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Abstract
In spite of intense interest in how altered epigenetic processes including DNA methylation may
contribute to psychiatric and neurodevelopmental disorders, there is a limited understanding of
how methylation processes change during early postnatal brain development. The present study
used in situ hybridization to assess mRNA expression for the three major DNA methyltranserases
(DNMTs) – DNMT1, DNMT3a and DNMT3b – in the developing rat brain at seven
developmental timepoints: postnatal days (P) 1, 4, 7, 10, 14, 21, and 75. We also assessed 5-
methylcytosine levels (an indicator of global DNA methylation) in selected brain regions during
the first three postnatal weeks. DNMT1, DNMT3a and DNMT3b mRNAs are widely expressed
throughout the adult and postnatal developing rat brain. Overall, DNMT mRNA levels reached
their highest point in the first week of life and gradually decreased over the first three postnatal
weeks within the hippocampus, amygdala, striatum, cingulate and lateral septum. Global DNA
methylation levels did not follow this developmental pattern; methylation levels gradually
increased over the first three postnatal weeks in the hippocampus, and remained stable in the
developing amygdala and prefrontal cortex. Our results contribute to a growing understanding of
how DNA methylation markers unfold in the developing brain, and highlight how these
developmental processes may differ within distinct brain regions.
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1. Introduction
Epigenetic research in neuroscience has exploded in recent years, with intense efforts aimed
to determine whether epigenetic dysfunction plays a role in the neurobiology of psychiatric
disease. Indeed, a growing number of studies have revealed epigenetic abnormalities in
schizophrenia, depression (Akbarian, 2010; Burghardt et al., 2012; Carrard et al., 2011; Sun
et al., 2013; Tsankova et al., 2007), autism, and comorbid developmental disorders like
Fragile X and Rett Syndrome (Grafodatskaya et al., 2010; Miyake et al., 2012). However,
there is much to learn regarding how epigenetic mechanisms dictate and influence brain
function, either in health or disease.

DNA methylation – one of the most prominent and well-studied epigenetic processes –
regulates the quantity, location, and timing of gene expression throughout life (Fagiolini et

© 2013 Elsevier B.V. All rights reserved.
*Correspondence to: Department of Psychiatry & Behavioral Neurobiology, Sparks Building 745A, 1720 7th Avenue South,
Birmingham, AL 35294, USA. Fax: +1 205 934 4655. clintons@uab.edu. .

NIH Public Access
Author Manuscript
Brain Res. Author manuscript; available in PMC 2014 October 02.

Published in final edited form as:
Brain Res. 2013 October 2; 1533: . doi:10.1016/j.brainres.2013.08.005.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



al., 2009; Mill and Petronis, 2007; Nelson and Monteggia, 2011). DNA methylation levels
undergo drastic developmental changes (Cantone and Fisher, 2013; Okano et al., 1999;
Smith and Meissner, 2013). These changes are required for normal development, and
dysregulation can lead to imprinting disorders such as Beckwith–Wiedemann and Prader–
Willi/Angelman syndromes or cancer (Paulsen and Ferguson-Smith, 2001). DNA
methylation – the covalent addition of a methyl group to the 5′ position of cytosine residues
– was traditionally thought to exclusively block gene transcription; however, recent studies
suggest that it can both increase and decrease gene transcription depending upon the gene
(Chen and Riggs, 2011). The process is catalyzed by DNA methyltransferases (DNMTs), a
family of enzymes that includes DNMT1, DNMT3a, and DNMT3b.

There is a limited understanding of how enzymes involved in methylation change in the
normal postnatal developing brain. Many previous studies focused on epigenetic
modifications during embryonic development (Fan et al., 2001;Hirabayashi et al., 2013;
Liang et al., 2011; Monk et al., 1987;Okano et al., 1999; Paulsen and Ferguson-Smith, 2001)
or adult learning and memory processes (Feng et al., 2007; Liu et al., 2009; Lubin et al.,
2008; Sweatt and Miller, 2007). Studies in developing human cortical tissue revealed
dramatic shifts in cortical gene expression patterns between fetal and early postnatal life
(Colantuoni et al., 2011). Not surprisingly, DNA methylation in the human (Numata et al.,
2012; Siegmund et al., 2007) and mouse (Lister et al., 2013) neocortex also dynamically
shifts throughout the lifespan. Epigenetic processes likely provide key regulatory
mechanisms to guide these and other neurodevelopmental processes, and perturbation of
epigenetic mechanisms at pivotal developmental timepoints likely evoke long-term neural
and behavioral consequences. Studies in the developing mouse brain highlight dynamic
changes in DNMT expression in both the embryonic and postnatal brain (Feng et al., 2005),
and have found that DNMTs are differentially expressed within different cell types, with
particular enrichment in GABAergic neurons (Kadriu et al., 2012).

Because there is still much to learn regarding dynamic DNA methylation changes that occur
in early postnatal brain development, the present study assessed developmental expression
of DNA methylation markers in developing rat brain. We assessed mRNA expression of
three major DNMT enzymes (DNMT1, −3a, and −3b) and global DNA methylation (5-
methylcytosine) levels in multiple brain regions across several developmental timepoints.
We hypothesized that there would be a specific developmental patterning of DNA
methylation markers that would vary over time, and perhaps vary across brain areas.

2. Results
2.1. Dnmt1, DNMT3a and DNMT3b mRNA expression in the adult rat brain

We first examined expression of DNMT1, DNMT3a, and DNMT3b mRNA in the adult rat
brain (Fig. 1). DNMT1, −3a and −3b mRNAs were widely distributed throughout the adult
brain, showing differential regional distribution (Fig. 1A–E; abbreviations as defined in
Table 1). DNMT1 mRNA was highly expressed in the hippocampus (CA1–3 and dentate
gyrus (DG) relative to other brain regions; Fig. 1C–E), as well as ventromedial
hypothalamus (VMH), and habenula (Hb) (Fig. 1E). It was also present throughout the adult
rat forebrain, including the cingulate (Cg), lateral septum (LS), nucleus accumbens (Acb),
caudate putamen (Cpu), and several nuclei of the amygdala: the central (CE), medial (ME),
lateral (LA) and basolateral (BL) nuclei (Fig. 1A–E). DNMT3a mRNA was also highly
expressed in the hippocampus (CA1–3 and DG; Fig. 1C–E), moderately expressed in several
regions of the forebrain, and expressed at very low levels in the amygdala (Fig. 1A–E)
relative to other regions examined. Due to the extremely low levels apparent in the
amygdala, we were unable to reliably identify the four amygdalar nuclei of interest, and
therefore were unable to complete quantification there. DNMT3b was expressed at very low
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levels in the hippocampus (CA1–3 and DG; Fig. 1C–E) and hypothalamus relative to other
regions and was unable to be detected in other brain regions including the amygdala and
forebrain regions.

2.2. Developmental expression of DNMT1, DNMT3a and DNMT3b mRNA
We also examined the pattern of DNMT1, DNMT3a, and DNMT3b mRNA expression in
the developing rat brain (P1, P4, P7, P10, P14, and P21). Visual inspection of the autoradio-
graphic films exposed to in situ hybridization-processed slides indicates a decrement of
DNMT1 mRNA levels over time with relatively higher levels at P1 compared to P21 (top
row, Fig. 2). This same pattern can be seen with DNMT3a (middle row, Fig. 2), but is not
apparent with DNMT3b (bottom row, Fig. 2). We selected several representative brain areas
– the hippocampus, amygdala, cingulate, caudate putamen, nucleus accumbens, and lateral
septum – for quantitative analysis to determine developmental patterns of DNMT1,
DNMT3a, and DNMT3b mRNA expression in the developing and adult rat brain (Fig. 3).

Fig. 3 shows relative DNMT1 (left column), DNMT3a (middle column) and DNMT3b
(right column) mRNA expression by specific brain region in the developing rat brain.
DNMT1 mRNA expression was quantified in 4 subregions of the hippocampus – CA1,
CA2, CA3, and dentate gyrus (Fig. 3A). The two-way ANOVA showed a main effect of
subregion (F1,72=11.469, p<0.001), with approximately 13% higher DNMT1 levels in the
dentate gyrus compared to CA regions. There was also a main effect of developmental age
(F5,72=41.898, p<0.0001), since DNMT1 levels declined with age (e.g., 66% decrease from
P1 to P21 in CA regions and 36% reduction in the dentate gyrus). Post hoc comparisons
showed that DNMT1 mRNA levels were higher at P1, P4, P7 and P10 compared to P14, P21
and P75 (p<0.05 for all comparisons). Finally, there was a subregion × age interaction
(F5,72=5.465, p<0.0001); post hoc analysis showed that DNMT1 levels were specifically
higher in the dentate gyrus versus CA regions at P10, P14, P21, and P75.

DNMT1 transcript expression was also quantified in the developing amygdala (Fig. 3B).
The two-way ANOVA in the amygdala showed a main effect of age (F3,36=35.715,
p<0.001), where again, DNMT1 levels generally declined with age (e.g., 49% decrease from
P1 to P21 across the nuclei examined). Post hoc comparisons showed that DNMT1 mRNA
levels were higher at P1, P4, and P7 compared to P14, P21 and P75 (p<0.05 for all
comparisons). There was no effect of nucleus and no age × nucleus interaction on DNMT1
expression in the amygdala.

We also examined developmental expression of DNMT1 in two forebrain regions – the
cingulate and lateral septum. Here we found a main effect of region (F5,18=62.709,
p<0.0001) with 24% higher DNMT1 levels in the cingulate versus septum. There was also a
main effect of age (F5,18=73.353, p<0.0001) as DNMT levels declined with increasing age
(e.g., 61% decrease from P1 to P21 in the cingulate and 65% reduction in the septum). Post
hoc comparisons showed that DNMT1 mRNA levels were higher at P1, P4, and P7
compared to P10, P14, P21 and P75 (p<0.05 for all comparisons). There was no region ×
age interaction (Fig. 3C).

Lastly, DNMT1 mRNA expression was quantified in the developing dorsal (caudate
putamen) and ventral (nucleus accumbens) striatum (Fig. 3D). The two-way ANOVA
showed a main effect of age (F5,19=24.462, p<0.0001) with declining DNMT1 levels with
increasing age (e.g., 60% decrease from P1 to P21 in the caudate putamen and 63%
reduction in the nucleus accumbens). Post hoc comparisons showed that DNMT1 mRNA
levels were higher at P1, P4, and P7 compared to P14, P21 and P75 (p<0.05 for all
comparisons). There was also a main effect of region (F5,19=19.391, p<0.0001) with
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generally higher DNMT1 levels in the accumbens versus caudate; there was no age × region
interaction.

DNMT3a mRNA expression was quantified in 4 subregions of the hippocampus – CA1,
CA2, CA3, and dentate gyrus (Fig. 3A). The two-way ANOVA showed a main effect
developmental age (F5,66=14.089, p<0.0001) with steadily decreasing levels with increasing
age (e.g., 49% decrease from P1 to P21 in the CA regions and 64% reduction in the dentate
gyrus). Post hoc comparisons showed that DNMT3a mRNA levels were higher at P1, P4,
and P7 compared to P14, P21 and P75 (p<0.05 for all comparisons). There was no effect of
region, and no age × region interaction. DNMT3a transcript expression was also quantified
in 4 nuclei of the amygdala (lateral, basolateral, medial, and central nuclei; Fig. 3B). The
two-way ANOVA showed a main effect of age (F3,24=32.203, p<0.001), with DNMT3a
levels decreasing with age (e.g., 34% decrease from P1 to P21 across the nuclei examined).
Post hoc comparisons showed that DNMT3a mRNA levels were higher at P7 and P10
compared to P14 and P21 (p<0.05 for all comparisons). There was no effect of nucleus, and
no age × region interaction. We compared DNMT3a levels in the developing cingulate and
lateral septum. Here we found a main effect of age (F5,16=8.894, p<0.0001), with DNMT3a
levels decreasing with age (e.g., 71% decrease from P1 to P21 in the cingulate and 77%
reduction in the septum). Post hoc comparisons showed that DNMT3a mRNA levels were
higher at P1, P4, and P7 compared to P14, P21 and P75 (p<0.05 for all comparisons). There
was no main effect of region and no region × age interaction (Fig. 3C). Lastly DNMT3a
mRNA expression was quantified in the developing dorsal (caudate putamen) and ventral
(nucleus accumbens) striatum (Fig. 3D). The two-way ANOVA showed a main effect of age
(F5,16=5.205, p<0.005), with DNMT3a levels decreasing with age (e.g., 78% decrease from
P1 to P21 in both the caudate putamen and nucleus accumbens). Post hoc comparisons
showed that DNMT3a mRNA levels were higher at P1 and P4 compared to P14, P21 and
P75 (p<0.05 for all comparisons). There was no main effect of region and no age × region
interaction.

DNMT3b mRNA expression was quantified in 4 subregions of the hippocampus – CA1,
CA2, CA3, and dentate gyrus (Fig. 3A). The two-way ANOVA showed a main effect of age
(F5,60=13.931, p<0.0001), with DNMT3b levels decreasing from early to later postnatal
ages (e.g., 60% decrease from P1 to P21 in both the CA regions and dentate gyrus). Post hoc
comparisons showed that DNMT3b levels were higher at P4 and P7 compared to P10, P14,
and P21 (p<0.05). There was no effect of region, and no age × region interaction. DNMT3b
expression was also quantified in four nuclei of the amygdala (detailed above; Fig. 3B).
There was no effect of age or nucleus, and no age × nucleus interaction. Due to very low
abundance, DNMT3b mRNA was not quantified in the fore-brain regions (cingulate and
lateral septum) or striatum at any developmental age.

2.3. Global DNA methylation patterns in the developing rat brain
We next assessed global DNA methylation levels in select brain regions of interest by
measuring amounts of 5-methylcytosine in our samples. Tissue punches from the
hippocampus, amygdala and prefrontal cortex were collected from rat brains at 6
developmental ages: P1, P4, P7, P10, P14 and P21 (Fig. 4). The two-way ANOVA showed a
main effect of age (F5,108=2.883, p<0.018) and a main effect of region (F2,108=15.260,
p<0.001) and no age × region interaction. Global DNA methylation levels increased with
age, although this effect was carried by changes in the developing hippocampus with
minimal developmental changes found in the amygdala and prefrontal cortex. Global DNA
methylation levels in the hippocampus were relatively high at P1, significantly dropped by
about 25% from P4–14 (p<0.05 for P1 versus P4, P7, P10 and P14), and then rebounded to
its highest level at P21 (p<0.05 P21 versus all other ages). For the comparison between brain
regions, post hoc test showed that there was higher global DNA methylation in the
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hippocampus compared to the amygdala (p<0.0001) and pre-frontal cortex (p<0.0001).
There was no significant interaction between age and brain region.

3. Discussion
The first three postnatal weeks represent a critical developmental period for rodent neural
systems, evident in radical changes in behavior, neuroendocrine response, synaptic
connectivity, and global neural gene expression (Eilam and Golani, 1988; Sapolsky and
Meaney, 1986; Stead et al., 2006b). Dynamic gene expression and methylation changes
occur in the developing brain across species (Feng et al., 2005; Han et al., 2009; Kang et al.,
2011; Liang et al., 2011; Lister et al., 2013; Numata et al., 2012; Stead et al., 2006a), which
likely drive numerous downstream effects on neurogenesis, synaptogenesis, neural circuit
formation, and behavior. The present study examined how patterns of DNMT mRNAs
unfold in the postnatal developing rat brain. We show that transcripts of DNMT1, DNMT3a
and DNMT3b, three chief enzymes that catalyze DNA methylation, are widely expressed
throughout the adult and postnatal developing rat brain. We found that DNMT1, DNMT3a,
and DNMT3b mRNA levels reached their highest point in the first week of life and
gradually decreased over the first three postnatal weeks within the hippocampus, amygdala,
striatum, cingulate and lateral septum. Global DNA methylation levels did not follow this
developmental pattern; methylation levels gradually increased over the first three postnatal
weeks in the hippocampus, and remained stable in the developing amygdala and prefrontal
cortex.

3.1. DNMT mRNA expression in the adult and developing brain
A handful of previous studies examined DNMT expression in the postnatal developing brain
(Brown et al., 2008; Feng et al., 2005; Robertson et al., 1999). A study in normal human
brain tissue showed higher DNMT1 levels compared to DNMT3a and DNMT3b in fetal
tissue, although the study did not distinguish specific brain regions (Robertson et al., 1999).
A study in rats reported relative DNMT mRNA levels in the adult rat hippocampus, showing
that DNMT1 levels were highest in CA1 and dentate gyrus compared to CA2/3. DNMT3a
levels were also highest in the DG while DNMT3b mRNA was highest in CA1 relative to
other hippocampal subregions (Brown et al., 2008). Another study in the mouse cortex
showed that DNMT3a mRNA levels were significantly higher than DNMT3b levels (Feng
et al., 2005). This study also found that DNMT3b mRNA was particularly abundant during
early neurogenesis, with levels dramatically dropping with increasing age. DNMT3a
expression was high during the first two postnatal weeks, but its levels dropped
precipitously by adulthood (Feng et al., 2005). The Allen Brain Atlas (http://www.brain-
map.org/) also depicts DNMT-1, DNMT3a, and DNMT3b mRNA expression in the adult as
well as developing mouse brain. Three of their chosen developmental time-points coincide
with ones used in our study: P4, P14, and P56 (adulthood). Although they do not quantify
gene expression within specific brain regions, heat-maps are provided to illustrate general
abundance across ages. Based on the heat-maps, DNMT1 appears to be most abundant
followed by DNMT3a and DNMT3b. It is interesting to note that DNMT3a mRNA levels in
the developing mouse brain appear to transiently increase from P4 to P14, then drop back to
a lower level by P28. This resembles our findings in the developing amygdala where
DNMT3a levels appeared to increase around P7–10 relative to timepoints before and after
that period (Fig. 3b; middle panel). Unfortunately due to the variability in the data and
relatively low sample sizes, we were not able to detect statistically significant differences
between the earliest time points (i.e. postnatal day 4 versus postnatal days 7 and 10). It
would be useful to follow-up this finding with future experiments to (1) expand samples
sizes and/or try another technique such as RT-PCR to confirm the expression pattern of
DNMT3a mRNA, and (2) explore the functional implications of such patterning.
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Overall, our current results are consistent with previous work demonstrating that all three
DNMTs are most highly expressed in early life and levels drop significantly by adulthood in
most brain regions. The current study examines the expression of full-length transcripts for
DNMT1, DNMT3a, and DNMT3b, although each enzyme has alternative splice variants
(Deng and Szyf, 1998; Golding and Westhusin, 2003;Liu et al., 2003). For example, rat
DNMT1 has 7 alternate splice variants that are differentially expressed in various tissues,
although the biological function of these variants is still unclear (Deng and Szyf, 1998). It
would be useful if future studies examined developmental expression of DNMT splice
variants that have important biological significance. Further, it should be noted that there is
an additional DNMT that was not analyzed here – DNMT3L. DNMT3L is a DNMT that
lacks methyltransferase activity due to absence of amino acid residues necessary for this
function (Guenatri et al., 2013;Hata et al., 2002; Hu et al., 2008; Ooi et al., 2007; Suetake et
al., 2004; Suetake et al., 2006). Future work could examine DNMT3L developmental
expression and compare its distribution with that of DNMT3a.

3.2. Discord between patterns of DNMT mRNA expression and global DNA methylation
levels

The discrepancy between developmental patterns of DNMT1/3a/3b mRNA expression and
global DNA methylation was somewhat surprising. Overall DNMT mRNA expression
decreased with age in all brain regions examined while global DNA methylation levels
increased in the hippocampus and remained stable in the amygdala and prefrontal cortex
over time. Few studies have directly examined the relationship between DNMT mRNA
expression and global methylation levels (Numata et al., 2012), although it has been
assumed that DNMT mRNA and protein levels correlate with DNA methylation levels
(Brown et al., 2008). Several possible factors may account for the apparent disconnect
between DNMT mRNA expression and global methylation levels reported here. For
example, while DNMTs methylate DNA, other epigenetic processes such as histone
deacetylases stabilize and maintain methylation levels; therefore, DNMT mRNA levels may
fluctuate, but these other factors could maintain methylation levels (Fuks, 2005). It is also
important to consider that a vast amount of methylation in the genome occurs within
repetitive DNA elements that are widespread and typically heavily methylated (Yang et al.,
2004). Thus, developmental fluctuations in methylation levels (as seen in the present study)
may not necessarily occur within genomic regions associated with regulating gene
expression. Interestingly, methylation has been shown to occur both at cytosine–guanine
(CG) sites as well non-CG sites (e.g., cytosine–adenine, cytosine–cytosine, or cytosine–
thymine), particularly in brain tissue (Stadler et al., 2011; Varley et al., 2013; Xie et al.,
2012). A recent paper revealed that non-CG DNA methylation accumulates during early
postnatal brain development (Lister et al., 2013). Neurons were particularly enriched in
methylated non-CGs (relative to glia), and methylated non-CG levels accumulated most
rapidly during early stages of synaptogenesis (postnatal days 14–28 in mouse) (Lister et al.,
2013). It is possible that our observation of increased global DNA methylation in the
developing hippocampus stems from a similar accumulation of methylated non-CG levels.

3.3. Summary
There is a limited understanding of how DNA methylation processes change during the
course of early postnatal brain development. Characterizing developmental expression
patterns of DNA methylation-related genes (e.g., the DNMTs) and downstream methylation
markers (e.g., global DNA methylation, hydroxymethylation levels, gene-specific
methylation) can help shed light on the important roles they play during neurodevelopment.
Our results contribute to a growing understanding of how DNA methylation markers unfold
in the developing brain, and highlight how these developmental processes may differ within
distinct brain regions.
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4. Experimental procedures
4.1. Animals and tissue preparation

Timed-pregnant Sprague–Dawley female rats (n=6, Charles River, Wilmington, MA) were
delivered to our animal facility at gestational day 15. Animals were housed in standard
laboratory cages with free access to food (Harlan 2014) and water, and were maintained on a
12:12 light:dark cycle, with lights on at 6:00 am. At birth (postnatal day (P)0), litters were
culled to 6 male/6 female pups to control for litter size and sex composition, which can
impact maternal behavior (Agnish and Keller, 1997). Maternal care can powerfully
influence offspring’s physiology, neurodevelopment, and behavior (Levine et al., 1957;
Meaney and Szyf, 2005;Sanchez et al., 2001; Weaver et al., 2004), so we balanced litters by
size and sex, even though only males were studied. Male offspring from several
developmental timepoints (P1, P4, P7, P10, P14, P21 and P75; n=9–13/timepoint) were
sacrificed by rapid decapitation. Brains were removed, snap frozen, and stored at −80 °C.
We took only 1–2 male offspring from a given litter at a given timepoint to ensure that
multiple litters were represented in all samples. Procedures were conducted in accordance
with the National Institutes of Health (NIH) guidelines on laboratory animal use and care,
using a protocol approved by the University of Alabama-Birmingham Committee on Use
and Care of Animals.

For the in situ hybridization study, we prepared n=3 brains from each per timepoint with
each brain coming from a separate litter. Our previous work as well as other similar studies
describing anatomical distribution of mRNAs in developing and adult brain indicated that an
n=3 would be sufficient to determine the developmental expression patterns of the DNMTs
(Beneyto and Meador-Woodruff, 2004;Broide et al., 2007; Clinton and Meador-Woodruff,
2002). Brains were cryostat sectioned at 12 μm and thaw-mounted on Fisherbrand
Superfrost Plus Microscope slides (Fisher Scientific, http://www.fishersci.com/). Tissue was
processed by in situ hybridization to assess DNMT1, DNMT3a and DNMT3b mRNA
expression at 240 μm intervals throughout the brain (described below).

The remaining brains (n=6–10 per timepoint) were used for the Global DNA Methylation
Assays to measure 5-methylcytosine – an indicator of methylated DNA (procedure
described below). Preliminary studies indicated that an n=7–10 worked best for these assays
based on variability in the data. Brains tissue punches were collected in a manner similar to
Datson and colleagues (Datson et al., 1999). Briefly, brains were sectioned in a cryostat
between −10 and −12 °C, with alternating sections of 20 μm and 300 μm collected. The 20
μm sections were stained with cresyl violet and compared to developing and adult rat brain
atlases (Paxinos and Watson, 1986; Paxinos et al., 1994b) to identify appropriate anatomical
regions in the 300 μm sections. The prefrontal cortex, hippocampus, and amygdala were
removed from thick sections using a 0.5 mm tissue punch (Harris Micro-Punch, Ted Pella,
Redding, CA), stored at −20 °C, and later homogenized. Total DNA was extracted (Yu et
al., 2013) for subsequent global DNA methylation analysis (described below).

4.2. In situ hybridization
To generate subclones for riboprobe synthesis, we used PCR to amplify unique regions of
rat DNMT1 (NCBI GenBank accession #D64060 – a 490 nucleotide fragment spanning
nucleotides 183–673), DNMT3a (NCBI GenBank accession #NM001003958 – a 657
nucleotide fragment spanning nucleotides 1428–2084), and DNMT3b (NCBI GenBank
accession #NM001003959 – a 573 nucleotide fragment spanning nucleotides 3423–3995)
from a rat brain cDNA brain library (Edge-Biosystems, Gaithersburg, MD). Amplified
cDNA segments were extracted (QIAquick Gel Extraction Kit, Qiagen, Valencia, CA),
subcloned into a Bluescript vector, and confirmed by nucleotide sequencing.
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The antisense strand DNMT1/DNMT3a/DNMT3b riboprobes were labeled in separate
reaction mixtures and purified as previously described (Simmons et al., 2012). The
hybridizations were run in three separate batches: (1) all slides representing all
developmental ages were processed in parallel for DNMT1; (2) all slides representing all
ages were run for DNMT3a; and finally (3) all slides representing all ages were run for
DNMT3b.

Tissue sections from rat brains at all ages (P1, 4, 7, 10, 14, 21, and adult) for a given
experiment (DNMT1, DNMT3a, or DNMT3b) were fixed and hybridized with riboprobes as
previously described (Simmons et al., 2012). After this processing, slides were dried and
apposed to Kodak XAR film (Eastman Kodak, Rochester, NY). For DNMT1, slides were
exposed to film for 8 days (hippocampus and forebrain analysis) and 7 weeks (amygdala
analysis). For DNMT3a, slides were exposed to film for 3 days (hippocampus and forebrain
analysis) and 7 days (amygdala analysis). For DNMT3b, slides were exposed to film for 17
days (hippocampus and forebrain analysis) and 8 weeks (amygdala analysis). These film
development times were chosen because they produced images within the linear portion of
the development curve for each probes for the brain regions of interest across developmental
ages. After the appropriate exposure period for each probe, autoradiograms were developed
and digitized using a ScanMaker 1000XL Pro flatbed scanner (Microtek, Carson, CA) with
LaserSoft Imaging software (AG, Kiel, Germany) at 1,600 dpi.

4.3. Global DNA methylation quantification
DNA was extracted in a manner similar to Bettscheider and colleagues (Yu et al., 2013)
using a modified DNA column based extraction; DNA quantity and quality were then
assessed using Thermo Scientific NanoDrop 2000 (seeking a 260/280 value around 1.8). For
global DNA methylation quantification, the Epigentek Methylflash Methylated DNA
Quantification Kit (Colorimetric) was used according to manufacture instructions. In this
assay, DNA is bound to strip wells; the methylated fraction is detected using capture and
detection antibodies and then quantified by measuring absorbance via microplate reader
(Molecular Devices M3, Sunnyvale, CA). The Epigentek Methylflash Methylated DNA
Quantification Kit utilizes optimized antibodies specific to 5-methylcytosine with no cross
reactivity to unmethylated cytosine and negligible cross-reactivity to
hydroxymethylcytosine.

4.4. Data analysis
In situ hybridization results were visualized on autoradiograhphic film. Macroscopic images
were compared to plates and diagrams from atlases of the adult and developing rat brain
(Paxinos et al., 1994a; Paxinos, 2004) for identification of structures. Digitized images were
analyzed using ImageJ Analysis Software for PC from NIH. Optical density measurements
relative to background (signal taken from white matter on each tissue section) were obtained
for regions of interest in each animal at each timepoint. Specific signal, defined as 3.5 × the
standard deviation of individual pixel signal values above mean background signal, was
converted to optical density and multiplied by the area of signal to produce integrated
optical density (IOD). Each brain region was sampled across 5–8 tissue sections collected in
240 μm increments; measurements for a given region were averaged across sections to give
a single value per rat and then averaged across the 3 animals to provide data depicted in Fig.
3. We assessed the developmental pattern of DNMT1, DNMT3a, and DNMT3b mRNA
expression in 8 brain regions: hippocampus, caudate putamen, lateral septum, nucleus
accumbens, cingulate cortex, habenula, hypothalamus and amygdala. We used two-way
ANOVAs to compare mRNA levels between certain brain areas (e.g. CA regions of the
hippocampus versus dentate gyrus) across age (the early developmental timepoints as well
as adulthood – P75). When necessary we used Fisher’s PLSD post hoc tests. For all tests,
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α=0.05. For all autoradiograms and photomicrographs, original images were exported to
Adobe Photoshop for minor adjustments of brightness and contrast in final processing of
images presented in this report.

For the methylated DNA quantification kit, DNA methylation levels were calculated using
the following formula: (Sample OD-Blank OD)/(Slope of Standard Curve × 2). Samples
were run in triplicate and averaged together after correction to generate one data point per
sample. We assessed the developmental pattern of the DNA methylation levels by two-way
ANOVA with age and region as between subject factors. When necessary we used Fisher’s
PLSD post hoc tests. For all tests, α=0.05.
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Fig. 1.
DNMT1, DNMT3a and DNMT3b mRNA expression in the adult rat brain. Columns show
autoradiograms from representative tissue sections through the adult rat brain processed by
in situ hybridization with antisense probes against rat DNMT1 (left), DNMT3a (middle) and
DNMT3b (right) mRNA. X-ray films were exposed for 8 days for DNMT1, 3 days for
DNMT3a, and 17 days for DNMT3b. Images show examples of coronal sections through the
adult Sprague–Dawley rat brain, depicting regions such as the hippocampus, amygdala,
caudate putamen, and hypothalamus. The diagrams in the far right column (adapted from
Paxinos and Watson, 1997) indicate anatomical landmarks for each section. Abbreviations
can be found in Table 1.
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Fig. 2.
DNMT1, DNMT3a and DNMT3b mRNA expression in the developing rat brain. Columns
show autoradiograms from representative tissue sections through the developmental rat
brain at postnatal day (P)1, P4, P7, P10, P14, and P21 that were processed by in situ
hybridization with antisense probe against rat DNMT1 (top column), DNMT3a (middle
column) and DNMT3b (bottom column) mRNA. X-ray films were exposed for 8 days for
DNMT1, 3 days for DNMT3a, and 17 days for DNMT3b.
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Fig. 3.
Developmental patterns of DNMT1, DNMT3a and DNMT3b mRNA expression in the early
rodent postnatal period and adulthood. DNA methyltransferase (DNMT)1, DNMT3a, and
DNMT3b mRNA expression levels were quantified in several regions of rat brains collected
at 6 developmental timepoints – postnatal day (P)1, P4, P7, P10, P14, P21, and P75
(adulthood). (A) Developmental expression pattern of DNMT1, DNMT3a, and DNTM3b in
subregions of the hippocampus (CA1–3 and dentate gyrus). (B) Developmental expression
pattern of DNMT1, DNMT3a, and DNMT3b in subnuclei of the amygdala (lateral,
basolateral, medial and central nucleus). (C) Developmental expression pattern of DNMT1
and DNMT3a in several forebrain regions, including cingulate (Cg) and lateral septum (LS).
Due to low abundance, DNMT3b was unable to be quantified in these regions. (D)
Developmental expression pattern of DNMT1 and DNMT3a in the striatum (caudate
putamen (Cpu) and nucleus accumbens (Acb)). Due to low abundance, DNMT3b was
unable to be quantified in these regions.
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Fig. 4.
Patterns of global DNA methylation in select brain regions of the developing rat brain.
Global DNA methylation levels (approximated by measuring levels of 5-methylcytosine)
were measured at several postnatal time periods – postnatal day (P)1, P4, P7, P10, P14 and
P21 in tissue punches from the hippocampus, amygdala, and prefrontal cortex. Global DNA
methylation levels appeared to increase, although this effect is most apparent in the
developing hippocampus. Also, when comparing global DNA methylation levels across the
three brain regions, levels were significantly higher in hippocampus compared to amygdala
and prefrontal cortex.
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Table 1

Abbreviations.

A anterior nucleus of thalamus

ac anterior commisure

Acb nucleus accumbens

AHA anterior hypothalamic area

Arc arcuate nucleus

BLA basolateral amygdala

BM basomedial nucleus of amygdala

BS brainstem

BST bed nucleus of the stria terminalis

CA1 hippocampus, Cornu Ammonis 1 field of Ammon’s horn

CA2 hippocampus, Cornu Ammonis 2 field of Ammon’s horn

CA3 hippocampus, Cornu Ammonis 3 field of Ammon’s horn

Ce central amygdaloid nucleus

Cg cingulate

ChPlx choriod plexus

CM centromedial nucleus of thalamus

Co cortical amygdaloid nucleus

Cpu caudate putamen

DG dentate gyrus

DLG dorsal lateral geniculate nucleus

DMH dorsomedial hypothalamus

DR dorsal raphe

Dtt dorsal tenia tecta

Ent entorhinal cortex

GP globus pallidus

Hb habenula

HPC hippocampus

Hyp hypothalamus

ICjM islands of Calleja, major island

IG indusium griseum

LA lateroanterior hypothalamic nucleus

La lateral amygdaloid nucleus

LD lateral dorsal nucleus of thalamus

LH lateral hypothalamus

LS lateral septum

M1 primary motor cortex

M2 secondary motor cortex

MB midbrain

MD mediodorsal nucleus of thalamus

Me medial amygdaloid nucleus
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MG medial geniculate nucleus

MnPo median preoptic nucleus

MPA medial preoptic area

MR median raphe

MS medial septum

PAG periaquaductral gray

Pin pineal gland

Pir piriform cortex

Pn pontine nuclei

Po posterior nucleus of thalamus

PrL prelimbic cortex

PV paraventricular nucleus of thalamus

PVN paraventricular nucleus of hypothalamus

PVP paraventricular nucleus of thalamus, posterior part

Re reuniens nucleus of thalamus

Rh rhomboid nucleus of thalamus

Rt reticular nucleus of thalamus

S subiculum

SC superior colliculus

SCN suprachiasmatic nucleus

sm stria medullaris of the thalamus

SN substantia nigra

SON supraoptic nucleus

TegN tegmental nucleus

VM ventromedial nucleus of thalamus

VMH ventromedial hypothalamus

VP ventral posterior nucleus of thalamus

ZI zona incerta

Brain Res. Author manuscript; available in PMC 2014 October 02.


