be evaluated in the behavioral test
battery described above. To avoid litter effects, experimental groups contained no more than one pup per sex from a particular litter and a
within-litter design was implemented.

Experimental design and statistical analyses
Across all studies, age and sex of animals were considered separate factors
and therefore not combined in analysis. Because many of our studies
involved developmental manipulations, potential litter effects were
considered and addressed as noted above. Animal numbers for each
study are outlined in Materials and Methods. For all experiments,
researchers were blinded to animals’ experimental groups at the time
of data collection.
Data from the next-generation sequencing analyses are described in
Materials and Methods. All other data were analyzed using Prism Software (version 6.0 for Windows, GraphPad Software; www.graphpad.
com). In these instances, data were verified to be normally distributed
using the D’Agostino and Pearson omnibus normality test before proceeding with subsequent analyses. If data were not normally distributed,
an appropriate nonparametric test was chosen. For all t tests or ANOVAs
(or nonparametric equivalent), the differences were considered significant at p ⬍ 0.05, and results are presented as mean ⫾ SEM.
Two-tailed Student’s t tests were used to compare DNA methylation
markers in HR/LR brain regions (independent variable being HR/LR
phenotype). The perinatal dietary methyl donor depletion study was split
into an LR phase and HR phase where dams were fed DEP or CON;
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consequently, we separately examined the effect of diet manipulation on
each phenotype. Maternal behaviors were analyzed by two-way ANOVA
(independent variables: DEP/CON diet and postpartum day). Adult offspring of the mothers (pDEP/pCON denote perinatal exposure to the
DEP/CON conditions) were evaluated in a behavioral test battery. Given
the substantial weight differences between pDEP/pCON, we used linear
models to consider multiple factors in behavioral measures examined.
Thus, offspring behavioral data from the OFT, EPM, and FST were
treated as responses in the linear model, with perinatal methyl donor
condition, sex, and weight as independent variables. Social interaction
and sucrose preference data were analyzed in the same way with responses being time spent with the opposite sex/time spent with the same
sex and sucrose preference in later time point/sucrose preference in earlier time point, respectively.
The early-life siRNA-mediated Dnmt3b knockdown experiment in IR
rats examined the lasting behavioral effects following transient Dnmt3b
suppression in the early postnatal amygdala. Behavioral data from adult
male and female offspring exposed to early-life Dnmt3b manipulation
were analyzed separately as substantial sex differences are known to exist
in behavioral measures. Here, two-tailed Student’s t test was performed
for each behavioral measure to compare treatments within each sex. For
social interaction and sucrose preference, the data were analyzed by twoway ANOVA (independent variables): (1) siRNA treatment; and (2) for
social interaction, time spent with either novel animal of same or opposite sex; and for sucrose preference, time point following sucrose solution
presentation).

Results
DNA methylation markers in the early postnatal HR/LR
amygdala and hippocampus
Given our previous findings of altered Dnmt1 mRNA levels in the
developing HR/LR limbic brain (Simmons et al., 2012), coupled
with our interest in epigenetic mechanisms that potentially drive
HR/LR differences in neural gene expression and behavior (Clinton et al., 2011; McCoy et al., 2016b), this first experiment evaluated multiple DNA methylation markers in the HR/LR
amygdala and hippocampus at three early postnatal time points:
P7, P14, and P21. We focused on these two brain regions and
particular time points because a previous transcriptome profiling
experiment pointed to dramatic gene expression changes in both
areas during the first 1–2 weeks of life (McCoy et al., 2016b). In
each region, we measured protein levels of the major DNMTs
(DNMT-1, -3a, and -3b) as well as 5-methylcytosine (an indicator of overall DNA methylation) and 5-hydroxymethylation (an
indicator of DNA hydroxymethylation, which occurs when Teneleven translocation [Tet] methylcytosine dioxygenases add a hydroxyl group to methylated cytosines in DNA) (Moore et al.,
2013).
In the P7 amygdala, LR rats (compared with HRs) showed increased DNMT1 (t(10) ⫽ 2.638, p ⫽ 0.0248; unpaired t test); decreased DNMT3a (t(9) ⫽ 2.624, p ⫽ 0.0276; unpaired t test);
increased DNMT3b (t(12) ⫽ 2.310, p ⫽ 0.0395; unpaired t test);
and increased global DNA methylation (t(12) ⫽ 5.994, p ⬍ 0.0001;
unpaired t test; Fig. 1A). LRs also showed increased DNMT1
protein levels in the P14 amygdala compared with their HR counterparts (t(7.988) ⫽ 2.831, p ⫽ 0.0222; Welch’s corrected unpaired
t test). There were no HR/LR differences in these DNA markers in
the P21 amygdala. In the hippocampus, we found no differences
in DNMT1–1, -3a, or -3b protein levels and no global DNA
methylation differences at any age examined (Fig. 1B).
Next, we asked whether global hydroxymethylation levels
were altered. In amygdala, there was an effect of age (F(2,42) ⫽
5.366, p ⫽ 0.0084; two-way ANOVA), where global hydroxymethylation levels were not found to be different in post hoc analysis, at P7 (HR ⫽ 0.0158 ⫾ 0.0018, n ⫽ 8; LR ⫽ 0.0164 ⫾ 0.0021
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n ⫽ 8), P14 (HR ⫽ 0.0297 ⫾ 0.0005 n ⫽ 8, LR ⫽ 0.0245 ⫾ 0.0037,
n ⫽ 8), and P21 (HR ⫽ 0.02136 ⫾ 0.0033, n ⫽ 8, LR ⫽ 0.0240 ⫾
0.0040, n ⫽ 8). There were no differences in global hydroxymethylation at P7 (HR ⫽ 0.0169 ⫾ 0.0025, n ⫽ 8; LR ⫽ 0.0132 ⫾
0.0014 n ⫽ 8), P14 (HR ⫽ 0.0185 ⫾ 0.0027, n ⫽ 8; LR ⫽ 0.0143 ⫾
0.0016 n ⫽ 8), or P21 (HR ⫽ 0.01126 ⫾ 0.0016, n ⫽ 7; LR ⫽
0.0162 ⫾ 0.0021 n ⫽ 7).
Mapping the methylome in the developing LR versus
HR amygdala
To delve more deeply into HR/LR DNA methylation differences
in the early postnatal amygdala, we used next-generation sequencing technology to map and compare the methylome of the
HR versus LR P7 amygdala. Figure 2A illustrates the methylome
of HR versus LR amygdala using a circle plot, which provides a
genome-wide chromosome-by-chromosome view of average
methylation profile of HR (green, outer track) and LR (red, inner
track). Using a MethylCap-Seq enrichment approach, we sequenced methylated DNA fragments with the resolution of a few
hundred bases pairs and used MEDIPS to assess DMRs between
HR/LR. These analyses yielded 1881 DMRs with 1566 that are
hypermethylated in LR compared with HR samples and 315 hypomethylated in LR versus HR. These results point to a preponderance of hypermethylated sites in LR compared with HR
samples, which is consistent with our finding of increased global
methylation in the P7 LR versus HR amygdala.
Our next phase of analysis filtered the data based on the distance of DMRs from genes (see illustration in Fig. 2B). We evaluated the distribution of DMRs in the LR versus HR amygdala
broken down location proximal to genes as well as their hypermethylation or hypomethylation status (Fig. 2C). Using genes
with DMRs within the gene body or 10 kb upstream of the gene,
we performed KEGG analysis to find functional pathways enriched with genes that displayed LR hypermethylation (compared with HR; Fig. 2D; threshold: p ⬍ 0.05). The top enriched
pathway was Ras-related protein 1 (Rap1) signaling pathway,
which receives signals through membrane receptors including
ionotropic glutamate NMDARs and G-protein-coupled receptors to activate multiple downstream intracellular signaling pathways, such as activation of mitogen-activated protein kinases or
phosphoinositide 3-kinase-protein kinase B (PI3K-Akt). Another highly enriched pathway pertained to long term potentiation, which includes functions, such as regulation of the
glutamate synapse through AMPARs.
Comparing DNA methylation profiles in HR, LR, and the
intermediate IR rat
The selectively bred HR and LR lines exhibit numerous neurobiological and behavioral differences compared with each other,
but the question is often raised whether one of the phenotypes in
particular differs from “normal” or whether each line represents
an extreme that deviates from normal. In the context of the present study, a reasonable question is whether LR pups show abnormally high levels of DNA methylation relative to “normal,” or
whether HR pups display abnormally low DNA methylation levels in the early postnatal amygdala. Thus, we conducted an additional experiment to compare HR/LR methylome profiles with
that of IR rats, which are created by cross-breeding between the
HR/LR lines and known to exhibit an intermediate behavioral
phenotype relative to extremes of the bred HR/LR lines (Flagel et
al., 2014). Here we asked whether the DNA methylation profile in
the P7 amygdala of IR rats more closely resembles an “HR-like”
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Figure 1. DNMT protein levels and global DNA methylation levels in the early postnatal HR versus LR amygdala and hippocampus. A, LR rats exhibited higher levels of DNA methylation
(5-methylcytosine; n ⫽ 5–7) and DNMT1 (n ⫽ 5–7), DNMT3a (n ⫽ 5–7), and DNMT3b (n ⫽ 7) protein levels in the amygdala at postnatal day (P)7 compared with HRs, with little to no difference
at the later ages examined (P14 and P21). B, In the hippocampus, there were no HR/LR differences in DNA methylation markers (global DNA methylation, n ⫽ 5; DNMT1, n ⫽ 5–7; DNMT3a, n ⫽
4 –7; DNMT3b, n ⫽ 7) at any age examined. There were no HR/LR hydroxymethylation differences in the amygdala or hippocampus at any age examined. *p ⬍ 0.05 for HR versus LR comparisons.
All sample sizes are per age and phenotype.

or “LR-like” profile, or whether they show an overall intermediate methylation level relative to these two groups.
To compare HR, LR, and IR samples, we focused on sites that
showed differential methylation in HR/LR samples and created a
scatterplot to correlate the averaged methylation levels for HR,
LR, and IR at these sites (Fig. 3). The scatter plots indicate a more

linear relationship between HR and IR than between HR/LR and
between LR/IR (Fig. 3). Next, we calculated the overall correlations represented in Figure 3 between the DNA methylation profiles of each group. Here we again found that HR/IR profiles are
more similar (r ⫽ 0.966) than LR/IR (r ⫽ 0.774) or HR/LR (r ⫽
0.684). Last, we used McNemar’s  2 test to compare the number
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LR (red) methylation. B, Diagram represents standard genomic regions where we examined potential HR/LR methylation difference. Pie chart represents the number of DMRs upstream and
downstream of genes, within gene bodies and in intergenic regions. C, DMRs were grouped to show the number of sites that were hypomethylated in LR versus HR samples (solid bars) and those that
were hypermethylated in LR versus HR (open bars) across different genomic regions. D, KEGG analysis was used to identify functional pathways enriched with genes that were hypermethylated in
LR versus HR amygdala samples. Here, combined enrichment score is shown on the top x-axis and is represented by red bars. The p value of each pathway enrichment is shown on the bottom x-axis
and is represented by black bars. All sample sizes were 4 per group. TSS ⫽ transcriptional start site.

of DMRs between either HR/IR or LR/IR within all HR/LR
DMRs. Here, we found (1) 172 sites that were significantly different between LR/IR but not between HR/IR, and (2) 122 sites that
were differentially methylated between HR/IR but not between
LR/IR. This analysis revealed a significant difference in number
of sites ( p ⫽ 0.004267; Table 1), indicating that that the IR methylation profile shows more similarity to HR than LR. Overall,
these two independent analytical approaches (correlation analysis and  2 analysis) both pointed to greater similarity between HR
and IR DNA methylation profiles, thereby suggesting that LRs

exhibit a unique (putatively “abnormal”) DNA methylation
profile.
Manipulating dietary methyl donors in LR dams improves
adult LR offspring’s anxiety- and depression-like behavior
To begin to examine how LRs’ heightened DNA methylation
levels in the early postnatal brain contributes to their adult behavioral phenotype, we sought to decrease methylation in developing LRs by feeding LR dams a diet severely lacking methyl
donors. We chose this maternal diet manipulation approach,
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Figure 3. Contrasting DNA methylation patterns in the amygdala of HR, LR, and IR rats. Average DNA methylation profiles were created for HR, LR, and IR rats, which are known to exhibit an
intermediate behavioral phenotype relative to the HR and LR extremes. Correlation analyses were then performed to evaluate the degree of similarity between IR and either HR or LR.
Table 1. Paired outcomes of HR/IR versus LR/IR DMRs within all HR/LR DMRs to
assess differences in amygdalar methylation profile of IR crossbreda
HR/IR DMR

LR/IR DMR
Yes
No

Yes

No

n11 (9)

n12 (172)

n21 (122)

n22 (631)

No. of both HR/LR
DMRs and
HR/IR DMRs

No. of HR/LR
DMRs but not
HR/IR DMRs

No. of both HR/LR DMRs
and LR/IR DMRs
No. of HR/LR DMRs but
not LR/IR DMRs
Total no. of of HR/LR
DMRs: n (934)

Using the DMRs identified in HR rat versus LR rat methylome comparisons (threshold: p ⬍ 0.05), the profile of IR
rats, which are created by cross-breeding the HR/LR lines, was contrasted with HR and LR profiles (HR/IR or LR/IR
comparisons). The paired outcomes are shown in a 2 ⫻ 2 contingency table. Because more LR/IR DMRs were
observed than HR/IR DMRs (172 vs 122), the IR methylome profiles have a tendency to be more similar to HR ( p ⫽
0.004267; McNemar’s 2 test).

a

in part, to minimize stress of handing, injecting and/or performing surgery on pups, as these factors alone could impact
neonatal brain development and ultimately offspring’s emotional behavior.
Because the dietary manipulation was performed in mothers
rather than the offspring themselves, an important control for
this experiment was to determine whether dietary methyl donor
depletion impacted maternal behavior. The diet manipulation
began during late gestation (G17) and did not appear to impact
litter size in either LR or HR dams. The average litter sizes for each
group were as follows: LR-CON, 8.73 ⫾ 0.81 pups; LR-DEP,
6.25 ⫾ 0.85 pups; HR-CON, 13.60 ⫾ 0.42 pups; and HR-DEP,
10.3 ⫾ 1.30 pups). Maternal methyl donor depletion led to decreased body weight of offspring, which was consistent with a
previous study using a similar diet manipulation (Konycheva et
al., 2011). At P7, both male and female HR/LR pups in the pDEP
group weighed less than control animals (male pDEP 6.171 ⫾
0.352 g; male pCON 14.310 ⫾ 0.710 g; female pDEP 6.371 ⫾
0.263 g, female pCON 14.456 ⫾ 0.349 g; main effect of maternal
diet: F(1,28) ⫽ 231.9, p ⬍ 0.0001).
In both phases of this experiment (the LR phase and then the
HR phase), we monitored behavior of dams during the light
phase and dark phase from P1 to P14. Table 2 provides a summary of data from these behavioral observations, displaying
group means, SEM, and statistical results. In the LR portion of the
experiment, we found that LR-DEP mothers displayed more
arched back nursing, less licking/grooming, and a similar amount
of passive nursing compared with LR-CON dams. In the HR
phase of the study, HR-DEP dams showed less licking/grooming
compared with the HR-CON group but displayed similar levels
of arched-back nursing and passive nursing.

Adult male and female offspring of the CON and DEP dams
(designated pCON and pDEP, respectively, to denote perinatal
exposure to standard chow maternal control diet vs maternal
methyl donor deprivation) were evaluated in a series of behavioral tests to assess emotional behavior. As noted above, the study
was run in two phases to separately examine the effect of maternal
methyl donor diet depletion on LR versus HR offspring.
Exposing LR offspring to perinatal methyl donor deprivation
led to greater exploratory behavior in adulthood, with LR-pDEP
offspring traversing greater distance in the OFT compared with
control (Fig. 4 A, G; for diet, t(56) ⫽ 2.362, p ⫽ 0.0217; linear
model with covariates sex, diet, weight). The LR-pDEP also
showed a trend of less anxiety-like behavior in the OFT, spending
more time in the center of the OF (Fig. 4 B, H; for diet, t(56) ⫽
1.939, p ⫽ 0.0576; linear model with covariates sex, diet, weight).
No differences found in time spent in open arms. In the Social
Interaction Test, the LR-pDEP offspring displayed more social
exploration than controls with female stimulus animals (Fig.
4 D, J; for diet, t(56) ⫽ 2.749, p ⫽ 0.00803; linear model with
covariates sex, diet, weight). Additionally, the time spent with
either the same sex versus the opposite sex were compared and
female LR-pDEP spent more time with novel males than novel
females (Fig. 4 B, H; for experimental rat sex, t(56) ⫽ ⫺2.641, p ⫽
0.0006; for weight, t(56) ⫽ 2.606, p ⫽ 0.01173; for diet, t(56) ⫽
2.195, p ⫽ 0.03234; linear model with covariates sex, diet,
weight). In the FST, the LR-pDEP offspring displayed less
depression-like behavior (immobility) compared with the LRpCON (Fig. 4 E, K; for diet, t(56) ⫽ 2.214, p ⫽ 0.0309; linear model
with covariates sex, diet, weight). There was also a significant
effect of weight on time spent immobile (Fig. 4 E, K; for weight,
t(56) ⫽ 3.413, p ⫽ 0.0012; linear model with covariates sex, diet,
weight). In the Sucrose Preference Test, both groups displayed
similar preference (no effect of perinatal diet exposure and no
diet ⫻ time interaction; Fig. 4 F, L).
Although the weights of the pDEP/pCON were significantly
different, there was only an effect on their behavioral profile in
one measure, which was the time spent immobile in the FST.
Immobility in the FST is known to often be affected by an animal’s weight, with heavier animals tending to show more immobility than lighter ones. As for other factors that impact behavior,
while sex often impacts behavioral measures, our analyses in the
pDEP/pCON animals did not reveal significant differences due to
sex of the animal. Although the perinatal diet manipulation significantly improves LRs’ anxiety/depression-like behavioral phenotype (relative to controls), it does not completely convert them
to an HR-like phenotype; rather, perinatal methyl donordepleted LRs show behavior that more closely resembles IR rats,
which exhibit an intermediate level of novelty-induced reactivity,
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Table 2. Impact of dietary methyl donor content on pregnancy outcomes and maternal behaviora
Phase LR-pCON
Arched-back nursing

Light
Dark
Passive nursing
Light
Dark
Licking/grooming
Light
Dark
Self-directed behaviors (eat, self-groom, drink) Light
Dark
Resting away from nest
Light
Dark

5.097 ⫾ 0.293
2.28 ⫾ 0.205
0.948 ⫾ 0.111
0.626 ⫾ 0.111
0.857 ⫾ 0.088
0.955 ⫾ 0.102
0.266 ⫾ 0.0389
1.097 ⫾ 0.083
2.688 ⫾ 0.231
2.319 ⫾ 0.179

LR-pDEP

Statistical effects

7.177 ⫾ 0.346 p ⬍ 0.0001, F(1,34) ⫽ 42.02
3.920 ⫾ 0.303 cp ⫽ 0.0113, F(1,34) ⫽ 112.1
1.025 ⫾ 0.265 NS
1.161 ⫾ 0.160
0.387 ⫾ 0.048 bp ⫽ 0.0013, F(1,34) ⫽ 12.34
0.75 ⫾ 0.118 cp ⫽ 0.0222, F(1,34) ⫽ 5.745
0.237 ⫾ 0.036 bp ⫽ 0.0385, F(1,34) ⫽ 4.634
0.836 ⫾ 0.089 cp ⬍ 0.0001, F(1,34) ⫽ 112.3
0.766 ⫾ 0.166 bp ⬍ 0.0001, F(1,34) ⫽ 60.34
1.036 ⫾ 0.210
b

HR-pCON

HR-pDEP

Statistical effects

4.357 ⫾ 0.348
2.321 ⫾ 0.834
2.881 ⫾ 0.438
0.272 ⫾ 0.165
1.190 ⫾ 0.214
1.560 ⫾ 0.311
1.083 ⫾ 0.184
3.272 ⫾ 0.234
1.405 ⫾ 0.336
0.397 ⫾ 0.136

5.865 ⫾ 0.516
1.539 ⫾ 0.610
2.012 ⫾ 0.392
0.297 ⫾ 0.196
0.607 ⫾ 0.168
0.842 ⫾ 0.383
0.690 ⫾ 0.149
1.956 ⫾ 0.496
0.548 ⫾ 0.342
0.344 ⫾ 0.208

c

p ⬍ 0.0001, F(1,10) ⫽ 34.89
p ⬍ 0.0001, F(1,10) ⫽ 62.42

c

b

p ⫽ 0.0318, F(1,20) ⫽ 5.325

p ⫽ 0.0061, F(1,10) ⫽ 12.00
p ⫽ 0.0005, F(1,10) ⫽ 25.33
c
p ⫽ 0.0251, F(1,10) ⫽ 2.227
b
c

Values are mean ⫾ SE for maternal behavior scores during the first 2 weeks postpartum for each experimental group. From gestational day 17 through weaning at postnatal day 21, HR/LR dams were fed a DEP or CON. The experiment was
run in two phases: an LR phase followed by an HR phase, applying the DEP/CON conditions to LR and HR dams, respectively. Data from two phases were analyzed separately. Groups were compared by two-way ANOVA, with diet and time
of day (light or dark phase) as independent factors. NS, nonsignificant p values ⬎0.05 for statistical comparisons.
b
Main effect of diet.
c
Time (light or dark phase).
a

anxiety-like behavior, and other measures relative to the LR and
HR extremes (Flagel et al., 2014).
When we repeated the perinatal methyl donor depletion experiment in HR offspring, we found that their adult behavioral
phenotype was unaffected by perinatal diet condition, weight, or
sex, although perinatal DEP treatment reduced the adult body
weight of HR males and females (Fig. 4-1 E, J, available at https://
doi.org/10.1523/JNEUROSCI.1157-15.2019.f4-1). For example,
HR-pDEP and HR-pCON males showed similar levels of exploration in the OFT (Fig. 4-1 A, F, available at https://doi.org/
10.1523/JNEUROSCI.1157-15.2019.f4-1). HR-pDEP and HRpCON males showed similarly low levels of anxiety-like behavior
in the OFT (Fig. 4-1 B, G, available at https://doi.org/10.1523/
JNEUROSCI.1157-15.2019.f4-1) and EPM (Fig. 4-1C,H, available at https://doi.org/10.1523/JNEUROSCI.1157-15.2019.f4-1).
In the FST, HR-pCON and HR-pDEP male group showed low
levels of immobility (Fig. 4-1 D, available at https://doi.org/
10.1523/JNEUROSCI.1157-15.2019.f4-1). Perinatal methyl donor depletion had a similarly limited effect on behavior of HR
females. Both pDEP and pCON female groups showed high levels
of exploration in the OFT (Fig. 4-1 F, available at https://doi.org/
10.1523/JNEUROSCI.1157-15.2019.f4-1). Both female groups
showed low anxiety-like behavior in the OFT (Fig. 4-1G, available at
https://doi.org/10.1523/JNEUROSCI.1157-15.2019.f4-1) and EPM
(Fig. 4-1H, available at https://doi.org/10.1523/JNEUROSCI.115715.2019.f4-1). In FST, females of both groups displayed similar
levels of immobility (Fig. 4-1 I, available at https://doi.org/
10.1523/JNEUROSCI.1157-15.2019.f4-1).
We chose to use the maternal methyl donor dietary deficiency
approach since previous studies reported that it reduced DNA
methylation markers in in offspring liver (Konycheva et al., 2011)
and brain (Ishii et al., 2014). We were unable to confirm significant diet-induced global DNA methylation (5-methylcytosine)
changes in amygdala samples collected from P21 pDEP and
pCON offspring (pDEP 0.682 ⫾ 0.134% DNA methylation;
pCON 0.832 ⫾ 0.345% DNA methylation). It is possible that
dietary methyl donor depletion led to gene-specific methylation
changes, but we were unable to detect such differences using the
Epigentek assay.
Transiently suppressing DNMT3b expression in the
developing amygdala produces greater novelty exploration
and reduced anxiety in adult offspring
Because the perinatal methyl donor diet manipulation affects all
body system development, we sought another approach to more

specifically target DNA methylation in the early postnatal
amygdala to test whether it could elicit lasting behavioral
changes. Our earlier molecular studies pointed to increased
global DNA methylation as well as increased levels of the DNMT,
DNMT3b, in the amygdala of “high anxiety”-prone LR rats.
Thus, this experiment used an siRNA approach to transiently
suppress Dnmt3b expression in the developing amygdala to test
whether it would lead to less anxiety- and/or depression-like behavior in adulthood. Notably, this experiment was conducted in
IR rats because they are known to display a predictable intermediate behavioral phenotype.
To confirm efficacy of the siRNA-mediated Dnmt3b knockdown, a subset of Dnmt3b siRNA- and control siRNA-treated
pups were killed 4 d after surgery. RNA samples were extracted
from dissected amygdala to be used for TaqMan qPCR gene expression analysis as previously described (McCoy et al., 2016a).
We found that the Dnmt3b siRNA treatment led to a 17% reduction of Dnmt3b levels compared with control siRNA-treated animals (control FC: 1.00 ⫾ 0.025, KD FC: ⫺1.2 ⫾ 0.077; one-tailed
unpaired t test: t(7) ⫽ 1.9, p ⫽ 0.0496). In addition, we found that
early-life Dnmt3b siRNA did not alter the gene expression of
Dnmt1 and Dnmt3a gene expression at either the time of the
knockdown or later in adulthood and did not alter Dnmt3b in
adulthood when behavioral assessment was performed (threshold: p ⬍ 0.05).
For the animals that were kept for adult behavioral assessment, we examined weight of offspring 2 d following surgery as
well as 6 additional times between weaning (P21) and adulthood
(P75) when the behavioral test battery began. There were no
group differences in weight at any of these time points.
In the OFT, adult male offspring that had been exposed to the
early-life Dnmt3b knockdown (early-Dnmt3b KD) exhibited
greater novelty exploration (Fig. 5A; t(26) ⫽ 2.810, p ⫽ 0.0093,
unpaired t test) and greater time spent in the center of the OF
(Fig. 5B; t(20.87) ⫽ 3.158, p ⫽ 0.0048, Welch’s corrected t test)
relative to control males. The developmental Dnmt3b knockdown also reduced males’ anxiety-like behavior in the EPM, with
early-Dnmt3b KD males spending more time in the open arms
compared with controls (Fig. 5C; t(17.02) ⫽ 3.061, p ⫽ 0.0071,
Welch’s corrected t test). The early-life Dnmt3b manipulation did
not affect males’ behavior in the Social Interaction Test (Fig. 5D),
FST (Fig. 5E), or Sucrose Preference Test (Fig. 5F ).
The early-life Dnmt3b knockdown had a muted effect on adult
female behavior. The early-Dnmt3b KD and control females displayed similar levels of novelty exploration (Fig. 5G), anxiety-like
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Figure 4. Perinatal methyl donor depletion improves LR rats’ adult anxiety- and depression-like behavior. In an attempt to reduce DNA methylation levels in developing LR pups, LR mothers were
fed a diet severely depleted of methyl donors (or standard rat chow) from late pregnancy through weaning. Their adult offspring (pDEP and pCON; males n ⫽ 15, females LR-pDEP n ⫽ 14, LR-pCON
n ⫽ 16) were later evaluated in several emotional behavior assays (A–L). A, In male offspring, perinatal methyl donor deprivation led LRs to display greater exploratory behavior in the OFT compared
with controls. B, C, The LR-pDEP males also showed less anxiety-like behavior, with a trend to spend more time in the center of the open field and significantly more (Figure legend continues.)
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behavior in the OFT (Fig. 5H ) and EPM (Fig. 5I ), social interaction (Fig. 5J ), and sucrose preference (Fig. 5L). The only significant effect of perinatal Dnmt3b knockdown on females was a
slight but significant increase in FST immobility (Fig. 5K; t(26) ⫽
2.225, p ⫽ 0.0346).

Discussion
Myriad brain structure, function, and gene expression abnormalities occur in individuals with psychiatric disorders, such as depression and anxiety, but we are just beginning to recognize the
role of epigenetic processes in these illnesses (Tsankova et al.,
2007; Bernstein et al., 2010; Sabunciyan et al., 2012; Bagot et al.,
2016). Growing evidence points to abnormal DNA methylation
in the brains of psychiatric patients, but it is unknown whether
such changes (1) represent inborn epigenetic aberrations that
trigger psychopathology; (2) are secondary to factors, such as
stress exposure; or (3) a combination of both. Model organisms,
such as the HR/LR rats, offer a tool to dissect these factors and
inform work in humans. Our recent transcriptome studies identified dramatic HR/LR gene expression differences in the early
postnatal and adult amygdala (McCoy et al., 2016b, 2017). The
present findings point to DNA methylation differences in the
HR/LR amygdala that may contribute to their differences in developmental gene expression and behavior.
Our maternal diet manipulation and early-life Dnmt3b
siRNA experiments aimed to lower DNA methylation levels in
developing brain to test whether it would produce a low anxiety/
depression “HR-like” behavior in adulthood. Perinatal methyl
donor depletion improved adult LR male and female offsprings’
anxiety- and depression-like behavior. To target methylation in
the amygdala specifically, we used an siRNA to suppress expression of DNMT3b in the developing amygdala of IR rats. Early-life
Dnmt3b knockdown in amygdala led to reduced anxiety-like behavior in adult males but did not affect depression-like behavior
and did not affect females’ behavior, except increasing FST immobility. These data point to potential sex differences in DNA
methylation in the developing brain (which we were unable to
address as our present molecular studies were conducted in males
only). There is little information on epigenetic differences in the
male versus female brain (Menger et al., 2010; McCarthy and
Nugent, 2015) and how such differences may contribute to sexually dimorphic risk for emotional dysfunction (Uddin et al.,
2013). Thus, it will be important for future studies to determine
whether both male and female individuals with high versus low
propensity to an anxiety/depression-like phenotype display similar or unique differences in the limbic transcriptome/methylome
and how those differences may impact behavior.
4
(Figure legend continued.) time in the open arms of the EPM. D, Perinatal methyl donor
depletion led male LRs to display more social exploration in the Social Interaction Test. E, F,
During FST, male LR-pDEP show reduced immobility compared with LR-pCON, indicated less
depression-like behavior, although the groups did not differ in the Sucrose Preference Test. FST
was also significantly affected by the weight of the animal. G–L, Perinatal methyl donor depletion elicited similar effects on LR females as it did in males, with female LR-pDEP offspring
showing increased novelty-induced locomotion, more time spent in the center of the OF, less
FST immobility and greater sucrose preference compared with LR-pCON females. Because the
perinatal methyl donor deplete diet led to reduced body weight in exposed offspring, we used
linear modeling for statistical analysis and considered diet, sex, and weight as factors. Through
all behavioral measures, sex was not found to have a significant effect and weight only have a
significant effect on FST. Last, the perinatal methyl donor depletion study was repeated in HR
offspring, which had limited effect on their behavioral phenotype (Figure 4-1, available at
https://doi.org/10.1523/JNEUROSCI.1157-15.2019.f4-1). #p ⫽ 0.0576; *p ⬍ 0.05; **p ⬍
0.01; compared with control. ^p ⬍ 0.05, considering effect of weight.
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High anxiety/depression-behavior prone LR rats exhibit
elevated DNA methylation in the early postnatal amygdala
Numerous studies in the bred HR/LR rats demonstrate their disparate behavioral phenotypes, with LR rats typically exhibiting
high levels of anxiety- and depression-like behavior compared
with HRs (for review, see Flagel et al., 2014). These traits emerge
during early life and are likely linked to disparate development of
the hippocampus (Clinton et al., 2011; Turner et al., 2011) and
amygdala (Simmons et al., 2012; McCoy et al., 2016b). Our current data suggest that altered DNA methylation in the developing
amygdala may be a molecular mechanism that contributes to
HR/LR transcriptome and behavioral differences.
We found increased DNA methylation levels, altered DNMT
expression, and gene-specific methylation changes in the LR versus HR amygdala at P7, with the alterations dissipating by the
second and third weeks of life. The P7 methylation differences
coincide with a key neurodevelopmental transition period in the
amygdala. Although neurogenesis in amygdala peaks during
mid-gestation (Berger et al., 2002), at P7, neurons migrate to
amygdala to begin subnuclei organization (Berdel et al., 1997).
The P7-P28 timeframe is characterized by high levels of synaptogenesis and dendritic expansion in the amygdala (Escobar and
Salas, 1993; Morys et al., 1998; Ryan et al., 2016), which reflects
increased connectivity within amygdalar subregions and increased inputs from areas, such as the prefrontal cortex (Bouwmeester et al., 2002). Such neurodevelopmental events are
accompanied by massive transcriptome changes (Mody et al.,
2001; Stead et al., 2006a; Liscovitch and Chechik, 2013; Thompson et al., 2014), and our prior microarray study highlighted
numerous HR/LR gene expression differences in the developing
amygdala, including genes involved in neurodevelopment, synaptogenesis, and metabolism (McCoy et al., 2016b). It seems conceivable that DNA methylation differences in the P7 HR/LR
amygdala could provide a “molecular switch” that impacts gene
expression and related neurodevelopmental processes, thereby
altering trajectory of amygdalar development in HR/LR rats.
Our next-generation sequencing methylome analysis revealed
a preponderance of genomic sites that were hypermethylated in
LR versus HR samples, which is consistent with our finding of
increased global methylation in the P7 LR versus HR amygdala.
Over half of the differentially methylated sites occurred within 10
kb of genes, which suggests that they could play a role in transcriptional activity. The top molecular pathways showing evidence of differential DNA methylation involved genes related to:
(1) glutamate neurotransmission, including both NMDAR and
AMPAR signaling; and (2) Rap1 and PI3K-Akt signaling. Both
pathways could influence cell migration, which could align with
the notion of disparate developmental trajectories in the HR/LR
amygdala. Future studies should explore structural and functional differences that may emerge in the developing HR versus
LR amygdala and determine how these may contribute to their
disparate behavioral phenotypes.
Manipulating DNA methylation in developing LR rats leads
to improved adult anxiety- and depression-like behavior
Dietary folate, choline, and methionine act as methyl donors for
one-carbon transfer reactions, such as DNA methylation.
DNMTs transfer methyl groups from S-adenosylmethionine to
cytosine (Jones and Takai, 2001), so diets lacking methyl donors
impede S-adenosylmethionine synthesis and reduce DNA methylation (Ghoshal et al., 2006; Pogribny et al., 2008; Chen et al.,
2010). Because we observed increased DNA methylation in the
developing LR versus HR brain, we hypothesized that decreasing
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Figure 5. Transiently suppressing Dnmt3b expression in the developing amygdala leads to reduced anxiety-like behavior in adulthood. An siRNA was injected into the early postnatal amygdala
to transiently suppress expression of the DNMT, Dnmt3b, to test whether this would lead to less anxiety- and/or depression-like behavior in adulthood (Dnmt3b siRNA: n ⫽ 15 males; n ⫽ 14
females; control siRNA n ⫽ 14 males; n ⫽ 15 females; A–L). A, In males, early-life DNMT3b knockdown (KD) leads to greater novelty-induced exploration in adult (Figure legend continues.)
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DNA methylation in LR neonates (by altering mothers’ dietary
methyl donor content) could improve offsprings’ adult anxietyand/or depression-like behavior. We found that, indeed, depleting maternal dietary methyl donor content shifted adult LR male/
female offspring behavior, leading to greater novelty exploration,
decreased anxiety- and depression-like behavior. Maternal
methyl donor depletion had little effect on HR offspring
behavior.
Previous studies using maternal dietary methyl donor depletion reported mixed results on offspring behavior. Two studies
found that it improved offspring learning and memory function
(Plyusnina et al., 2007; Konycheva et al., 2011). One study in mice
reported reduced locomotor activity in offspring exposed to perinatal methyl donor depletion (Middaugh et al., 1976). Another
group reported increased anxiety in perinatal methyl depleted
offspring, although the effect was only apparent in females
(Konycheva et al., 2011). Together with our current results, it is
tempting to speculate that manipulations of methyl donor dietary content may evoke distinct results depending upon baseline
individual differences in DNA methylation. That said, it is also
important to consider multiple ways that maternal diet manipulation could affect offspring. Our data show a significant weight
difference in perinatal methyl donor depleted offspring and
found that maternal methyl donor depletion affected maternal
behavior, which itself could impact offspring’s later emotional
behavior. Because of these potential confounds, we chose to add
the siRNA experiment as another method to manipulate DNA
methylation in developing animals.
Technical considerations and limitations
An important consideration for the observed DNA methylation
differences in the early postnatal HR/LR amygdala is whether
they (1) represent basic neurobiological differences between the
HR/LR lines, or (2) are driven, in part, by known HR/LR maternal behavior differences (Clinton et al., 2007, 2010). Previous
cross-fostering studies by our laboratory group showed that
cross-fostering LR pups to HR mothers shifted amygdalar gene
expression and reduced adult anxiety-like behavior (Cohen et al.,
2015). Preliminary studies indicate that those cross-fostering effects are not mediated by changes in DNA methylation, although
future studies will be required to examine this possibility more
closely. Last, a limit of the maternal methyl donor dietary experiment is that we were unable to confirm a diet-induced reduction
of global methylation in the P7 amygdala, which conflicts with
prior reports of this diet reducing DNA methylation in offspring
liver (Konycheva et al., 2011) and reducing Dnmt3a and Dnmt3b
mRNA in offspring brain (Ishii et al., 2014). It is possible that the
diet produced gene-specific methylation changes that were not
detectable using the assay that we chose. These technical difficulties motivated the follow-up manipulation experiment using
Dnmt3b siRNA, which permitted transient Dnmt3b knockdown
in the developing amygdala.
In conclusion, the roots of mental illnesses, such as depression
and anxiety, are thought to involve aberrant brain development
4
(Figure legend continued.) animals compared with controls. B, C, The siRNA Dnmt3b KD
males also showed less anxiety-like behavior, spending more time in the center of the open field
and more time in the open arms of the EPM. D–F, The early-life DNMT3b KD did not affect male
rats’ behavior in the Social Interaction Test, FST, or Sucrose Preference Test. G–L, Female animals were less affected by the transient early-life DNMT3b KD with the early DNMT3b KD
females and control females displaying similar behavior across all tests, except increased immobility in FST. *p ⬍ 0.05 compared with control.

(Leonardo and Hen, 2008; Monk, 2008; Pine and Fox, 2015).
Future therapeutic strategies may be highly effective if applied
during early life while the brain is highly plastic and before a
mental illness takes hold. There is promising evidence for early
behavioral interventions benefiting children who display high
levels of behavioral inhibition and are at risk for internalizing
disorders (Rapee, 2013; Frenkel et al., 2015). Studies using animal
models of emotional dysfunction offer the possibility to understand the mechanisms of these effects and the chance to uncover
new therapeutic opportunities. Our results suggest that individual differences in the developing DNA methylome trigger altered
limbic system development and a high depression/anxiety-like
phenotype, offering a glimpse at an epigenetic mechanism that
may contribute to risk for developing emotional disorders.
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