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ABSTRACT
DNAmethylation is dynamically modulated during postnatal brain development, and plays a key role in
neuronal lineage commitment. This epigenetic mark has also recently been implicated in the develop-
ment of neural sex differences, many of which are found in the hypothalamus. The level of DNA
methylation depends on a balance between the placement of methyl marks by DNAmethyltransferases
(Dnmts) and their removal, which is catalyzed by ten-eleven translocation (Tet) methylcytosine dioxy-
genases. Here, we examined developmental changes and sex differences in the expression of Tet and
Dnmt enzymes from birth to adulthood in two hypothalamic regions (the preoptic area and ventrome-
dial nucleus) and the hippocampus of mice. We found highest expression of all Tet enzymes (Tet1, Tet2,
Tet3) and Dnmts (Dnmt1, Dnmt3a, Dnmt3b) in newborns, despite the fact that global methylation and
hydroxymethylation were at their lowest levels at birth. Expression of the Dnmt co-activator, Dnmt3l,
followed a pattern opposite to that of the canonical Dnmts (i.e., was very low in newborns and increased
with age). Tet enzyme activity was much higher at birth than at weaning in both the hypothalamus and
hippocampus, mirroring developmental changes in gene expression. Sex differences in Tet enzyme
expression were seen in all brain regions examined during the first week of life, whereas Dnmt
expression was more balanced between the sexes. Neonatal testosterone treatment of females only
partiallymasculinized enzyme expression. Thus, Tet expression and activity are elevated during neonatal
brain development, and may play important roles in sexual differentiation of the brain.
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Introduction

DNA methylation on the 5-carbon position of cyto-
sine, also referred to as 5-methylcytosine (5mC), is
the best studied epigenetic mark in mammalian cells
and plays an important role in cell lineage commit-
ments during development [1]. Recently, DNA
methylation has also been implicated in the develop-
ment of sex differences in the rodent brain [2,3]. For
example, whole genome sequencing reveals sex dif-
ferences in DNA methylation in the neonatal and
adult hypothalamus and striatum [2,4]. In addition,
a neonatal inhibition of DNA methylation disrupts
the development of sex differences in dendritic spine
density in the preoptic area of the hypothalamus
(POA) of rats [2], as well as sexually dimorphic
gene expression in the POA and ventromedial
nucleus of the hypothalamus (VMH) of mice [3].

DNA methylation is controlled by a family of
DNA methyltransferases (Dnmts) (also referred to

as DNA methylation ‘writers’). In general, Dnmt3a
and Dnmt3b are responsible for placing new
methylation marks, and are therefore defined as
de novo methyltransferases, whereas Dnmt1 serves
as a maintenance methyltransferase [5,6]. In addi-
tion, Dnmt3l, which lacks a catalytic methyltrans-
ferase domain, facilitates methylation by Dnmt3a
and Dnmt3b and plays important roles in mater-
nal genomic imprints during development [7,8].

Although 5mC was originally considered quite
stable, this notion has been revolutionized in
recent years. For example, the brain exhibits
dynamic changes in DNA methylation during
development and with learning [9–12], suggesting
the presence of an active methylation/demethyla-
tion cycle [13]. In 2009, ten-eleven translocation 1
(Tet1), was identified as a 2-oxoglutarate- and
Fe(II)-dependent enzyme that catalyzes the con-
version of 5mC to 5-hydroxymethylcytosine
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(5hmC) in the mammalian genome [14]. These
findings provided a completely new perspective
of an active DNA demethylation process, which
may be fundamental for mammalian brain devel-
opment [15].

Tet enzymes comprise a family of three genes
(Tet1, Tet2 and Tet3) that catalyze the iterative oxida-
tion of 5mC to 5hmC and its downstream derivatives,
including 5-formylcytosine and, finally, 5-carboxylcy-
tosine [16]. The latter two products can be excised
from DNA through base excision repair, resulting in
the reversion to unmethylated cytosine [16,17]. 5hmC
was originally considered only an intermediate step in
the removal of 5mC marks, with global DNA methy-
lation presumably reflecting a balance between DNA
methylation and demethylation. More recent evi-
dence, however, suggests that 5hmC also serves as
a stable and independent epigeneticmark with unique
roles in mammalian brains [10,18,19]. In general,
DNA methylation, particularly on CpG islands of
gene promoters, is associated with gene repression,
whereas hydroxymethylation on gene bodies is
usually linked to active transcription [11,20,21].

5hmC is highly enriched in neurons [22], and the
global level of 5hmC is approximately ten-fold higher
in the central nervous system than in somatic tissues
[23,24]. Nonetheless, the role of hydroxymethylation
in sexual differentiation of the brain has not been
explored. Many sex differences in rodents depend
on exposure to testosterone during a critical perinatal
period [25]. Here, we examined the mRNA expres-
sion of 5mC ‘writers’ (Dnmts) and ‘erasers’ (Tets),
Dnmt and Tet enzyme activity, as well as global levels
of 5mC and 5hmC in the postnatal mouse brain. We
focused on two hypothalamic regions in which sex
differences are well established (the POA and VMH),
and also examined the hippocampus, where develop-
mental changes in 5mC, 5hmC and Tet enzyme
expression have previously been reported [10,11,26].

Results

Tet gene expression is highest in newborns

We first used quantitative RT-PCR to examine the
expression of Tet genes from birth to early adult-
hood (data from males and females combined) in
micropunches of the POA, VMH and hippocam-
pus of C57Bl/6 mice. In each brain region, there

was a highly significant effect of age for all three
Tet enzymes, with the highest expression found in
newborns, and a 75–80% drop in expression
between P1 and adulthood (Figure 1).

Specifically, in the POA, there was a significant
effect of age on expression of Tet1 (F3,78 = 123.6,
P < 0.0001), Tet2 (F3,78 = 125.0, P < 0.0001) and
Tet3 (F 3,78 = 210.9, P < 0.0001; Figure 1a), with
highest expression on P1. Expression of all three
Tet enzymes decreased 40–50% between P1 and P7
(P < 0.0001 in each case) and there was a further
significant decline between P7 and P25. There was,
however, a later increase in Tet1 expression in the
POA from P25 to P60 (P < 0.03).

Similarly, expression of Tet enzymes in the
VMH was highest in newborns. There was
a significant effect of age for Tet1 (F3,79 = 54.85,
P < 0.0001), Tet2 (F3,79 = 75.56, P < 0.0001), and
Tet3 (F3,79 = 110.0, P < 0.0001; Figure 1b). The
expression of all Tet enzymes decreased by ~50%
between P1 and P7 (P < 0.0001 in each case) and
further decreased between P7 and P25.

In the hippocampus, one-way ANOVA again
found significant effects of age for Tet1 (F3,82
= 94.05, P < 0.0001), Tet2 (F3,81 = 68.85, P < 0.0001),
and Tet3 (F3,82 = 106.2, P < 0.0001; Figure 1c), with
highest levels at P1. Expression of all Tet enzymes
decreased 40–60% between P1-P7; Tet2 reached
adult levels by P7, whereas Tet1 and Tet3 continued
to decrease between P7 and P25 (P < 0.01).

Newborns express high levels of Dnmt1, Dnmt3a
and Dnmt3b, but low levels of the coactivator
Dnmt3l

The canonical Dnmts were also expressed at high
levels in the newborn brain (Figure 2). Dnmt1 and
Dnmt3b exhibited the same pattern in all regions
examined: there was a main effect of age (F > 100,
P < 0.0001 in all cases) with highest levels on P1;
expression decreased between P1 and P7 (P < 0.05)
and further decreased betweenP7 andP25 (P< 0.001).
Dnmt3a also exhibited a main effect of age in all three
regions (F > 76.6 in all cases, P < 0.0001), however,
expression remained elevated through P7, before fall-
ing to adult levels by P25 in all areas.

Strikingly, we found the opposite pattern for the
methyltransferase co-activator Dnmt3l, which
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increased 6- to 10-fold in expression between P1 and
P60 in all brain regions (Figure 2; POA, F3,68 = 23.00,
P < 0.0001; VMH, F3,68 = 26.13, P < 0.0001; and
hippocampus: F3,71 = 38.18, P < 0.0001).

Sex differences in Tet expression are seen in all
brain regions examined, and are limited to neonatal
life

We next compared the expression of Tet enzymes
between males, females, and females treated with
testosterone for all ages and brain regions. The results
of all comparisons are presented in Supplementary
Figure 1–3; significant differences were seen only in
neonates, and are detailed here.

In the POA, males had higher expression of Tet2
(t9.38 = 8.08; P < 0.0001) and Tet3 (t9.76 = 14.04;
P < 0.0001) on P7 than did females (Figure 3). This
was especially prominent for Tet3, where the differ-
ence exceeded 3-fold. Testosterone treatment of
females on P0 and P1 partially masculinized Tet3
expression (t7.17 = 2.35; P = 0.051 for control females
vs. testosterone-treated females), but did not signifi-
cantly affect expression of Tet2.

Males also had higher Tet1 (t16.14 = 3.95; P < 0.01)
and Tet2 (t16.81 = 3.92; P < 0.01) expression than
females in the VMH, although in this case the sex
differences were seen on P1 (Figure 3). Testosterone
treatment of females did not affect Tet1 or Tet2

Figure 1. Tet enzyme gene expression is highest at birth. Expression of Tet1, Tet2 and Tet3 mRNA at postnatal days 1, 7, 25, and
60 in a) the preoptic area of the hypothalamus (POA); b) the ventromedial nucleus of the hypothalamus (VMH); and c) the
hippocampus. The expression of all three Tet enzymes was highest in newborns, and abruptly decreased by day 7. Different lower-
case letters indicate statistically significant differences (P < 0.05). Data are mean ± SEM. N = 19–25 mice per age.
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expression, and there were no group differences in
Tet3 expression.

In the hippocampus, we found the reverse sex
difference, with a trend for higher expression of each
Tet gene in females on P1 (Tet1: t5.81 = 2.29; P = 0.06;
Tet2: t5.84 = 2.21; P = 0.07; Tet3: t5.62 = 2.1; P = 0.08;
Figure 3). Although none of the comparisons alone
reached significance, a repeated measures ANOVA
indicates a significant effect of group for overall Tet
expression in the P1 hippocampus (F2,22 = 5.87;
P < 0.01), with higher expression in females than in
males (P< 0.01). Expression of Tet enzymes in females
treated with neonatal testosterone was intermediate:
not significantly different from control females, but
also not different from control males (Figure 3).

Few sex differences in DNMT expression

Canonical Dnmt expression was very similar in
males and females in all regions and ages
(Supplementary Figures 4–6), with one exception:
females had higher expression of Dnmt1 than

males in the POA on P7 (t9.99 = 3.32; P < 0.01;
Figure 4). A similar trend was seen on P1, but did
not reach significance (P < 0.1; Supplementary
Figure 4). Females also had higher expression of
the Dnmt coactivator, Dnmt3l, in the POA on P7
(t8.18 = 2.74; P < 0.03; Figure 4).

Tet enzyme activity is elevated in newborns

Higher expression of Tet and Dnmt genes in new-
borns does not necessarily mean elevated enzyme
activity. For example, Nugent and colleagues report
a mis-match between canonical Dnmt gene expres-
sion and enzyme activity in the POA of newborn rats
[2], and we found an inverse relationship between
expression of the canonical Dnmts and the co-
activator, Dnmt3l, which makes it difficult to predict
overall Dnmt activity.We therefore used fluorometric
assays to measure 5mC-hydroxylase (Tet) and Dnmt
activity at P1 and P25 in a new cohort of male and
female mice. Whole hypothalamus and whole hippo-
campus were dissected from each animal to obtain

Figure 2. Canonical Dnmt gene expression is highest during neonatal life, whereas expression of the co-activator Dnmt3l
increases during postnatal life. Dnmt1, Dnmt3a, Dnmt3b and Dnmt3l mRNA expression at postnatal days 1, 7, 25 and 60 in a) the
preoptic area of the hypothalamus (POA); b) the ventromedial nucleus of the hypothalamus (VMH); and c) the hippocampus. The
expression of Dnmt1 and Dnmt3b was highest on P1, then dropped to lower levels by P7, whereas expression of Dnmt3a remained
elevated throughout the first postnatal week in all brain regions examined. Expression ofDnmt3l increased 6- to 10-fold between postnatal
days 1 and 60 in all brain regions. Different letters indicate significant differences. Data are mean ± SEM. N = 19–20 mice per age.
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sufficient protein for enzyme assays.We found two- to
three-fold higher Tet enzyme activity at P1 than at P25
in both the hypothalamus (main effect of age: F1,14
= 27.58; P < 0.0001) and hippocampus (F1,14 = 13.44;

P < 0.003; Figure 5), consistent with the higher Tet
gene expression in newborns. Dnmt activity in the
hypothalamus was marginally higher on P1 than on
P25 (main effect of age: F1,14 = 3.94; P < 0.07), while in

Figure 3. Sex differences in Tet gene expression are observed during neonatal life. In the preoptic area of the hypothalamus (POA),
Tet2 and Tet3 expression are higher in males than in females on postnatal day (P) 7. Neonatal testosterone treatment partially masculinized
Tet3 expression in females, but did not affect the expression of Tet2. N = 5–7 per group. In the ventromedial nucleus of the hypothalamus
(VMH), expression of Tet1 and Tet2 is higher in males on P1, and neonatal testosterone treatment of females did not eliminate the sex
difference. N = 6 in each female group, N = 13 males. In the hippocampus, females have marginally higher expression of each Tet enzyme
on P1; across all three Tet enzymes, expression was significantly higher in females than in males (P < 0.01). Expression in females treated
neonatally with testosterone was intermediate, and not significantly different from that of control males or females. N = 6 in each female
group, N = 13 in males. #P < 0.1, *P < 0.05; **P < 0.01; ****P < 0.0001. Data are mean ± SEM.

Figure 4. Females have higher expression of Dnmt1 and Dnmt3l in the preoptic area of the hypothalamus (POA) at
postnatal day (P) 7. Dnmt1 expression in females treated with testosterone was intermediate and not significantly different from
that of control males or females. *P < 0.05. Data are mean ± SEM. N = 5 vehicle females, N = 7 males and females + testosterone.
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the hippocampus there was an age-by-sex interaction
(F1,14 = 5.48; P < 0.05). Dnmt activity in the hippo-
campus was elevated in females, but not males, on P1
relative to either sex on P25. This result should be
interpreted cautiously, however, given the low n per
sub-group in this analysis.

Global levels of DNA methylation are higher in
the female POA

In the analyses above, females had higher expression
of the maintenance methyltransferase Dnmt1 and the
Dnmt coactivatorDnmt3l, as well as lower expression
of the demethylating enzymes Tet2 and Tet3 in the
POA on P7. This suggested that the balance is tipped
towards higher DNA methylation in the neonatal
female POA.We tested this using dot blots to examine
global DNA methylation in micropunches of the
POA, and found a main effect of group (F2,45
= 6.182, P < 0.005): females had about two times
higher 5mC than did males on P1 and P7, although
the difference reached significance only at P7
(P < 0.05; Figure 6). Testosterone treatment of females
did not alter global 5mC levels.

We also found a main effect of age on global
5mC in the POA (F2,45 = 9.842, P < 0.0004), such
that levels were higher at P25 than at P1 or P7
(P < 0.005 in both cases; Figure 6).

Global levels of hydroxymethylation increase
with age in all brain regions

The very high expression of Tet genes and enzyme
activity seen during neonatal life was somewhat
surprising, because hydroxymethylation is low at
birth and increases with age in the cerebral cortex
and cerebellum [10]. Using dot blots, we con-
firmed this basic observation by comparing
5hmC in the POA on P1, P7 and P25, and in the
VMH and hippocampus on P1 and P25 (Figure 7).
We found significant main effects of age in all
cases, with higher levels of 5hmC at P25 than at
the earlier age(s) in the POA (F2,25 = 15.17,
P < 0.0001), VMH (F1, 30 = 206.5, P < 0.0001),
and hippocampus (F1, 30 = 62.87, P < 0.0001;
Figure 7). No significant effects of group or group-
by-age interactions were found for global 5hmC,
although given the reduced n per group in these

Figure 5. Tet enzyme activity is elevated at birth. a) The activity of demethylating (Tet) enzymes was two-to three-fold higher on
postnatal day (P) 1 than on P25 in both the hypothalamus and hippocampus. b) There was a trend for higher methylating (Dnmt)
activity in the hypothalamus on P1 compared to P25. In the hippocampus, elevated Dnmt activity on postnatal day 1 was seen in
females only. Different letters indicate significant differences. **P < 0.01; ***P < 0.001. Data are mean ± SEM. N = 3 for P1 male and
female groups, N = 6 for P25 male and female groups.
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analyses, we may not have had sufficient power to
detect subtle sex differences.

Discussion

Key neurodevelopmental processes, such as refine-
ment of the molecular identities of neurons and glial
cells, occur during late embryonic through early post-
natal life in mammals and depend at least in part on
dynamic changes in DNA methylation [11,22,27].
Many sex differences in the brain also depend on
events occurring perinatally, and inhibition of DNA
methylation on the day of birth disrupts sex differ-
ences in morphology and neurochemical phenotype
in the hypothalamus of rats and mice [2,3]. The
dynamic modulation of 5mC levels during develop-
ment presumably depends on both the placement of
methyl marks by Dnmts, and Tet-mediated conver-
sion of 5mC to 5hmC as the first step in demethyla-
tion. Nonetheless, the role of Tet enzymes and 5hmC
in brain development are just beginning to be
explored. We found highest expression of Tet genes
and enzyme activity, as well as sex differences in Tet
gene expression, in the hypothalamus and hippocam-
pus duringneonatal life. This suggests that Tet enzyme
activity is important for neonatal brain development
in general and the development of sex differences in

particular. There are known sex differences in gene
expression in the hypothalamus of rodents [2,3,28,29]
that presumably are required for sex-specific func-
tions, and thatmay rely on sex-specific DNAmethyla-
tion/demethylation.

In the first analysis of the genome-wide distribu-
tion of 5hmC in the brain, Szulwach and colleagues
found that 5hmC accumulates in developmentally
activated genes between P7 and P60 in the hippocam-
pus and cerebellum of mice [10]. Our results confirm
the increase in global 5hmC with age in the hippo-
campus and extend this pattern to two hypothalamic
regions, suggesting that this may be a general feature
of brain development. However, despite the low level
of 5hmC in newborns, we found higher Tet enzyme
activity, as well as higher expression of the three Tet
enzyme genes, at birth than in adulthood in all brain
regions examined. A similar pattern for Tet gene
expression was very recently reported in mouse cere-
bellum, hippocampus and cortex [26]. Low global
5hmC combined with high expression and activity
of Tet enzymes suggests that Tet enzymes may pri-
marily be involved in de-methylation, rather than the
placement of stable hydroxymethyl marks in the new-
born brain. Alternatively, this pattern might suggest
that DNA is less accessible to Tet enzymes perinatally
due to a condensed chromatin environment. For

Figure 6. Global levels of 5-methylcytosine (5mC) in the preoptic area of the hypothalamus (POA) increase across
development. Global 5mC significantly increased between postnatal day 7 and 25 (P < 0.001). A sex difference was found at
postnatal day 7, with two-fold higher global methylation in females than in males. Neonatal testosterone treatment of females did
not masculinize global methylation. Different letters indicate significant differences. *P < 0.05 and ***P < 0.001, compared to males
on postnatal day 7. Data are mean ± SEM. N = 6 in all groups.

78 C. D. CISTERNAS ET AL.



example, genetic knockdown or pharmacological
inhibition of two histone demethylases, Jmjd2a and
Jmjd3, caused the formation of heterochromatin and
prevented Tet1/Tet2 binding to key genes involved in
osteoblast differentiation [30]. It is also possible that
Tet enzymes are less active in the perinatal brain due
to the availability of key Tet binding partners [31,32],
although our observations on enzyme activity argue
against this interpretation.

We also found that global 5mCwas low at birth in
the hypothalamus and increased by P25, which is
consistent with a previous report in the mouse and
human cortex [11]. The increase in global 5mC with
age in the cortex is due almost exclusively to methy-
lation in a non-CG context [11]. Although most
DNA methylation occurs on a cytosine followed by
a guanine (CG), non-CG methylation (especially,
methylation of a cytosine followed by adenine; CA)

Figure 7. Global 5-hydroxymethylcytosine (5hmC) accumulates across development. Representative dot blots and quantifica-
tion illustrate that hydroxymethylation significantly increases between postnatal days 1 and 25 in a) the preoptic area of the
hypothalamus (POA); b) the ventromedial nucleus of the hypothalamus (VMH); and c) the hippocampus (P < 0.001 in all cases).
Different letters indicate significant differences. Data are mean ± SEM. N = 6 in all groups.
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also occurs, and this increases with age specifically in
neurons [11,33–35] . Our dot blots used a 5mC anti-
body that detects 5mC equally well in CG and CA
contexts (see Methods). Thus, the higher levels of
5mC found in the hypothalamus at P25might be due
to an accumulation of methyl marks in a non-CG
context, although this remains to be confirmed.

We found the highest expression of the canonical
Dnmt genes in the POA and VMH of newborns, yet
Dnmt enzyme activity in whole hypothalamus was
only marginally higher on P1 than on P25. The
hypothalamus is a highly heterogeneous brain region,
and it is possible that enzyme activity in whole
hypothalamus does not reflect activity in subregions
such as the POA or VMH. Indeed, Nugent et al. [2]
found elevated Dnmt activity in the POA of newborn
rats, with a large drop in activity at P7, consistent with
highest Dnmt activity in newborns (although ages
after P7 were not examined). It is also possible that
Dnmt3l contributes to the muted effect of age on
Dnmt activity. Dnmt3l expression in the hypothala-
mus and hippocampus increased between birth and
P25; as a co-activator of Dnmt3a and Dnmt3b,
Dnmt3l may boost enzyme activity to offset decreased
Dnmt3a and Dnmt3b gene expression. If such com-
pensation does occur, however, it may be brain region
specific becauseDnmt3l expression was reported to be
low at all ages examined in the mouse cortex [11].

As far aswe are aware, sex differences inTet enzymes
in the brain have not previously been reported. We
found sex differences in Tet expression in all regions
examined that were limited to the neonatal critical per-
iod for sexual differentiation. Newborn males had
higher expression of Tet enzymes than females in the
POAandVMH,whereas females hadhigher expression
of all Tet enzymes in the hippocampus. Althoughmany
of the best studied brain sex differences are found in the
hypothalamus [25], sex differences in neonatal hippo-
campus have also recently been reported [36–38].Males
also had lower expression of Dnmt1 and Dnmt3l than
females in the POAonP7, and lower globalmethylation
in the newbornmale POA. Similarly, more fullymethy-
latedCpG sites were found in the POAof P2 female rats
than of males [2]. Our present results suggest that
greater de-methylation in males could contribute to
this finding.

Many sex differences in the mammalian brain are
caused by a transient, perinatal exposure to gonadal
testosterone in males and can be eliminated by

administration of testosterone to females at birth
[39]. The dose of testosterone we used here effec-
tively masculinized neuroanatomy in our previous
study [40], yet we found only partial or no masculi-
nization of Tet and Dnmt expression in females
treated with testosterone in the current study. Some
sex differences in the brain are independent of gona-
dal hormones and due to sex chromosome comple-
ment [41–44], or to an interaction of gonadal and sex
chromosome factors [45], which may explain the
limited effect of testosterone in this study.
However, because males are exposed to elevated
testosterone from about E18 to P0 [46,47], both
pre- and postnatal testosterone may be required to
fully masculinize Tet and Dnmt expression in
females. In fact, testosterone causes an increase in
Tet2 expression and a decrease in global methylation
in mouse embryonic neural stem cells in vitro [48],
suggesting that effects of testosterone on Tet expres-
sion may begin prenatally.

Despite strong sex differences in Tet2 and Tet3 gene
expression in the neonatal POA, global 5hmC levels
did not differ between the sexes. It is possible that this
reflects the limited sensitivity of dot blots, which are
not able to detect small differences between groups.
Alternatively, the lack of sex differences in neonatal
5hmCmay again suggest that higher Tet expression in
newbornmales is primarily related to a de-methylation
event and rapid conversion of 5mC to an unmodified
cytosine rather than the placement of stable 5hmC
marks. This would result in a sex difference in global
5mC, but not 5hmC, which is what was found. We,
and others, have reported sex differences in DNA
methylation in a genome-wide survey and examina-
tion of steroid receptor genes in the hypothalamus
[4,9]. Taken together, our present results indicate that
sex differences in DNAmethylation in the POA could
primarily be a consequence of sex differences in
demethylation driven by Tet enzymes.

Materials and methods

Animals

C57BL/6 adult mice were purchased fromThe Jackson
Laboratory (Bar Harbor, ME, USA). Breeding pairs
were maintained on a 12-h:12-h light:dark cycle at
22°C with ad libitum access to food and water and
were checked daily for the delivery of pups. All
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procedures were approved by the Institutional Animal
Care and Use Committee of Georgia State University
and performed in accordance with the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Neonatal treatment and brain collection

Brains were collected on postnatal days (P) 1, P7, P25
and P60 for analyses of Tet and Dnmt expression, and
on P1, P7 and P25 from a separate cohort of mice to
evaluate global levels of 5mC and 5hmC. Three groups
were included at each age: control males and females
that received a subcutaneous injection of peanut oil
(25 µl) on P0 and P1, and females that received testos-
terone propionate (100 µg in 25 µl of peanut oil, Sigma,
St Louis, MO, USA) on P0 and P1. For collection on
P1, animals were sacrificed 6h after the last injection.
Brains were stored at −80°C until processing.

Micro-punch of regions of interest

Brains were maintained at −18°C on a cryostat, and
coronally sectioned until reaching the areas of inter-
est. Tissue punches were collected of the POA, the
VMH, and the hippocampus. Punch size was 1 mm
inner diameter, except for the VMH and hippocam-
pus at P60 (2 mm inner diameter). Tissue was kept at
−80°C until processing for RNA or DNA purification.

RNA purification and qRT-PCR

Tissue was homogenized in TRIzol (Invitrogen,
Carlsbad, CA, USA) by multiple passes through
a 30-gauge needle at 4°C. Total RNA purification
proceeded according to the manufacturer’s instruc-
tions, and quantity and purity was analyzed by spec-
trophotometry (NanoDrop 2000, Thermo Fisher
Scientific, GA,USA). One µg of total RNAwas reverse
transcribed to cDNA in a 20 µl reaction with
Superscript IV (Invitrogen, Invitrogen, Carlsbad,
CA, USA) and random primers (Invitrogen).
Quantitative real-time PCR (qPCR) was performed
using verified primer sets (Qiagen Inc., Valencia, CA,
USA) for Gapdh, Tet1, Tet2, Tet3, Dnmt1, Dnmt3a
and Dnmt3b genes. We also examined expression of
Dnmt3l using the following primer sequences: for-
ward, CTGCTGACTGAGGATGACCA; reverse,

ACCCGCATAGCATTCTGGTA [49]. Each sample
was assayed in duplicate using FastStart Essential
DNA Green Master (Roche, Basel, Switzerland) in
a final volume of 10 µl. Amplification was performed
in a Step OneTM Real Time PCR System (Applied
Biosystems Inc., Foster City, CA, USA), and amplifi-
cation efficiency was established by 5-point calibra-
tion curves. All primer-pairs were verified to be
90–110% efficient and amplified a single product
determined by melting curve analysis. Relative quan-
tifications of mRNA levels were measured by the
ΔΔCt method. For the analysis of Tet and Dnmt
enzyme expression across development (Figures 1
and 2), the mean of males on P1 was used as the
calibrator group. When sex differences within age
was analyzed (Figures 3 and 4, and Supplementary
Figures 1–6), the mean of the male group for that age
was again used as a calibrator.

Enzyme activity assays

The hypothalamus and hippocampus were manually
dissected from untreated P1 and P25 male and female
mice and frozen at −80°C. Nuclear proteins were pur-
ified with the EpiQuik™ Nuclear Extraction Kit
I (Epigentek Cat. No OP-0002) and quantified using
the Pierce™ BCA Protein Assay Kit (Thermo Scientific
Cat. No 23,225) following the instructions provided by
the manufacturer.

Total Tet activity was analyzed with the fluoro-
metric Epigenase™ 5mC Hydroxylase TET Activity/
Inhibition Assay Kit Assay Kit (Epigentek Cat. No
P-3087) following the manufacturer’s instructions.
Briefly, the kit provides a methylated substrate stably
coated onto microplate wells. Tet enzymes present in
the samples convert themethylated substrate to hydro-
xymethylated products in a 90-minute incubation. The
final enzyme product is then recognized using specific
antibodies provided with the kit and fluorometrically
measured. The enzyme activity was calculated using
the following formula: TET Activity (RFU/min/mg
protein) = [(Sample RFU – Blank RFU)/(Protein
Amount (μg) x 90 min)] x 1000 where RFU are the
relative fluorescent units measured.

Total Dnmt Activity was analyzed using the
EpiQuik™ DNMT Activity/Inhibition

Assay Ultra Kit (Epigentek Cat. No P-3010). The
general procedure and principle mirror the procedure
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of the Tet Activity kit. The Dnmt activity was calcu-
lated using the formula: DNMT Activity (RFU/h/mg
protein) = [(Sample RFU – Blank RFU)/(Protein
Amount (μg)* x 2 hours)] x 1000.

DNA purification and dot blots

Genomic DNA was purified from brain punches
with the EZNA DNA kit (Omega Biotek Inc,
Atlanta, GA, USA) and quantified by spectropho-
tometry. 5hmC- or 5mC-specific dot blots were
performed using a Bio-Dot Apparatus (Bio-Rad,
Hercules, CA, USA) as described previously [50].
Briefly, DNA was spotted on an Amersham
Hybond-N+ membrane (GE Healthcare, Atlanta,
GA, USA) and was fixed to the membrane by
incubation at 85°C in a hybridizer for 30 min.
The membrane was incubated in 5% blotting-
grade blocker (Bio Rad), followed by rabbit anti-
5hmC antibody (Active Motif, Cat. No. 39,791,
1:2000) or mouse anti-5mC antibody (Active
Motif, Cat. No. 39,649, 1:1000) overnight at 4°C.
We confirmed that this antibody detects methy-
lated cytosine in both a CG and non-CG context
(Supplementary Figure 7). Membranes were then
incubated for 1h at room temperature in horse-
radish peroxidase–conjugated secondary antibo-
dies (anti-rabbit: 1:5000, Cat. No 7074S; anti-
mouse: 1:4000, Cat. No 7076P2, Cell Signaling),
and signal was visualized by enhanced chemilumi-
nescence. The density of each signal was quantified
by ImageJ software.

Statistical analysis

One-way ANOVA was used to evaluate the mRNA
expression of Tet and Dnmt genes across develop-
ment. Two-tailed independent t-tests with Welch’s
correction for unequal sample sizes or repeated-
measures ANOVA were used to evaluate sex differ-
ences within age. Two-way ANOVA (sex-by-age)
was used to evaluate global levels of 5hmC and
5mC and enzyme activities during development.
ANOVA was followed by Fisher’s least significance
difference (LSD) post hoc test when appropriate.
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