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Introduction

Methyl-CpG-binding protein 2 (MeCP2) is encoded by an 
X-linked gene, MECP2, that is critical for normal brain func-
tion, as disruptions in MeCP2 are associated with several neuro-
logical disorders.1 Typically, MeCP2 plays an important role in 
gene repression by binding to methylated DNA2,3 and recruiting 
co-repressor proteins to reduce gene transcription.2,4,5 However, 
recent evidence suggests that MeCP2 can also have a number of 
other functions, such as activating gene transcription,6 modify-
ing RNA splicing,7 and affecting neural differentiation/matura-
tion and synaptic plasticity.8-10 Mutations of MECP2 cause Rett 
syndrome, an X-linked disorder that is diagnosed more often in 

Several neurodevelopmental disorders are marked by atypical Methyl-CpG-binding protein 2 (MeCP2) expression or 
function; however, the role of MeCP2 is complex and not entirely clear. Interestingly, there are sex differences in some of 
these disorders, and it appears that MeCP2 has sex-specific roles during development. Specifically, recent data indicate 
that a transient reduction in MeCP2 within developing amygdala reduces juvenile social play behavior in males to female-
typical levels. These data suggest that MeCP2 within the amygdala is involved in programming lasting sex differences 
in social behavior. In the present study, we infused MeCP2 or control siRNA into the amygdala of male and female rats 
during the first three days of postnatal life in order to assess the impact of a transient reduction in MeCP2 on arginine 
vasopressin (AVP), a neural marker that is expressed differentially between males and females and is linked to a number of 
social behaviors. The expression of AVP, as well as several other genes, was measured in two-week old and adult animals. 
Two-week old males expressed more AVP and galanin mRNA in the amygdala than females, and a transient reduction in 
MeCP2 eliminated this sex difference by reducing the expression of both gene products in males. A transient reduction in 
MeCP2 also decreased androgen receptor (AR) mRNA in two-week old males. In adulthood, control males had more AVP-
immunoreactive (AVP-ir) cells than females in the centromedial amygdala (CMA), bed nucleus of the striaterminalis (BST) 
and in the fibers that project from these cells to the lateral septum (LS). A transient reduction in MeCP2 eliminated this 
sex difference. Interestingly, there were no lasting differences in galanin or AR levels in adulthood. Reducing MeCP2 levels 
during development did not alter estrogen receptorα, neurofilament or Foxg1. We conclude that a transient reduction in 
MeCP2 expression in the developing male amygdala has a transient impact on galanin and AR expression but a lasting 
impact on AVP expression, highlighting the importance of MeCP2 in organizing sex differences in the amygdala.
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females. Reductions in MeCP2 expression or function can also 
occur in autism, which is more prevalent in males. Therefore, in 
order to understand sex differences in some neurodevelopmen-
tal disorders, it becomes important to elucidate the function of 
MeCP2 in the context of sexual differentiation of the brain.

Recent data indicate that MeCP2 is important for typical 
functioning of mature neurons. For example, re-expression of 
MeCP2 in juvenile or adult mice restores many of the deficits 
induced by MeCP2 deletion.11,12 Likewise, using an inducible 
MeCP2 knockout model, reductions in MeCP2 later in life can 
recapitulate many of the deficits seen in the MeCP2 knockout.13 
Together, these data suggest that some of the neurological out-
comes induced by MeCP2 disruption may not be programmed 
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These data suggest AVP as a potential 
candidate when examining genes that are 
regulated by MeCP2 and influence social 
behavior.

AVP expression within the BST and 
CMA is highly sexually dimorphic, as 
adult males express 2–3 times more AVP 
in these areas.23 Moreover, this sex differ-
ence is organized during early postnatal 
life by steroid hormone actions on ER and 
AR.24-26 Therefore, we hypothesized that 
transiently reducing MeCP2 during this 
time period would have a lasting impact 
on AVP expression levels within the amyg-
dala, possibly through its action on ER or 
AR.27,28 Also, as AVP is co-expressed in a 
subset of galanin expressing neurons,29 we 
also examined galanin expression.

Results

Experiment 1: A transient reduction in 
MeCP2 reduced AVP, galanin and andro-
gen receptor (AR) mRNA at PN14. AVP 
mRNA in the amygdala. As AVP expression 
is sexually dimorphic and is relevant to a 
number of social behaviors, we examined 
the impact of neonatal MeCP2 siRNA 
on AVP mRNA expression in the amyg-
dala two weeks after infusion. We found 
an interaction between sex and treatment 

on relative AVP mRNA expression [F(1,15) = 6.82, p = 0.02, 
Fig.  1A]. Post hoc comparisons indicate that control males 
expressed higher levels of AVP mRNA in the amygdala than both 
control females, (p = 0.011), and MeCP2 siRNA-treated males 
(p = 0.007).

Galanin mRNA in the amygdala. As AVP is co-expressed in 
a subset of galanin cells, we examined the effect of neonatal 
MeCP2 siRNA on galanin mRNA expression in the amygdala 
two weeks after infusion. Interestingly, there was a main effect 
of sex [F(1,18) = 4.98, p = 0.039] and an interaction between 
sex and treatment [F(1,18) = 5.41, p = 0.032] on relative galanin 
mRNA expression (Fig. 1B). Post hoc comparisons indicate 
that control males expressed higher galanin mRNA levels in the 
amygdala than both control females (p = 0.005) and MeCP2 
siRNA-treated males (p = 0.008).

AR and ERα mRNA in the amygdala. As AVP expression 
is organized during development by steroid action on ER and 
AR, we examined the effect of neonatal MeCP2 siRNA on 
AR and ERα mRNA expression in the amygdala two weeks 
after infusion. There was a main effect of treatment [F(1,19) 
= 8.1, p = 0.01] and an interaction between sex and treatment 
[F(1,19) = 4.5, p < 0.05] on relative AR mRNA (Fig. 1C). Post 
hoc comparisons indicate that control males expressed higher 
levels of AR mRNA in the amygdala than MeCP2 siRNA-
treated males (p = 0.002). In contrast, there was no effect of sex  

during development, but rather are a consequence of loss of adult 
MeCP2 function. However, the importance of MeCP2 during 
development in organizing lasting changes in behavior has also 
been recently established. Specifically, a transient reduction in 
MeCP2 within the developing amygdala during the first three 
days of postnatal life reduces the levels of juvenile social play in 
males to female-typical levels.14 Given the intriguing finding that 
typical male juvenile social behavior is disrupted by decreased 
MeCP2 expression in the developing amygdala, we wanted to 
examine if MeCP2 disrupts sex differences in gene expression 
within the amygdala. Juvenile male rats play at higher frequencies 
than females, and this sex difference is organized by testosterone 
action within the developing male amygdala.15,16 Testosterone is 
metabolized into two principle ligands: estradiol, which binds to 
estrogen receptor (ER) and the androgen, dihydrotestosterone, 
which binds to androgen receptor (AR),17 and these receptors 
are critical for organizing many sex differences in the brain and 
behavior. It is unclear, however, what genes are altered by reduced 
MeCP2 expression within the developing amygdala to effect this 
change in social behavior in juvenile male rats. AVP expression 
within the bed nucleus of the striaterminalis (BST) and the 
centromedial amygdala (CMA) is known to be involved in a 
number of social behaviors,18-20 including social play behavior.21 
Additionally, it has been recently suggested that MeCP2 can reg-
ulate vasopressin (AVP) expression within the hypothalamus.22 

Figure 1. Relative mRNA expression in the amygdala of PN14 animals infused with MeCP2 or 
control siRNA on PN0–2. (A) Post hoc tests indicate that control males expressed more relative 
AVP mRNA than control females (*p = 0.011) and MeCP2 siRNA-treated males (#p = 0.007). (B) Post 
hoc tests indicate that control males expressed more relative galanin mRNA than control females 
(*p = 0.005) and MeCP2 siRNA-treated males (#p = 0.008). (C) Post hoc tests indicate that control 
males expressed more relative AR mRNA than MeCP2 siRNA-treated males (*p = 0.002). (D) There 
was no effect on relative ERα mRNA.
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adulthood within the CMA (p < 0.001) and BST (p < 0.001), 
as well as more AVP-ir fibers in the LS (p < 0.001). Additionally, 
control males had more AVP-ir cells compared with MeCP2 
siRNA-treated males within the CMA (p < 0.001) and BST 
(p < 0.001), as well more AVP-ir fibers in the LS (p = 0.003). 
As in experiment 1, there were no differences between MeCP2 
siRNA-treated females and control females in any brain region 
examined. As expected, the number of AVP-ir cells within the 
paraventricular thalamic nucleus (PVT), a control region as this 
area is innervated by AVP cells that are not sexually dimorphic, 
did not differ by sex [F(1,29) = 0.006, p = 0.97] or treatment 
[F(1,29) = 0.002, p = 0.94, Fig. 2D].

Galanin-ir cell number in the CMA and BST. In order to assess 
if the impact of neonatal MeCP2 siRNA on galanin expression 
in males was maintained into adulthood; we examined galanin-
ir cell number in adulthood. Interestingly, there was no lasting 
effect of a transient reduction in MeCP2 on galanin-ir cells in 
adulthood. There was no effect of sex [F(1,31) = 1.23, p = 0.81] or 
treatment [F(1,31) = 0.06, p = 0.28] on the number of galanin-ir 
cells in the CMA (Fig. 3A). Likewise, there was no effect of sex 
[F(1,32) = 0.13, p = 0.78] or treatment [F(1,32) = 0.08, p = 0.73] 
on the number of galanin-ir cells in the BST.

AR-ir cell number in the CMA. In order to assess if the impact 
of neonatal MeCP2 siRNA on AR expression in males was 

[F(1,19) = 2.17, p = 0.16], treatment [F(1,19) 
= 0.03, p = 0.86], or an interaction [F(1,19) = 
0.59, p = 0.45] on relative ERα mRNA in the 
amygdala (Fig. 1D).

Neurofilament, Foxg1 and MeCP2, mRNA in 
the amygdala. In order assess the possibility that 
the changes observed in gene expression were 
not simply the impact of overall transcriptional 
dysregulation, we examined the effect of neo-
natal MeCP2 siRNA on neurofilament, light 
polypeptide (NF-L), MeCP2 and Foxg1 mRNA 
expression in the amygdala. NF-L is a neuron-
specific cytoskeletal gene,30 and Foxg1 is a gene 
that encodes for a transcription factor that is 
important for brain development and has been 
recently identified to be deleted or inactivated 
in Rett syndrome.31,32 MeCP2 mRNA was also 
assessed in order to ensure that expression levels 
returned to normal two weeks following the infu-
sions on PN0–2, as previously shown in refer-
ence 14. There was no effect of neonatal MeCP2 
siRNA on the expression of any of these genes. 
There was no effect of sex [F(1,18) = 0.07, p = 
0.79] or treatment [F(1,18) = 0.71, p = 0.41] on 
relative NF-L mRNA in the amygdala. There was 
also no effect of sex [F(1,19) = 0.57, p = 0.46] or 
treatment [F(1,19) = 0.03, p = 0.86] on relative 
MeCP2 mRNA in the amygdala. Finally, there 
was no effect of sex [F(1,18) = 0.09, p = 0.77] or 
treatment [F(1,18) = 0.32, p = 0.58] on relative 
Foxg1 mRNA in the amygdala.

AVP mRNA in the hypothalamus. In order to 
assess the possibility that the infusion of MeCP2 siRNA may have 
spread to the hypothalamus and altered AVP gene expression in 
that brain region, we examined the effect of neonatal infusion of 
MeCP2 siRNA into the amygdala on AVP mRNA expression in 
the hypothalamus. There was no effect of sex [F(1,18) = 0.001, 
p = 0.97] or treatment [F(1,18) = 0.33, p = 0.57] on relative AVP 
mRNA in the hypothalamus.

Experiment 2: Neonatal infusions of MeCP2 siRNA 
reduced AVP, but not galanin or AR-ir, in adulthood. AVP-ir 
cell number and fiber density in the CMA, BST and lateral sep-
tum. In order to assess if the impact of neonatal MeCP2 siRNA 
on AVP expression in males was maintained into adulthood; we 
examined AVP-ir cell number in adulthood. Our data replicate 
previous findings of a sex difference in AVP-ir cell number, with 
males have higher AVP-ir cell number than females. More impor-
tantly, we find a lasting effect of transient reduction in MeCP2 
on AVP-ir cells. That is, MeCP2 siRNA-treated males had lower 
AVP-ir cell number than control males. An interaction between 
sex and siRNA treatment was found in number of AVP-ir cells 
within the CMA [F(1,29) = 8.34, p = 0.007, Figs. 2A and 4A], 
BST [F(1,30) = 4.58, p = 0.04, Fig. 2B], and one of the projec-
tion sites of these cells, the lateral septum (LS) [F(1,31) = 6.55, 
p = 0.016, Fig. 2C]. Post hoc comparisons indicate that con-
trol males expressed more AVP-ir cells than control females in 

Figure 2. AVP-ir in adult animals infused with MeCP2 or control siRNA on PN0–2. (A) Post 
hoc comparisons indicate that control males expressed more AVP-ir cells than control 
females (*p < 0.001) and MeCP2 siRNA-treated males (#p < 0.001) in the CMA. (B) Post hoc 
comparisons indicate that control males expressed more AVP-ir cells than control females 
(*p < 0.001) and MeCP2 siRNA-treated males (#p < 0.001) in the BST. (C) Post hoc com-
parisons indicate that control males expressed a larger area of AVP-ir fibers than control 
females (*p < 0.001) and MeCP2 siRNA-treated males (#p = 0.003) in the LS. (D) There was 
no effect of MeCP2 siRNA treatment on AVP-ir fiber area in the paraventricular nucleus of 
the thalamus (PVT).
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maintained into adulthood, we examined AR-ir cell number in 
adulthood. Interestingly, there was no lasting effect of a transient 
reduction in MeCP2 on AR in adults. There was no effect of sex 
[F(1,30) = 2.4, p = 0.13] or treatment [F(1,30) = 0.15, p = 0.70] 
on the number of AR-ir cells in the CMA (Fig. 3B).

Testosterone EIA. We measured testosterone concentrations in 
adult animals that had been gonadectomized and implanted with 
testosterone-filled implants in order to ensure that levels did not 
differ between sex or treatment groups and were in the physi-
ological range for adult males. As expected, there was no effect 
of sex [F(1,29) = 0.002, p = 0.96] or treatment [F(1,29) = 0.423, 
p = 0.52] on serum testosterone in castrated and testosterone-
implanted adults (data not shown). Average testosterone levels 
were 1.31 ± 0.31 ng/mL in control females, 1.29 ± 0.35 ng/mL 
in control males, 1.08 ± 0.27 ng/mL in MeCP2 siRNA-treated 
females and 1.49 ± 0.25 ng/mL in MeCP2 siRNA-treated males. 
These levels fall within the range of typical adult male levels of 
circulating testosterone.33

Experiment 3: An infusion of SKF into the amygdala did 
not activate c-Fos in the BST. As we observed a decrease in 
AVP protein levels in the BST, we wanted to determine if our 
infusion spread from the amygdala to the BST. To test this, we 
infused SKF 38393, a dopamine D1-like receptor agonist, into 
the developing amygdala and examined c-Fos-ir cell number. 
As SKF 38,393 increases c-Fos protein levels, it provides a func-
tional marker of altered cell activity and should help us deter-
mine the spread of the infusion. Within the amygdala, animals 
treated with any dose SKF had more c-Fos-ir cells than saline 

animals [t(9) = 2.99, p = 0.02] and this effect was 
dose-dependent [r2 = 0.43, F(1,9) = 6.88, p = 0.03]. 
However, there was no effect of SKF infusion into 
the amygdala on c-Fos-ir cells in the BST [t(7) = 
5.17, p = 0.62]. While c-Fos-ir cells were detected 
around the site of infusion, there was no apparent 
spread of SKF 38,393 medial to the optic tract, such 
as in the hypothalamus. These data, as well as a lack 
of alterations in AVP expression within the hypo-
thalamus, suggest that there was little spread outside 
the amygdala.

Discussion

These data indicate that MeCP2 participates in the 
developmental organization of the AVP system in 
a sex-specific manner. In two-week old and adult 
male rats, a transient reduction in MeCP2 during 
neonatal development reduced AVP levels within 
the amygdala, a region critical for social and emo-
tional behavior. We found that two-week old con-
trol males expressed more AVP mRNA within the 
amygdala compared with females, and a transient 

Figure 3. Immunoreactive cells in the CMA of adults infused with 
MeCP2 or control siRNA on PN0–2. (A) There was no effect of sex (p = 
0.81) or treatment (p = 0.28) on the number of galanin-ir cells. (B) There 
was no effect of sex (p = 0.78) or treatment (p = 0.73) on the number of 
AR-ir cells.

Figure 4. Photomicrographs of adults infused with 
MeCP2 or control siRNA on PN0–2. (A) AVP-ir cells in the 
CMA at 4x (left) and 10x (right). (B) galanin-ir cells in the 
CMA at 4x (left) and10x (right). White dashed box repre-
sents the area analyzed.
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age. It is also possible that sex differences in galanin expression are 
easier to detect with quantitative PCR. Importantly, a transient 
reduction in MeCP2 within the developing amygdala decreased 
galanin mRNA expression within the amygdala in two-week old 
males, but not females, and this effect was not lasting into adult-
hood. These data suggest that MeCP2 plays an important role 
in programming AVP expression into adulthood; however, the 
influence of MeCP2 on galanin appears transient.

The mechanism by which a transient reduction in MeCP2 
disrupts the expression of these peptides is not clear. Research 
has shown that MeCP2 binds to the AVP promoter region in 
the paraventricular nucleus of the hypothalamus to repress gene 
transcription.22 Although this is not in agreement with the pres-
ent findings that a reduction in MeCP2 decreases AVP expression 
in the BST and CMA; this could point toward distinct func-
tions of MeCP2 in different brain regions or at different time 
points, depending on the activity of other co-regulatory proteins. 
Although MeCP2 is typically thought to mediate a decrease in 
gene transcription, it can also increase gene transcription through 
its interaction with cAMP response element-binding protein 1 
(CREB1).6 Importantly, sex differences in cAMP pathways are 
thought to be critical for the organization of some sex differences. 
For example, CREB-binding protein (CBP) and phosphorylated 
CREB are both higher in males in several brain areas44,45 and 
CBP is necessary for the organization of some sex differences 
in behaviors.44 These data suggest that higher levels of CREB 
activity in males within sexually dimorphic brain regions may 
facilitate MeCP2-induced gene transcription and organize sex 
differences. Indeed, studies have shown that CREB binds to the 
AVP promoter region to activate gene transcription in vitro.46 In 
contrast to its role in the repression of AVP within the paraven-
tricular nucleus of the hypothalamus, where the AVP is relatively 
steroid insensitive, MeCP2 may interact with CREB within the 
developing amygdala to increase steroid-dependant AVP gene 
transcription. Therefore, a reduction in MeCP2 during develop-
ment could disrupt the organization of steroid hormone-depen-
dant AVP expression within the amygdala.

Although a correlation between AVP expression and juvenile 
social play behavior has previously been observed in reference 21, 
it is unclear whether a reduction in AVP expression could explain 
the reduction in juvenile social play behavior recently seen in the 
males by Kurian et al. As a reduction in MeCP2 in the develop-
ing male amygdala results in lasting disruptions in both juvenile 
social play behavior and AVP expression, MeCP2 may be critical 
for the organization of the male-typical amygdala and its related 
behaviors. Like many sexually dimorphic systems, juvenile social 
play behavior and AVP expression are organized largely by tes-
tosterone exposure in early life.15,16,25,47 A reduction in MeCP2 
disrupts sex differences in both social play and AVP expression, 
suggesting that MeCP2 may be important for steroid hormone 
activity. Therefore, reducing neonatal MeCP2 may have a last-
ing impact through altering the function or expression of ste-
roid receptors. Our data suggest that this is the case for AR, as a 
reduction in MeCP2 during the first three days of postnatal life 
decreases its expression in two week-old males. The reduction in 
AR expression may play a role in the decrease in AVP expression 

reduction in MeCP2 within the amygdala during the first three 
days of postnatal life decreased AVP mRNA expression to female 
levels. A reduction in MeCP2 during development had no effect 
on female AVP expression. In addition, these effects are lasting 
into adulthood, suggesting that MeCP2 is involved in the orga-
nization of male-typical AVP expression. That is, adult males had 
more AVP-ir cells within the CMA, BST and fibers within the 
lateral septum compared with females; a transient reduction in 
MeCP2 within the developing male amygdala eliminates this sex 
difference. The functional significance of reduced AVP, includ-
ing its possible influence on juvenile social play behavior, is not 
clear; however, these data indicate that MeCP2 is important in 
the organization of AVP within the amygdala in a sex-specific 
manner.

As AVP-ir cells in the CMA project to the lateral septum, 
we expect a decrease in AVP-ir fibers in this area. However, it 
is less clear how the infusion of MeCP2 siRNA into the amyg-
dala decreased AVP-ir cell number in the BST. It is possible that 
the infusion could have spread to the BST and directly altered 
AVP-ir cell number; however, we have previously confirmed that 
the MeCP2 siRNA infusion into the amygdala does not reduce 
MeCP2 levels in the hypothalamus.14 Furthermore, we found 
that an injection of SKF 38,393 into the amygdala increases 
c-Fos-ir labeling in the amygdala but not the BST, even though 
systemic SKF 38,393 administration can increase c-Fos-ir label 
in both the amygdala and BST.34 These data provide an indirect 
yet functional assay of spread to the BST from infusion site in 
the amygdala. More importantly, previous data have shown that 
the BST and CMA are interconnected, and lesions of the BST 
disrupt AVP expression in the amygdala.35 Based on this infor-
mation, it is not surprising that a disruption in the developing 
amygdala would result in a similar disruption in the BST. We 
also show that there was no influence of reduced MeCP2 on AVP 
mRNA within the hypothalamus in two week-old animals. As 
this area is rich in AVP, but not interconnected with the amyg-
dala, this suggests that the disruption within the BST may not 
have been due to the spread of siRNA.

AVP in the CMA and BST is co-expressed with galanin,29 
and it is thought that AVP expression is induced in a subset of 
these neurons in a sexually dimorphic manner.36,37 While some 
studies have reported no sex difference in galanin,38 others have 
reported a relatively small sex difference in galanin in both rats36 
and mice.39 In the present study, two-week old males expressed 
more galanin mRNA than females in the amygdala; however, 
there was no sex difference detected in the number of galanin-
ir cells in either the CMA or the BST in adulthood. Galanin is 
regulated by circulating testosterone levels,40 and the adult ani-
mals in this study received testosterone-filled implants; whereas, 
the two-week old animals did not. As there is a sex difference 
in endogenous testosterone levels around this time-point,41,42 this 
could contribute to a sex difference in galanin mRNA expres-
sion in the two-week old animals. Interestingly, it was recently 
reported that young adult males express higher levels of galanin 
than females, and this difference declines with age as levels of 
galanin decrease in males.43 Therefore, it is possible that the sex 
difference in galanin levels within rodents similarly declines with 
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SKF 38,393 (experiment 3). Further details are described below. 
After infusions, pups were allowed to recover under a warm lamp 
before being returned to the dam.

Statistical analysis. All statistical comparisons were performed 
using SigmaStat statistical software version 3.5 (Systat Software, 
Inc.). Statistical comparisons for experiments 1 and 2 were per-
formed using a two-way ANOVA and post hoc tests were con-
ducted using a Fisher LSD when a significant interaction was 
found. Statistical comparisons for experiment 3 were performed 
using a Student’s t-test and linear regression. Outliers were deter-
mined using GraphPad Software, Inc., (www.graphpad.com). 
Effects with a p value of < 0.05 were considered statistically 
significant.

Experiment 1: Impact of neonatal infusions of MeCP2 
siRNA on mRNA expression on PN14. Subjects and general 
procedures. Twenty-four pups were collected from four dams on 
postnatal day (PN) 0 (day of birth). Neonatal pups were pooled 
and assigned to a treatment group (five male control siRNA, 
seven male MeCP2 siRNA, seven female control siRNA and five 
female MeCP2 siRNA). Neonatal pups were then sorted to form 
litters consisting of mixed sex and treatment groups and then 
placed back with a dam. Pups were infused with MeCP2 or con-
trol siRNA on PN0–2 and then remained with the dam until 
sacrificed two weeks later on PN14.

MeCP2 siRNA infusions. MeCP2 (sc-35893, Santa Cruz 
Biotechnology) and control siRNA (sc-37007, Santa Cruz 
Biotechnology) were resuspended to 100 μM in the supplied 
siRNA diluent with Lipofectamine LTX reagent (15338100, 
Invitrogen). The amygdala was bilaterally infused with 1 μL 
(100 pmol) of either MeCP2 or control siRNA. Each animal 
received three infusions 24 h apart (i.e., on PN0, PN1 and PN2). 
We have previously shown that this amount of MeCP2 siRNA 
induced a transient and localized reduction in MeCP2 expression 
within the amygdala.14

Tissue processing. Animals were sacrificed by rapid decapitation 
on PN14. Brains were extracted and the amygdala and hypothal-
amus were dissected and snap frozen in isopentane on dry ice. 
Total RNA was isolated using the AllPrep DNA/RNA Mini Kit 
(80204, Qiagen). RNA concentrations were determined using a 
Qubit Fluorometer (Invitrogen) and cDNA was generated using 
ImProm-IITM Reverse Transcription System (A3800, Promega) 
in an EppendorfMasterCycler Personal PCR machine. The sam-
ples were stored at -80°C.

Real-time polymerase chain reaction. RT-PCR. Amplifications 
were done using a Stratagene Mx3000PTM real-time PCR sys-
tem using GoTaq® Colorless Master Mix (M7132, Promega), 
SYBR green and ROX as a reference dye. Primers designed to 
target AVP, galanin, AR, ERα, NF-L, Foxg1 MeCP2, Ywhaz 
and HPRT1 were run in duplicate (Table 1). HPRT1 and Ywhaz 
were used as normalizing genes to control for subtle variations 
in sample concentrations. The amplification protocol was as 
follows: an initial denaturing step at 95°C for 2 min, followed 
by 40 cycles of a 95°C melting step for 30 sec, 60°C annealing 
step for 30 sec, and a 72°C elongation step for 30 sec. Following 
amplification, a dissociation melt curve analysis was performed 
to ensure the purity of PCR products. Data were analyzed with 

in MeCP2-siRNA treated males. This is in agreement with data 
indicating that neonatal treatment with dihydrotestosterone, 
which binds to AR, contributes to male-like AVP mRNA expres-
sion in adult rat brain.24 As AR is critical in the development of 
social play behavior,15,16,48 a reduction in AR expression during 
development could also contribute to the lasting decrease in juve-
nile social play behavior in males.

As MeCP2 has been shown to be involved promoting neu-
ronal differentiation of neural precursor cells,9 it is possible that 
a reduction in MeCP2 altered cell differentiation or cell death; 
however, previous findings from other labs indicate that sex dif-
ferences in the levels of AVP are not due to cell death, but rather 
most likely due to phenotypical differentiation.49 Furthermore, 
our data indicate several other genes are unaffected by siRNA 
treatment, including neurofilament, Foxg1, ERα and MeCP2. As 
all AVP cells are co-expressed with galanin and AR, and these co-
expressed genes were not altered in adults, these data suggest that 
AVP differences are unlikely due to cell death, and consistent 
with the idea MeCP2 plays a role in the organization of sexually-
dimorphic AVP cells.

While numerous studies have confirmed that MeCP2 disrup-
tions occur in Rett syndrome, as well as several other neurode-
velopmental disorders, less is known about what genes MeCP2 
may regulate within socially-relevant brain regions. As a transient 
reduction in MeCP2 levels has lasting consequences on AVP, but 
not galanin or AR expression, MeCP2 may be important for 
organizing certain neuronal phenotypes. Our data suggest that 
reductions in MeCP2 may impact male juvenile social behavior 
by disrupting the organization of AVP within the developing 
amygdala. The consequences of a lasting decrease in AVP expres-
sion in males on other social and cognitive behaviors remain to be 
fully explored. Interestingly, the programming of AVP expression 
was not altered in females, suggesting a greater resistance to neo-
natal disruptions of MeCP2 expression than males. It is impor-
tant to note that while many of the consequences of MeCP2 loss 
can be reversed by postnatal restoration of MeCP2 expression,11,12 
the present study demonstrates that a reduction in MeCP2 dur-
ing a critical time point in brain development can have lasting 
consequences.

Method

General. Subjects. Sprague-Dawley rats supplied by Charles 
River Labs (Wilmington, MA) were bred in our animal facil-
ity. Dams were checked daily to determine the day of birth, and 
were allowed to deliver normally. The rats were housed under 
a 12:12 light/dark cycle with food and water available ad libi-
tum. This research was approved by the University of Wisconsin 
Institutional Animal Care and Use Committee.

Infusions into the amygdala. Infusions were done with a ste-
reotaxic device modified for neonatal rats, and coordinates from 
center and bregma suture lines were empirically determined for 
direct infusion to the amygdala (1 mm lateral, 2 mm caudal and 
5.5 mm ventral from the pial surface at our nose cone angle). 
Under cold anesthesia, the amygdala was bilaterally infused 
with either MeCP2 or control siRNA (experiments 1 and 2) or 
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either TBS or 0.3% TBS-Triton X-100 (TBS-T). For each anti-
body, one of every fourth section of the brain was washed and 
incubated for 15 min in 0.1% sodium borohydride in TBS. 
After washes, the tissue was placed in a blocking solution con-
taining 20% normal goat serum and 3% hydrogen peroxide in 
TBS for 60 min. The tissue was incubated for 18 h with rab-
bit anti-vasopressin (1:10,000; 20069, Immunostar, Inc.,), rab-
bit anti-galanin (1:7,000; T-4333, Bachem Americas), or rabbit 
anti-androgen receptor, PG-21 (1:2,000; 06-680, Millipore) in 
a solution of 2% goat serum and 0.5% gelatin in TBS-T. After 
washes, the tissue was incubated for 90 min in biotinylated goat 
anti-rabbit IgG (1:500; BA-1000, Vector Labs) in TBS-T with 
0.5% gelatin. The tissue was then washed and incubated in 
Vectastain Elite ABC peroxidase (PK-6101; Vector Laboratories) 
using half the concentration recommended by the manufacturer 
for 60 min. After washes, the tissue was incubated for 10 min 
using a Vector SG kit (SK-4700, Vector Laboratories) diluted in 
TBS-T with 0.5% gelatin using the concentration recommended 
by the manufacturer. After three final washes, the sections were 
mounted, air-dried and coverslipped with Permount (SP15-100, 
Fisher Scientific).

Immunocytochemical analysis. The following areas were chosen 
for analysis: the bed nucleus of the striaterminalis (BST) and the 
centromedial amygdala (CMA), which express steroid-respon-
sive AVP cells; the lateral septum (LS), which receives projec-
tions from these cells; and the paraventricular thalamic nucleus 
(PVT), which receives AVP projections from the suprachiasmatic 
nucleus, a hypothalamic region that contains non-steroid sensi-
tive AVP cells.51,52 The Atlas of Paxinos and Watson53 was used 
to match a bilateral plate for each animal containing the LS, cor-
responding to plate 18; BST, corresponding to plate 21; CMA, 
corresponding to plate 30; and PVT, corresponding to plate 33. 
These areas were inspected under bright-field illumination using 
an Olympus BX-61 microscope fitted with a 10x (for cell counts) 
or 20x (for fiber analysis) objective and an Olympus FV II digital 
camera. The number of AVP or galanin-ir cells in the CMA and 
BST was counted at 10x by an experimenter blind to treatment 
groups. AVP-ir fiber area in the LS and PVT and AR-ir cell num-
ber in the CMA were determined using Olympus MicroSuite 
(Soft Imaging Corp.). For each of these brain regions, the same 
sized area was analyzed for each animal. The threshold to detect 
foreground was set at 15% (for AVP-ir fibers) or 5% (for AR-ir 

the following program term settings based on Invitrogen recom-
mendations: (1) amplified based threshold, (2) adaptive baseline 
set v1.00 to v3.00 algorithm and (3) smoothing moving average 
with amplification averaging three points. Relative cDNA levels 
were calculated using the ΔΔC

T
 method.50

Experiment 2: Impact of neonatal infusions of MeCP2 
siRNA on immunocytochemistry in adulthood. Subjects and 
general procedures. To examine the stability of the alterations in 
AVP, galanin and AR expression observed on PN14, we repli-
cated and extended the findings of experiment 1. AVP, galanin 
and AR immunoreactivity (ir) was examined in brains collected 
from adult rats that were used in a previous study examining the 
impact of neonatal infusions of MeCP2 siRNA on juvenile social 
play behavior and juvenile sociability.14 The infusion paradigm 
was the same as in experiment 1 above. Briefly, 40 pups from 5 
dams were collected on the day of birth and assigned to a treat-
ment group (10 male control siRNA, 10 male MeCP2 siRNA, 
10 female control siRNA and 10 female MeCP2 siRNA). The 
amygdala was bilaterally infused with 1 μL (100 pmol) of either 
MeCP2 or control siRNA on PN0, PN1 and PN2. All animals 
were gonadectomized and then implanted with Silastic® tubing 
(2.5 cm long, 1.5 mm inner diameter, 2.4 mm outer diameter, 
Dow Corning Corp.,) filled with testosterone (Sigma-Aldrich, 
Inc.,) at 6 mo of age to standardize testosterone levels, as AVP 
expression is highly regulated by circulating levels of testosterone.

Tissue processing. At 7.5 mo of age, rats were deeply anaesthe-
tized with iso-urane and rapidly decapitated. At least 1 ml of 
trunk blood was collected from each animal, immediately placed 
on ice and centrifuged for 10 min at 10,000 g. The serum was 
removed and stored in a clean tube at -20°C until used in a testos-
terone assay. The brains were fixed by immersion in 5% acrolein 
in 0.1 M Tris-buffered saline (TBS) for 24 h followed by 72 h 
in 30% sucrose dissolved in TBS. Following fixation, the brains 
were rapidly frozen in methylbutane and stored at -80°C until 
tissue processing. Brains were cut using a cryostat into 4 series 
of 40 μm sections each and stored at -20°C in a cryoprotectant 
solution (60% sucrose, 30% ethylene glycol, 2% polyvinylpyr-
rolidone) until use in immunocytochemistry.

Immunocytochemistry for AVP, galanin and AR. All steps in 
were performed at room temperature unless otherwise noted. 
All of the tissue targeted by each antibody was processed at the 
same time. All washes were done three times for 5 min each in 

Table 1. Primers used for RT-PCR

Gene Accession# Forward sequence Reverse sequence Efficiency Product size

AVP NM_016992.2 TGC CTG CTA CTT CCA GAA CTG C AGG GGA GAC ACT GTC TCA GCT C 93–94% 55 bp

Galanin M18102 GCG CTG GCT ACC TTC TGG GCT CTC AGG CAG GGG TAC 96–104% 125 bp

MeCP2 NM_022673.2 CGT CCC CTT GCC TGA AGG TTG GA CTT TCC AGC AGA GCG ACC AG 92–98% 42 bp

AR NM_012502.1 GGC AAA GGC ACT GAA GAG AC CCC AGA GCT ACC TGC TTC AC 96–101% 114 bp

ERα NM_012689.1 TCC GGC ACA TGA GTA ACA AA TGA AGA CGA TGA GCA TCC AG 100–103% 109 bp

NF-L NM_031783 ACC AGC GTG GGT AGC ATA AC GAA GAG CAG TCA GAG GTG G 96–104% 157 bp

Foxg1 NM_012560.2 GTT CAG CTA CAA CGC GCT CAT CAT TCA CGA AGC ACT TGT TGA GGG ACA 93–101% 173 bp

Ywhaz NM_013011.3 TTG AGC AGA AGA CGG AAG GT GAA GCA TTG GGG ATC AAG AA 95–100% 136 bp

HPRT NM_012583 GCA GAC TTT GCT TTC CTT GG CAA GCC TAA AAG ACA GCG G 100–105% 239 bp
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that induces c-Fos protein in several brain areas,54,55 including 
the amygdala and BST,34 within an hour following a systemic 
infusion, suggesting that the number of c-Fos-ir cells in the BST 
would increase if the SKF 38,393 infusions spread to the BST. 
On PN1, female rats were bilaterally infused into the amygdala 
with 0, 300, 600 or 1,200 ng of SKF in 1 μL of sterile saline. 
Pups recovered under a warm lamp and were sacrificed 1 h after 
the single infusion. Brains were fixed by immersion in 5% acro-
lein (Sigma-Aldrich, Inc.,) in 0.1 M TBS for 24 h followed by 
24 h in 20% sucrose dissolved in TBS. Following fixation, the 
brains were then rapidly frozen in methylbutane on dry ice and 
stored at -80°C until tissue processing. Brains were cut into 50 
μm sections using a cryostat and stored in cryoprotectant at 
-20°C. Immunocytochemistry was performed following the pro-
cedure described in experiment 1 using a rabbit anti-c-Fos pri-
mary antibody (1:2,000; sc-52, Santa Cruz Biotechnology) in 
a solution of 2% goat serum and 0.5% gelatin in TBS-T. The 
number of c-Fos-ir cells was measured with a 10x objective in the 
amygdala and BST (plates 30 and 21 in the atlas of Paxinos and 
Watson, respectively) using Olympus MicroSuite (Soft Imaging 
Corp.), as described above.
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cells) above the background gray value mean that was determined 
individually for each animal. Microscope light intensity was kept 
constant throughout the imaging session for each brain region 
analyzed to ensure consistent measurements.

Quantification of serum testosterone levels. An enzyme immu-
noassay (EIA) for testosterone (582701, Cayman Chemical 
Company) was run on the serum collected from the animals. 
This EIA is based on the competition between testosterone and 
a testosterone-acetylcholinesterase conjugate for a limited num-
ber of testosterone-specific binding sites. Testosterone standards, 
serum samples diluted 1:8, and the necessary controls were 
loaded onto a 96-well plate coated with mouse anti-rabbit IgG. 
Testosterone-specificacetylcholinesterase (ACHe) tracer and rab-
bit anti-testosterone antiserum were added to all wells on the 
plate, except several of the control wells. The plate was incubated 
for 2 h at room temperature on an orbital shaker to allow for 
competitive binding. After this incubation, the plate was washed 
5 times with a wash buffer. The concentration of testosterone was 
determined by measuring the enzymatic activity of ACHe with 
Ellman’s Reagent, which contains the substrate for ACHe. The 
product of this enzymatic reaction absorbs at 412 nm. The plate 
developed in the dark for 1 h and absorbance was read on a plate 
reader equipped with a filter that reads wavelengths between 405 
and 420 nm. The assay speciocity is 100% for testosterone, and 
the intra-assay coefficient was 9.0%. The detection limit of this 
assay was 6 pg/ml. Results were calculated using a computer 
spreadsheet program provided by the assay manufacturer (www.
caymanchem.com/eiatools/promo/kit).

Experiment 3: Immunocytochemical assessment of infu-
sion area. Subjects and procedures. To determine possible spread 
of infusions into the amygdala, we infused varying doses of 
SKF 38,393 into the amygdala and examined c-Fos-ir cells in 
the amygdala and BST. SKF 38,393 is a D1-receptor agonist 
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