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Abstract

Early life events can alter gene expression through DNA methylation. The methylation status of
the exon 17 promoter of the glucocorticoid receptor (Nr3cl gene) in hippocampus associates with
frequency of pup licking. Much of this work was conducted with male rats. Because dams more
frequently lick male pups, this may contribute to sex differences in phenotypes through DNA
methylation. Modifying litter gender composition (LGC), in which offspring of single-sex litters
are compared to mixed-sex litters, alters maternal behavior. Previously, we demonstrated that
LGC and sex affected pup licking times as well as anxiety and hippocampal DNA methylation of
the Nr3cl exon 1; promoter gene in adolescence. Now, we expand upon this work by examining
effects in cerebellum and measuring mRNA levels. We also re-assessed DNA methylation in
hippocampus using pyrosequencing and re-analyzed pup licking with the more commonly used
frequency measure. Litters, culled to 8 pups on postnatal day 1 (PN1), were assigned to one of
three conditions: all male, (n=10), all female, (n=12), or half of each sex (n=20). Licking was rated
on PN4, 7, and 10. On PN35, hippocampal and cerebellar samples were obtained. Single-sex
males were licked the least and mixed-sex males, the most. Hippocampal Nr3c1 mRNA levels
were lowest in mixed females with no LGC or Sex effects in DNA methylation. Cerebellar DNA
methylation levels were lowest in mixed males with no effect on mRNA levels. Maternal pup
licking associated with DNA methylation of the Nr3c1 exon 1; promoter gene in cerebellum and
with hippocampal mRNA.
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1. Introduction

Understanding processes that contribute to vulnerability or resiliency to develop stress-
related mental disorders is an important goal because information gained should help
promote more effective prevention and treatment strategies. Risk factors appear to interact
with gender as suggested by higher rates of some disorders (e.g., autism; addiction) in males
and higher rates of other disorders (e.g., depression; anxiety) in females (Fombonne, 2003;
Grant et al., 2009; Vigod and Stewart, 2009). Early life trauma increases susceptibility to
depression, schizophrenia, post-traumatic stress disorder, addiction, and other disorders
(Heim and Nemeroff, 2001; Yehuda et al., 2001; Gordon, 2002; Howes et al., 2004) and
such effects can differ by gender (Goel and Bale, 2009). The mechanisms by which gender
affects vulnerability to develop stress-related disorders may involve epigenetic mechanisms
(Dudley et al., 2011; Jessen and Auger, 2011).

Early life manipulations can induce changes in gene expression that result in stable
phenotypic alterations. DNA methylation is one type of epigenetic mechanism involved in
cellular differentiation during development in which a methyl group is attached to the DNA
preventing binding of transcriptional factors (Jones and Taylor, 1980). This silences the
gene and can have enduring phenotypic effects (Razin, 1998). Epigenetic modification of
gene expression and resulting changes in phenotype may be mediated via maternal care.
Maternal behavior shapes the corticotrophin releasing factor-hypothalamic pituitary-adrenal
(CRF-HPA) axis of adult offspring through epigenetic mechanisms (Champagne and Curley,
2009). Glucocorticoid receptor (GR) feedback is greater and HPA axis responses to stress
are more moderate in offspring of dams that show high amounts of pup-licking and arched-
back nursing (Liu et al., 1997; Francis et al., 1999; Champagne and Meaney, 2001).
Variations in the maternal behavior of pup-licking associate with the methylation status of
the Nr3c1 gene exon 17 promoter region in hippocampus, that contains GR, and is an
important negative feedback mechanism for HPA axis activity. Consequently, GR gene
expression is decreased and alterations in the hormonal and behavioral responses to stress
are seen in the adult offspring (Champagne et al., 2003; Weaver et al., 2004). Regional
differences in DNA methylation, histone H3K9 acetylation, and transcription across a seven
million nucleotide region that contains the Nr3c1 gene associate with maternal behavior
(McGowan et al., 2011).

Much of this work was performed with male rats (but see (Champagne et al., 2003; Weaver
et al., 2004) and yet, several studies demonstrate that dams preferentially lick their male
pups (Moore and Morelli, 1979; Richmond and Sachs, 1984; Moore and Chadwick-Dias,
1986; Alleva et al., 1989; Cirulli et al., 1997). This led us to hypothesize that sex differences
in stress responses in adulthood may reflect sex-dependent effects of pup-licking and the
resulting alterations in DNA methylation of the Nr3cl gene exon 17 promoter region in
relevant brain regions (Kosten et al., 2014). Indeed, female rats exhibit greater stress
responsivity than male rats (Beatty and Beatty, 1970; Rivier, 1999; Kudielka and
Kirschbaum, 2005) and the hippocampus shows sexual dimorphism (Herman and Cullinan,
1997; Rivier, 1999; McEwen, 2002). Not surprisingly, stress experienced in adulthood or
during early life can have different effects depending upon the sex of the animal. For
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example, stress in adulthood enhances Pavlovian aversive conditioning in males but impairs
conditioning in females (Wood and Shors, 1998; Shors et al., 2000; Cordero et al., 2003;
Kim et al., 2006). Early life stress can have sex-dependent effects on measures of
unconditioned fear or anxiety (Mclntosh et al., 1999; Wigger and Neumann, 1999),
performance on aversive conditioning tasks (Pryce et al., 2003; deJongh et al., 2005; Kosten
et al., 2005; Kosten et al., 2006), and levels of hippocampal GRs (Sutanto et al., 1996;
Avishai-Eliner et al., 1999).

Male, but not female, rats show altered GR expression in cerebellum that associates with
impairments in aversive conditioning in response to early life stress (Wilber et al., 2007).
The cerebellum, like the hippocampus, shows moderate to strong GR mRNA levels (Sousa
et al., 1989) that can be down-regulated by stress experienced in adulthood in male rats
(Kitraki et al., 1999) and is an important neural substrate for aversive conditioning
(Steinmetz, 2000; Christian and Thompson, 2003). Finally, DNA methylation status of other
genes in hippocampus, placenta, or other brain regions is differentially regulated by prenatal
or postnatal influences in male versus female rodents (Mueller and Bale, 2008; Roth et al.,
2009; Kurian et al., 2010; Edelmann and Auger, 2011; Hao et al., 2011).

Previously, we showed that altering the litter gender composition (LGC), such that litters are
either single- or mixed-sex, influenced maternal care and led to modest changes in anxiety
behavior and DNA methylation levels of some genes in hippocampus and other brain
regions in adolescent rats (Hao et al., 2011; Kosten et al., 2014). Although LGC did not
change the amount of time the dam spent licking her pups, these times were greater for male
vs. female pups (Hao et al., 2011) consistent with previous studies (Moore and Morelli,
1979; Richmond and Sachs, 1984). We also found some modest effects of LGC as well as
sex differences at some CpG sites for the exon 17 promoter region of the Nr3c1 gene in
hippocampus using direct sequencing methods (Kosten et al., 2014). Now, we expand upon
our prior work in the following ways. First, we include assessments of the cerebellum as
well as hippocampus. Second, we used the pyrosequencing method in the current study
because it is more sensitive and allows examination of a greater range of CpG sites
compared to direct sequencing. Third, we measure mMRNA levels to determine if alterations
in DNA methylation correlated with Nr3c1 gene expression in the predicted manner (i.e.,
greater methylation should associated with less mRNA levels). Finally, we re-analyzed pup-
licking using frequency measures, as opposed to total times, because this measure was used
in the studies that showed an association between pup-licking and the CRF-HPA axis system
including altered DNA methylation levels of the Nr3cl exon 17 promoter gene in
hippocampus (Liu et al., 1997; Francis et al., 1999; Champagne and Meaney, 2001; Weaver
et al., 2004).

2. Methods

2.1 Subjects

Adult (90-110 days of age), Sprague-Dawley male and female rats (Charles River, MA)
were used for breeding. All females were primiparous and were bred once. Males were
allowed to mate up to three times before being retired. Rats were housed in sets of one male
and two females until females appeared to be pregnant. At that time, females were housed
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individually in polypropylene cages in a vivarium that was temperature- and humidity-
controlled and maintained on a 12:12 light-dark cycle with lights on at 0700. Food and water
were available at all times. The Institutional Animal Care and Use Committee (IACUC)
approved the experimental procedures in accordance with the National Institute of Health
(NIH) guidelines.

2.2 Litter gender composition groups

Pregnant females were monitored daily and when a new litter was found before 1700, it was
considered post-natal day 0 (PNO). Litters were weighed and sexed the following day, PN1,
and culled to 8 pups each. Litters were assigned to be either single-sex (all male or all
female pups) or mixed-sex (4 male and 4 female pups). Of the 42 litters assessed, 10 were
all male, 12 were all female, and 20 were mixed-sex litters. Ten mixed-sex litters were
designated to have a male pup sampled during the maternal behavior testing and 10 were
designated to have a female pup sampled for this test. However, for DNA methylation
analyses, one pup per sex was chosen from all 20 mixed-sex litters.

2.3 Mother-pup behaviors

Pup licking frequency was tabulated in 10-min sessions on PN4, PN7, and PN10 as
described previously (Hao et al., 2011). Briefly, the dam was removed from the home cage
and placed in an observation tank and 30-min later, one of her pups was introduced into the
tank. These sessions were video-recorded and rated at a later time under blind conditions.
The rater recorded the presence or absence of pup licking every 30-sec for the entire 10-min
session. Frequency was defined as the total counts of the presence of this behavior on each
of the three days. We also summed the total times (s) the pup spent moving towards its dam
in each of these sessions.

2.4 DNA methylation and mRNA levels

On PN35, one rat per sex per litter was sacrificed and brain tissue samples from
hippocampus and cerebellum were obtained as described previously (Hao et al., 2011). DNA
was isolated from the brain tissues using the Gentra Purgene DNA isolation method
(Qiagen, Valencia, CA) according to manufacturer’s protocol.

The nucleotide sequence of the rat Nr3cl exon 17 promoter region
[chr18:32462001-32462377, Rat Nov. 2004 (Baylor 3.4/rn4)] was downloaded from the
UCSC Genome Browser website (genome.ucsc.edu). This sequence contains the region
studied by Weaver and colleagues (Weaver et al., 2005) with an additional 100 nucleotides
added to each end. The sequence was exported to PyroMark Assay Design 2.0 (Qiagen,
Valencia, CA) for the design of the amplification and sequencing primers. Primers were
synthesized (Midland Reagent Co., Midland, TX). Genomic DNA was sodium bisulfite-
treated as previously described (Nielsen et al., 2009) and amplified with the primers M-
RATGR17-F (5-AGAGGGAGTGTTTGTAGTTTTGTTT-3') and M-RATGRE17-R1-B
(5’-biotin-CTTTAATTTCTCTTCTCCCAAACTC-3'). Amplification was performed with 4
ul bisulfite-treated DNA, 1 pM of each primer, 200 uM each of dATP, dCTP, dGTP, and
TTP, 18 mM ammonium sulfate, 2 MM MgS0O4, 0.5 units Platinum® Taq DNA Polymerase
High Fidelity (Invitrogen), and 60 mM Tris—=SO4 (pH 8.9) in 25 ul. Amplification consisted
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of 5-min at 95°C, 40 cycles of 15-s at 95°C, 15-s at 56°C, and 30 sec at 72°C, followed by a
final elongation step at 72°C for 7-min. Briefly, the single-stranded biotinylated product was
purified by mixing 5 pl of the amplification mixture, 2 pl Streptavidin Sepharose HP
(Amersham Biosciences, Uppsala, Sweden), 40 pl binding buffer in 80 pl final volume
according to the manufacturer’s protocol. The Sepharose beads containing the immobilized
biotinylated PCR product were purified, washed, denatured in 0.2 M NaOH, and washed
again using the Pyrosequencing Vacuum Prep Tool (Qiagen) according to the
manufacturer’s protocol. The biotinylated DNA was re-suspended in 12 pl of annealing
buffer containing 0.3 pM pyrosequencing primer. Two pyrosequencing primers were
utilized: M-RATGR17-S1 (5-AGTTTTTTTGTTAGTGTGAT-3'), and M-RATGR17-S2
(5-GGGGGTTTTGGTTGT-3'). DNA methylation levels were determined using a
PyroMark Q96 MD Pyrosequencing System (Qiagen). Nucleotides are numbered relative to
the transcription start site of exon 17 of rat Nr3cl. See Fig 1. The rat exon 17 promoter
region was analyzed for predicted transcription factor binding sites using TESS:
Transcription Element Search System (Schug and Overton, 1977) and AliBaba2.1 (http://
www.gene-regulation.com/pub/programs/alibaba2/index.html).

Quantitative PCR (qPCR) was performed using cDNA reverse transcribed from 1pg total
RNA (QuantiTect Reverse Transcription Kit, Qiagen). TagMan gene expression assays
(Applied Biosystems) were used for Nr3cl (Rn00561369 _m1) and for the 18S RNA
(Rn03928990_g1) internal control. For each sample, 1 pul 20X TagMan gene expression
assay was mixed with 10 pl TagMan Gene Expression Master Mix, 25 ng cDNA, and water
to yield 20ul final volume and analyzed per manufacturer recommendation on a ViiA™ 7
Real-Time PCR System (Applied Biosystems). Three 25 ng cDNA replicates per sample
were made in a 96 well plate. One sample was used as an intra-plate control. PCR was
performed by incubation at 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of
95°C for 15 sec and 60°C for 45 sec. Comparative Ct (ddCT) method was used to determine
Nr3cl RNA concentration relative to the 18S RNA (Applied_Biosystems, 2001). Data were
analyzed with the Sequence Detection System Software (Applied Biosystems).

2.5 Data analysis

Frequency of pup licking was tabulated across each 10-min session and analyzed using a 2 x
2 x 3 ANOVA representing the between-group factors of litter gender composition (LGC;
single- vs. mixed-sex), Sex of pup, and the within-group factor of Day. Total time (sec) that
the pup moved towards its dam was measured and analyzed similarly. DNA methylation
levels were analyzed using 2 x 2 x 17 ANOVA in separate analyses by brain region. These
factors represent the two levels each of LGC (mixed- and single-sex) and Sex (male,
female), with repeated measures on the 17 CpG sites. The mRNA level data were analyzed
using a 2 x 2 ANOVA (LGC x Sex). Significant main effects of LGC and Sex or a
significant interaction of these terms were followed by post-hoc statistics (Newman-Keuls)
using the Statistica software package. The P value was set at 0.05.
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3.1 Mother-pup behaviors

Frequencies of pup licking tabulated on PN4, PN7, and PN10 are presented in Fig. 2 for
male and female pups. As seen in Fig. 2, dams of mixed-sex litters more frequently lick their
male pups than do the dams of single-sex litters. Licking received by female pups does not
differ by LGC. These statements are supported by the significant main effect of LGC, F=(1,
36)=8.10; P<0.01, and by the significant interaction of LGC x Sex, F=(1,36)=8.30; P<0.01.
Post-hoc statistics show that the LGC x Sex interaction is significant on PN4 and PN7
(P’s<0.05) that likely reflects the differences between the mixed- and single-sex males. On
PN10, there is a significant LGC effect (P<0.05) that likely reflects that pups of both sexes
from mixed-litters receive more licking than pups from single-sex litters. The main effects
of Sex and Day and all other interactions failed to reach significance (P’s>0.10).

The times that the pups spent moving towards its dam recorded on PN4, PN7, and PN10 are
shown in Table 1. Male pups spend more time moving towards their dams than female pups
as supported by the significant main effect of Sex, F(1,38)=3.55; P=0.05. These times also
varied by postnatal Day, F(2,76)=3.45; P<0.05, that likely reflects that these times are
greatest on PN7. LGC does not affect this behavior, P>0.10.

3.2 DNA methylation levels of the Nr3c1 gene exon 17 promoter region

Mean DNA methylation levels of the Nr3cl gene exon 17 promoter region in hippocampus
are shown in Fig 3a by the 17 CpG sites. DNA methylation levels are not altered by LGC or
by Sex. Although the LGC and Sex main effects do not reach significance, P’s >0.10,
methylation levels do vary by CpG site, F(16,912)=5.06; P<0.001. The overall mean across
CpG sites is seen at the far right of Fig. 3a.

Mean DNA methylation levels of the Nr3cl gene exon 17 gene promoter region in
cerebellum are shown in Fig 3b by the 17 CpG sites. Although neither main effect reaches
significance, P’s>0.10, there is a significant interaction of LGC x Sex, F(1, 57)=5.44;
P<0.05. As seen in Fig 3b, males from mixed-sex litters show significantly lower DNA
methylation levels than both mixed-sex females and single-sex males, P’s<0.05.
Methylation levels also vary by CpG site, F(16,912)=4.42; P<0.001. Post-hoc statistics for
individual CpG sites show a significant LGC x Sex interaction at the —127 and-10 CpG
sites, F(1,57)=4.00 and 4.78; P’s<0.05. This reflects that methylation levels are highest in
males from single-sex litters.

3.3 mRNA levels of the Nr3c1 gene

The mRNA levels of the Nr3cl gene are shown in Fig 4. There is a significant LGC x Sex
interaction for hippocampal mRNA levels, F(1,50)=33.96; P<0.01, although neither main
effect reaches significance, P’s>0.10. As seen in Fig 4, mixed-sex females have lower
MRNA levels than both mixed-sex males and single-sex females, P’s<0.05. The mRNA
levels of this gene in cerebellum, also shown in Fig 4, do not differ by LGC or Sex nor show
a significant interaction effect, P’s >0.10.
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4. Discussion

The results of the present study show that altering litter gender composition (LGC) has sex-
dependent effects on both the behavior of the dam towards her pup and on DNA methylation
levels of the Nr3cl gene exon 17 promoter region in the cerebellum of the offspring.
Specifically, male pups raised in single-sex litters receive the least amount of licking from
the dam. Male pups raised in mixed-sex litters receive the most licking and also show
hypomethylation of the Nr3c1 exon 1; promoter region in cerebellum. While there is no
effect of sex or LGC on DNA methylation levels of this promoter region in hippocampus,
mRNA levels are significantly affected by LGC such that mixed-sex female offspring show
lower levels than both mixed-sex males and single-sex females. There is some support for
our original hypothesis that predicted sex differences in these measures. That is, we find sex
differences among the mixed-sex litters, the typical litter condition, such that males have
lower DNA methylation levels in cerebellum and higher mMRNA levels in hippocampus
compared to female rats.

Data from the present study replicate and extend prior work that shows that the behavior of a
dam towards her pups is sex-dependent in rats (Moore and Morelli, 1979; Richmond and
Sachs, 1984; Moore and Chadwick-Dias, 1986; vanHasselt et al., 2012) and in mice (Alleva
et al., 1989; Cirulli et al., 1997). That is, dams lick their male pups more than their female
pups. However, we find that if the dam’s litter has only male pups, she licks them the least
although this difference in licking received between males of single- versus mixed-sex litters
declines over days (see Fig 2). This LGC effect in males may reflect that having pups of
both sexes in a litter makes it easier for the dam to discriminate the sex of the pup so she can
lick the male pups more. It appears that this sex discrimination does not depend upon the
pup’s behavior as male pups from both litter types spend more time moving towards their
dam than female pups. However, other behaviors, such as ultrasonic vocalization patterns
that were not assessed in the present study, may have been affected by the LGC
manipulation.

The behavior of arched-back nursing is commonly assessed in studies of maternal behavior
and epigenetic factors (e.g., Weaver, et al. 2004; Champagne et al., 2006). We had hoped to
measure this behavior but it occurred too infrequently perhaps due to the short observation
time period. These former studies as well as prior LGC studies of maternal care, observed
mother-pup behaviors in the home cage. In contrast, we employed a procedure in which the
dam was removed from the home cage and one pup of a predetermined sex was introduced
for the 10-min observation period. We chose this method because it allowed us to examine
the factors of sex and LGC separately as well as their interaction. Although the observation
period used in the present study was relatively short, removal of pups and then re-
introducing them to the dam likely stimulated a bout of maternal behavior (Grota and Ader,
1969; Kosten and Kehoe, 2010). In spite of these methodological differences, the data
obtained from the present study are consistent with those obtained from previous LGC
studies that used home cage observation methodology (Moore and Morelli, 1979; Alleva et
al., 1989; Cirulli et al., 1997).
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Either natural variations in maternal care or changes in care induced by neonatal “handling”
affect stress responsivity in the adult such that greater arched-back nursing and licking/
grooming received as a pup relates to more moderate stress responsivity in adulthood
(Francis and Meaney, 1999; Meaney, 2001). This effect may be mediated by epigenetic
changes in gene expression. Indeed, maternal care associates with DNA methylation levels
of the exon 17 promoter region of the glucocorticoid receptor Nr3c1 gene and glucocorticoid
receptor (GR) gene expression in hippocampus of male offspring (Weaver et al., 2004). That
is, offspring of high-licking/grooming dams have lower stress responsivity and DNA
methylation levels of the Nr3cl1 exon 17 promoter. In humans, childhood abuse associates
with lower GR mRNA levels and higher cytosine methylation of the NR3C1 promoter, that
includes the 1F exon, in post-mortem hippocampal tissue (McGowan et al., 2009). In
addition to this postnatal effect, prenatal exposure to maternal depression or anxiety
increases methylation of NR3C1 at the predicted NGFI-A binding site in cord blood of
infants (Oberlander et al., 2008). Yet, major depressive disorder does not link to higher
methylation levels of the exon 1F, which was found to be unmethylated in hippocampus of
both depressed and non-depressed humans, even though NGFI-A was down-regulated and
GR transcript levels lower in the depressed sample (Alt et al., 2010).

Based on results of the rat studies, most of which were conducted with all-male litters, we
predicted that female offspring would show higher DNA methylation levels of the Nr3cl
exon 17 promoter in hippocampus than male offspring because they receive less licking from
their dams (Moore and Morelli, 1979; Richmond and Sachs, 1984). However, we failed to
find an association between degree of licking and DNA methylation levels of the Nr3cl
exon 17 promoter in hippocampus across sexes. Another early life manipulation, maternal
separation, also failed to affect DNA methylation levels of Nr3cl exon 1; promoter in
hippocampus of male rats (Daniels et al., 2009) even though this manipulation also increases
maternal licking (Pryce et al., 2001; Marmendal et al., 2004). Yet, prenatal stress in mice
increased DNA methylation levels of the Nr3cl gene exon 17 promoter in hypothalamus of
male offspring, but not in female offspring (Mueller and Bale, 2008).

Previously, we found that female rats did have higher DNA methylation levels than male
rats at two of 10 CpG sites in hippocampus assessed with the direct sequencing method
(Kosten et al., 2014). We found no sex difference in DNA methylation levels in
hippocampus in the present study that used the pyrosequencing method. This may be due to
the differences in experimental procedures between studies used to assess DNA methylation.
The direct sequencing method used the same primers that were used to amplify the bisulfate-
treated DNA to sequence the amplification product and the results were presented as the
mean level of DNA methylation determined by sequencing in the forward and reverse
directions. In the pyrosequencing method, different primers were used to amplify the DNA
than were used in the direct sequencing method. Additionally, single-stranded amplified
DNA was purified and sequenced internally with two different primers. Other studies have
shown that sequencing of cloned bisulfite-treated DNA yields similar results compared to
direct sequencing (Nielsen et al., 2009) and to pyrosequencing (Shiao et al., 2005; Reed et
al., 2010).
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In contrast to the lack of sex and LGC effects in hippocampus, we did find that mixed-sex,
male rats, the group that received the highest licking frequency, had lower DNA methylation
levels of the Nr3c1 exon 1; gene promoter in cerebellum compared to mixed-sex, female
rats and to single-sex male rats. This effect in cerebellum was what we predicted would be
seen in hippocampus. In contrast to the hippocampus, much less is known about GR in
cerebellum although these receptors are found in this area, particularly in granule and
Purkinje cell layers (Sousa et al., 1989; Ahima and Harlan, 1990; Morimoto et al., 1996). In
fact, we chose to examine this region because it has morphological similarities to the
hippocampus and, like the hippocampus, contributes to Pavlovian aversive conditioning
(Steinmetz, 2000; Christian and Thompson, 2003). Nr3cl gene expression in granule and
Purkinje cell layers is down-regulated by stress experienced in adulthood (Kitraki et al.,
1999) and GR expression in the posterior interpositus nucleus is increased in adult, male rats
with maternal separation experience (Wilber et al., 2007). The latter effect was not seen in
female rats and former effect was not assessed in female rats.

Differentially methylated CpG were found at —127 and at —10 of the Nr3c1 gene exon 15
promoter in the cerebellum. Examination of these sites in silico revealed that the —10 CpG
site is located in the putative transcription factor (TF) binding sites for Egrl, Egr2, 1, and
W1, No TF binding sites were predicted for the =127 CpG site. In the present study, the —10
site was hypermethylated in cerebellum of single males compared to mixed males. This is of
interest since we found previously that the Egr1 gene promoter region was hypomethylated
in the NAc of single males compared to the other LGC groups (Kosten et al., 2014).
Hypomethylation of the —10 site may alter transcription of the Nr3c1 exon 17 gene promoter
as it has been shown previously that DNA methylation alters the binding of several TFs
(Hwang et al., 2010; Chen et al., 2013). Although we did find differences in DNA
methylation at specific sites in the Nr3cl gene exon 17 promoter in the cerebellum, we
found no change in GR expression. This may be because the probe we used to measure gene
expression is specific for the Nr3cl mRNA exon 2-exon 3 splice junction. Therefore, we
have quantitated the expression of mature Nr3c1 transcripts, not only those transcribed from
exon 17. Since 11 transcription start sites have been identified in the promoter of Nr3c1,
alternative promoters may be used in the cerebellum (McCormick et al., 2000). In addition,
the changes in methylation seen in the cerebellum may be a provide memory that reflect
events that occurred earlier in development. For example, tyrosine amino transferase (Tat)
expression is transiently increased in glucocorticoid-stimulated rat hepatic cells, returning to
baseline after three months (Thomassin et al., 2001). This glucocorticoid stimulation
hypomethylates the Tat promoter, a state that is stable over a three-month period.
Subsequent stimulation with glucocorticoids results in a 3-5 fold greater expression of Tat,
presumably due to the hypomethylation. Additionally, hypomethylation of a specific CpG
site in the corticotropin-releasing hormone (Crh) gene promoter by maternal deprivation
alters expression after prolonged acute stress in adult rats (Chen et al., 2012). Hence, the
DNA methylation differences we observe may constitute a memory that allows for priming
for later neuronal activation (Baker-Andresen et al., 2013).

Although we find that the same group (males from mixed-sex litters) that received the most
licking as pups showed the lowest DNA methylation levels in cerebellum, these measures do
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not correlate with each other. Seven TSSs of Nr3cl are shown to be utilized in the
hippocampus (McCormick et al., 2000), but TSSs usage has not been determined in the
cerebellum. In the hippocampus, exon 17 utilization accounts for only 8% of the Nr3c1
MRNA, so it may be that the change in DNA methylation observed at the exon 15
contributes only a minor fraction to total Nr3cl mRNA levels. Future studies on the
expression from the alternate TSSs in cerebellum could shed light on this question. Yet,
other studies have shown causal, not just correlational, evidence that maternal behavior of
licking or grooming affects DNA methylation levels of Nr3c1 or ER! promoter regions in
offspring (Weaver et al., 2004; Weaver et al., 2005; Edelmann and Auger, 2011). Our
findings of sex differences in DNA methylation levels of the Nr3c1 gene exon 17 promoter
region in cerebellum may relate to the sex-dependent effects of stress experienced in
adulthood (Wood and Shors, 1998; Shors et al., 2000; Cordero et al., 2003; Kim et al., 2006)
or during early life (Pryce et al., 2003; deJongh et al., 2005; Kosten et al., 2005; Kosten et
al., 2006) on performance in Pavlovian aversive conditioning tasks. Overall, research
suggests that sex or gender may affect vulnerability or resiliency to develop stress-related
disorders via epigenetic mechanisms (Dudley et al., 2011; Jessen and Auger, 2011).

5. Conclusions

The results of the present study add to the growing literature demonstrating a link between
maternal behavior and altered DNA methylation levels of various genes in several brain
regions. In addition to alterations in the methylation status of the Nr3cl exon 17 promoter in
cerebellum (current findings), hypothalamus (Mueller and Bale, 2008), and hippocampus
(Weaver et al., 2004), there are reports of other epigenetic changes due to early life events.
Previously, we showed that LGC interacted with sex to alter DNA methylation levels of the
Oprm1 gene in hippocampus and nucleus accumbens (NAc) (Hao et al., 2011). This gene is
also differentially methylated in NAc of offspring of dams maintained on a high-fat diet
during pregnancy and lactation (Vucetic et al., 2010). DNA methylation levels of ER!
promoter in medial preoptic area differ between female offspring of high-licking dams
versus offspring of low-licking dams (Champagne et al., 2006). Methylation levels of the
Bdnf gene promoter in prefrontal cortex are altered in offspring of dams exposed to the
stress of limited nesting material (Roth et al., 2009) although levels in hypothalamus were
not affected by prenatal stress (Mueller and Bale, 2008) and did not differ by LGC or sex in
NAc (Kosten et al., 2014). These studies point to the importance of examining effects in
offspring of both sexes particularly given the differential rates of various behavioral
disorders between genders (Fombonne, 2003; Grant et al., 2009; Vigod and Stewart, 2009).
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Figure 1.
The sequence of the amplified Nr3c1 gene exon 17 promoter region is displayed with the

CpG sites shown in bold. The position of the cytosine of the CpG sites analyzed in this study
relative to the transcription start site of exon 17 are indicated above the DNA sequence. The
CpG site numbers used by Meaney, Weaver, et al. are shown below the sequence.
Sequences corresponding to the PCR primers are in italics.
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Figure 2.

Mean £ S.E.M frequencies of pup licking across the three, 10-min sessions rated on
postnatal (PN) days 4, 7, and 10 are shown for male pups (squares) and female pups
(circles). Data from pups raised in mixed-sex litters are depicted by closed symbols and data
from pups raised in single-sex litters are depicted by open symbols. Male pups from mixed-
sex litters are licked the most whereas male pups from single-sex litters are licked the least,
particularly on PN4 and PN7. # LGC; % LGC x Sex; P’s<0.01.
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Figure 3.

Mean + S.E.M. relative expression levels of the Nr3c1 gene for hippocampus and
cerebellum sites are shown for mixed-sex male (open bars), single-sex male (solid bars,)
mixed-sex female (horizontal striped bars), and single-sex female (diagonal striped bars)
offspring. There were no group differences in cerebellum. In hippocampus, females from
mixed-sex litters had lower mRNA levels than females from single-sex litters and males
from mixed-sex litters. * LGC x Sex, P<0.05.
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Figure 4.

Mean + S.E.M. % DNA methylation levels of the Nr3c1 gene exon 17 promoter across the
17 CpG sites for mixed-sex male (open bars), single-sex male (solid bars,) mixed-sex female
(horizontal striped bars) and single-sex female (diagonal striped bars) offspring for the
hippocampus (A) and cerebellum (B). The mean across all 17 CpG sites is shown at the far
right of each figure. There were no group differences in hippocampus. In cerebellum, males
from mixed-sex litters show higher DNA methylation levels than single-sex males and
mixed-sex females. * LGC x Sex, P<0.05.
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Mean + S.E.M. time (sec) pup spent moving towards its dam by postnatal day and LGC and Sex groups.

Table 1

DAY | MIXED-MALES | SINGLE-MALES | MIXED-FEMALES | SINGLE-FEMALES
PN4 70+18 68 + 20 28+12 56 + 15
PN7 109+ 19 80 + 46 90 +21 46+ 13
PN10 71+18 61+25 46+ 11 24+7
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Mean + S.E.M. of the mean percent DNA methylation levels of the Nr3c1 gene exon 17 promoter region

across the 17 CpG sites are shown

Table 2

BRAIN AREA | MIXED-MALES | SINGLE-MALES | MIXED-FEMALES | SINGLE-FEMALES
Hippocampus 9.14+0.49 7.82+0.38 6.63 +0.58 8.66 +0.52
Cerebellum 12.7+0.64 123+13 10.2+0.97 12.7+0.72
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