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MeCP2-Mediated Transcription Repression in the
Basolateral Amygdala May Underlie Heightened Anxiety ina
Mouse Model of Rett Syndrome

Megumi Adachi, Anita E. Autry, Herb E. Covington III, and Lisa M. Monteggia
Department of Psychiatry, The University of Texas Southwestern Medical Center, Dallas, Texas 75390-9070

Rett syndrome (RTT) is an X-linked neurodevelopmental disorder that results from loss of function mutations in the methyl-CpG binding
protein 2 (MECP2) gene. Using viral-mediated basolateral amygdala (BLA)-specific deletion of Mecp2 in mice, we show that intact Mecp2
function is required for normal anxiety behavior as well as some types of learning and memory. To examine whether these behavioral
deficits are the result of impaired transcriptional repression, because Mecp2 is believed to act as a transcriptional repressor in complex
with histone deacetylases (HDACs), we infused a HDAC inhibitor chronically into the BLA of wild-type mice. We found that HDAC
inhibition produces behavioral deficits similar to those observed after the deletion of Mecp2 in the BLA. These results suggest a key role
for Mecp2 as a transcriptional repressor in the BLA in mediating behavioral features of RTT.

Introduction

Rett syndrome (RTT) is a neurodevelopmental disorder caused
by mutations in the gene encoding methyl-CpG binding protein
2 (MECP2) that are predicted to result in loss of function of the
protein (MeCP2) (Amir et al., 1999). Individuals affected with
RTT are born healthy and experience normal development until
6—18 months of age, after which they enter a period characterized
by regression of motor and language skills (Hagberg et al., 1983).
RTT patients display a range of phenotypes that are predomi-
nantly expressed in the CNS, including stereotypical hand move-
ments, problems with gait, social behavioral deficits associated
with autistic-like features, heightened anxiety, and loss of cogni-
tive abilities including some learning disabilities (Hagberg et al.,
1983; Sansom et al., 1993; Mount et al., 2002; Weaving et al,,
2005).

MeCP2 is expressed at high levels in postmitotic neurons and
only low levels in immature neurons, although RTT is a neuro-
developmental disorder (Shahbazian et al., 2002b; Kishi and
Macklis, 2004; Mullaney et al., 2004). So why this apparent par-
adox? Recent work has demonstrated that loss of Mecp2 function
in postmitotic cortical and hippocampal neurons produces defi-
cits in synaptic function and plasticity (Dani et al., 2005; Asaka et
al., 2006; Moretti et al., 2006; Nelson et al., 2006, 2008); however,
itis currently unknown whether these deficits underlie the behav-
ioral features of RTT.
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Attempts to model the disease by generating constitutive
Mecp2 knock-out (KO) mice result in the recapitulation of many
of the neurological symptoms of RTT. However, these mice die
early in postnatal development (Chen et al., 2001; Guy et al.,
2001), which prevents their use in behavioral characterization
studies. To circumvent these potential problems, conditional KO
mice, in which floxed Mecp2 mice were crossed with calcium/
calmodulin-dependent protein kinase II-Cre recombinase trans-
genic mice to selectively delete Mecp2 in forebrain regions (cor-
tex, hippocampus, striatum, and amygdala), were generated
(Chen et al., 2001). We have recently characterized these condi-
tional Mecp2 KO mice in a wide array of behavioral tests and
found that these mice have many of the behavioral abnormalities
that are reminiscent of the symptoms seen in RTT patients, in-
cluding impaired motor coordination, increased anxiety, abnor-
mal social interaction with other mice, and deficits in cue-
dependent fear conditioning (Gemelli et al., 2006). Although
these data suggest that the general loss of Mecp2 in the forebrain
may underlie many of the behavioral symptoms exhibited by
RTT patients, it remains unclear which specific brain regions or
neural pathways mediate these abnormalities. Given the impor-
tance of the basolateral amygdala (BLA) in the perception and
modulation of emotion, including fear, stress, and anxiety (Cam-
peau and Davis, 1995; Maren and Fanselow, 1995; Wilensky et al.,
1999; Davis and Shi, 2000; LeDoux, 2000; Roozendaal et al., 2002;
Rainnie et al., 2004; LeDoux, 2007), we examined whether the
loss of Mecp2 in the BLA was sufficient for the development of
many of the behavioral phenotypes exhibited by RTT patients.
To this end, we used a viral-mediated approach to specifically
delete Mecp2 in the BLA and show that Mecp? is required for
normal anxiety behavior as well as some types of learning and
memory. Our data further suggest that Mecp2 may be mediat-
ing these behavioral effects via its role as a transcriptional
repressor.



Adachietal. » Localized Deletion of MeCP2 in Basolateral Amygdala

Materials and Methods

Adeno-associated virus injection. To inject the addeno-associated virus-
green fluorescent protein (AAV-GFP) or AAV-CreGFP, floxed Mecp2
mice (3- to 5-month-old males) were subjected to stereotaxic surgery as
described previously (Adachi et al., 2008). The floxed Mecp2 mouse line
(Chen et al., 2001) was on a mixed 129/BALB/c background that was
backcrossed to C57BL/6 mice for nine generations. The coordinates rel-
ative to bregma were anteroposterior, —0.6 mm; lateral, +3.3 mm; dor-
soventral, —4.5 mm. All mice were injected bilaterally into the BLA with
either AAV-GFP or AAV-CreGFP. The use of GFP allowed for the in-
fected neurons to be visualized. Previous work had demonstrated that the
GFP did not interfere with Cre recombinase activity (Berton et al., 2006;
Adachi et al., 2008). To achieve maximal expression of Cre recombinase
and excision of Mecp2 gene, the mice were group-housed (3—4 per cage)
for 16 d after the surgery until the commencement of the behavioral
experiments. All experiments were approved by the University of Texas
Southwestern Medical Center Animal Care and Use Committee.

Fluorescent in situ hybridization. After the completion of the behav-
ioral tasks, the mice were killed by rapid decapitation, and the brains were
dissected out, rapidly frozen on dry ice, and stored at —80°C. The brains
were sectioned at 14 um thickness on a cryostat, collected on coated glass
slides, and subjected to fluorescent in situ hybridization (FISH). Mecp2
and Cre recombinase probes were prepared by in vitro transcription and
labeled with digoxigenin and fluorescein, respectively. The sequences for
the probes were listed by Adachi et al. (2005). The detailed methods were
described previously (Adachi et al., 2008). The FISH analyses allowed us
to examine the bilateral injection sites and confirm whether the place-
ment was in the correct location. If a placement was not correct bilater-
ally in the BLA for an injection, the behavioral data of the animal were
disregarded.

Quantitative reverse transcription PCR. To determine the relative
amount of Mecp2 expression in BLA after stereotaxic injections, we used
a quantitative reverse transcription (QRT)-PCR approach. The mice
were killed by rapid decapitation, and the brains were sectioned at 10 wm
thickness and collected on polyethylene naphthalate (PEN) membrane-
coated glass slides (Leica). Sections were briefly dehydrated in 70, 90, and
100% ethanol and then subjected to laser microdissection using an AS
LMD system (Leica). The entire BLA containing GFP-positive cells was
dissected from each section. Seven to nine sections were pooled to extract
total RNA using a PicoPure RNA isolation kit (Arcturus). Extracted RNA
was treated with DNase I for 30 min at 37°C and reverse transcribed by
using random hexamers and Superscript III (Invitrogen) to synthesize
single-stranded cDNA. Using cDNA as a template, transcripts for Mecp2,
Cre recombinase, and 18S ribosomal RNA (rRNA) were amplified using
Power SYBR Green PCR master mix (Applied Biosystems) in a Mx3000P
QPCR system (Stratagene). The thermal cycling conditions for PCR am-
plification consisted of 1 cycle of 95°C for 10 min, 40 cycles of 95°C for
30 s, 60°C for 20 s, and 72°C for 30 's, and 1 cycle of 95°C for 1 min and
55°C for 30 s. Primers used for Cre and Mecp2 were listed by Adachi et al.
(2005, 2008). The primers for 18S rRNA are 5'-GCC GCT AGA GGT
GAA ATT CTT G-3' and 5'-CAT TCT TGG CAA ATG CTT TCG-3".
The fold change in Cre and Mecp2expression relative to 185 rRNA was
calculated as mean * SEM.

Infusion of the histone deacetylase inhibitor. Male C57BL/6 mice that
were ~8 weeks of age were used. Osmotic pumps (Alzet) were filled with
either vehicle (5% cyclodextrin in PBS) or suberoylanilide hydroxamic
acid (SAHA) (100 uM in vehicle solution). The pumps were connected to
bilateral cannulae via vinyl tubes and placed under the back of the ani-
mals. The cannulae (Plastics One) were then positioned at —1.5 mm
anteroposterior from bregma to provide bilateral infusion of drug into
the BLA. After the surgery, the animals were singly housed, handled daily
for acclimation, and allowed to recover until commencement of the be-
havioral tests. At the completion of the experiment, all animals were
killed and the brains were dissected out and cut in half, laterally. From
one half of the brain, BLA was dissected out to prepare protein extracts
for Western blot analyses. The other half of the brain was placed in 4%
paraformaldehyde for 72 h, processed in 20% glycerol overnight, sec-
tioned at 30 wm thickness, and stained with Nissl to verify the placement
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of the cannulae. If the placement was incorrect, the data points from that
animal were excluded from analyses.

Western blot analysis. Proteins were extracted in lysis buffer composed
of (in mm): 25 HEPES, pH 7.9, 150 NaCl, 1 PMSF, 20 NaF, 1 DTT, 0.1%
NP40, and proteinase inhibitor cocktails (Sigma). Twenty micrograms of
proteins were resolved on a 12.5% SDS-PAGE gel and transferred to a
nitrocellulose membrane. Dilutions of primary antibodies were 1:1000
for both AcH3 and AcH4 antibodies (Millipore), 1:2000 for MeCP2 (Af-
finity Bioreagents), and 1:10,000 for glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (Cell Signaling Technology) and actin (MP Bio-
medicals). Signals were detected using an enhanced chemiluminescence
system (GE Healthcare Bio-Sciences).

Behavioral overview. Mice were on a 12 h light/dark cycle with ad libitum
food and water. Behavioral testing was done on male floxed Mecp2 mice
starting 2 weeks after AAV-GFP or AAV-CreGFP injections or male
C57BL/6 mice 8 d after SAHA infusions. At the completion of the behavioral
experiments, the regional specificity of the injection into the BLA region for
the viral-injected animals and the histone deacetylase (HDAC)-infused ani-
mals were verified. If the placements were outside the BLA, the behavioral
data from that animal were removed from analysis.

Before all testing, mice were allowed to habituate in the behavioral
room for 1 h. For all experiments, data were presented as mean = SEM,
and Student’s ¢ test was used to analyzed data with significance set as p <
0.05 unless otherwise noted.

Rotarod and locomotor activity. The rotarod test was performed as
described previously (Gemelli et al., 2006). For locomotor activity, ani-
mals were placed in a fresh home cage and locomotor activity was mea-
sured for 1 h by photocell beams linked to computer data acquisition
software (San Diego Instruments). Data were analyzed with repeated
ANOVA. Data are presented as mean + SEM.

Open-field test. Mice were placed in a 72 cm? open field under dim
lighting, and their activity was monitored for 5 min with a video tracking
system using EthoVision software (Noldus Information Technology).
The time spent in the center of the open field (14 X 14 cm), latency to
enter the center, and frequency to enter the center were analyzed. Periph-
eral zones are 5 cm around perimeter of the arena and complete center is
62 X 62 cm.

Elevated-plus maze. Mice were placed in the center of a maze shaped in a
cross (each arm 33 cm X 5 cm) that was elevated 2 feet above the floor with
two open arms and two closed arms (25-cm-tall walls on the closed arms).
The behavior of the mice was monitored for 5 min with a video tracking
system, and the time spent in the closed and open arms, as well as the latency
to enter open-arms, was determined by using EthoVision software.

Social interaction test. In this paradigm, we measured social interest,
which was defined as the approach that an experimental mouse made
toward a novel male C57BL/6 mouse (target). An experimental mouse
was placed in an open-field arena (42 cm X 42 cm) containing a wire
mesh cage located against one of the walls, and its movements were
recorded with a video tracking system using EthoVision software for 5
min. Immediately thereafter, the experimental mouse was removed from
the arena and the target mouse was placed in the wire mesh cage. The
experimental mouse was then reintroduced in the arena. The movement
of the experimental mouse was recorded for another 5 min. The wire
mesh cage allowed visual and olfactory interactions between the mice,
but prevented direct physical contact. Using the video tracking system,
the duration of time spent in the interaction zone in the absence and
presence of the target was measured.

Fear conditioning. The fear-conditioning paradigm was assessed as
previously described (Monteggia et al., 2004). Briefly, mice were placed
in individual chambers for 2 min followed by a loud tone (90 dB) for 30,
immediately followed by a 0.5 mA footshock for 2 s. Mice remained in the
box for 1 min, at which time they again received a loud tone (90 dB) for
30 s and then an immediate 0.5 mA footshock for 2 s. The mice were
immediately removed and placed back into their home cages. Each
chamber was cleaned with 70% ethanol between animals. To test for
context-dependent fear conditioning, 24 h later the mice were placed
back in the same boxes without a tone or shock. The amount of time the
animal spent freezing was scored by an observer blind to the genotype.
Freezing behavior was defined as no movement except for respiration.
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Four hours later, the cue test was performed. To A
test for cue-dependent fear conditioning, mice Day1
were placed in a novel environment with no |
tone or shock for 3 min followed by 3 min of the
tone. The amount of time the mice spent freez-
ing was assessed as described above. |
Pain sensitivity test. Pain sensitivity was as- SUIGEY Tlocomotor %‘;T;
sessed as previously described (Gemelli et al.,
2006). Responses to foot shock were measured
1 week after the fear-conditioning test to allow
the mice to extinguish from the context. Foot-
shock started at 0.0 mA and increased by 0.05
mA every 20 s to 0.25 mA.

Hip

J‘Cup Thal
Results
Characterization of the localized Mecp2
deletion in BLA
We used a viral-mediated approach to delete
Mecp2 selectively in the BLA and then exam-
ined the behavioral profile of the mice (Fig.
1A). We combined the AAV expression sys-
tem with the Cre/loxP site-specific recombi-
nation system as previously described (Ber-
ton et al., 2006; Adachi et al., 2008). Floxed
Mecp2 mice were bilaterally injected with
AAV expressing a fusion construct of Cre re-
combinase and GFP (AAV-CreGFP) to pro-
duce the regionally specific deletion, or as a
control AAV expressing GFP (AAV-GFP)
(Fig. 1B). Floxed Mecp2 mice used in this
study carry loxP sites flanking exon 3 of the
Mecp2 gene, which encodes a majority of the
methyl-DNA binding domain of MeCP2.
Previous studies using this floxed Mecp2
mouse line have demonstrated the efficient
deletion of Mecp2 on expression of Cre recom-
binase (Chen et al., 2001; Gemelli et al., 2006).
To determine the regional specificity of
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our placements after viral injections, we
used epifluorescence microscopy to con-
firm GFP expression in the BLA (data not
shown), followed by double FISH to eval-
uate Cre recombinase and Mecp2 expres-
sion. Floxed Mecp2 mice receiving AAV-
GFP with confirmed viral placement
bilaterally into BLA had no detectable ex-
pression of Cre recombinase (Fig. 1C). In
contrast, floxed Mecp2 mice receiving bi-

Figure 1. AAV-CreGFP-mediated deletion of Mecp2 from BLA neurons. A, Experimental timeline for the behavioral experi-
ments. B, A schematic of a mouse brain coronal section at —1.94 mm relative to bregma (adapted from Paxinos and Franklin
(2001). The large box indicates the regions shown in Cand D, whereas the small box represents the region shown in E. ¢, D, Double
labeling fluorescent in situ hybridization of Cre recombinase and Mecp2 expression, visualized by FITC and Cy3 epifluorescence,
respectively, in mice bilaterally injected into BLA with AAV-GFP (C) or AAV-CreGFP (D). From left, detection of Cre recombinase
mRNA in the left side of a coronal section with low magpnification, Cre recombinase expression, Mecp2 expression, and DAPI
staining within BLA of the same field with high magnification. E, BLA containing GFP epifluorescence was laser microdissected out
and subjected to real-time PCR for quantitation of Cre recombinase and Mecp2 mRNA levels. Presented is an example of the
coronal section before (top) and after (bottom) laser microdissection. A microdissected region was traced with broken lines. F, G,
QRT-PCR analysis of Cre recombinase (F) and Mecp2 (G) expression from laser-captured BLA. The data were normalized to 185
rRNA. *p << 0.05 by Student’s ¢ test; AAV-GFP, n = 13; AAV-CreGFP, n = 10. Ctx, Cortex; Hip, hippocampus; CuP, caudate

lateral injections of AAV-CreGFP into the
BLA had strong Cre mRNA expression
(Fig. 1 D). We found robust expression of Mecp2 mRNA in the
BLA of control AAV-GFP-injected animals, whereas we found a
dramatic reduction of Mecp2 mRNA expression in the BLA of
AAV-CreGFP-injected mice, demonstrating our ability to selec-
tively delete the Mecp2 gene in a regionally specific manner (Fig.
1C,D). To confirm that the reduction in Mecp2 expression in the
AAV-CreGFP-injected mice was not caused by cell loss, we used
4',6'-diamidino-2-phenylindole dihydrochloride (DAPI) stain-
ing to label cell nuclei and did not detect a difference in cell
density between AAV-CreGFP- and AAV-GFP-injected mice
(Fig. 1C,D).

To quantify the reduction in Mecp2 expression after AAV-
CreGFP, the BLA was laser-microdissected from several brain sec-
tions encompassing the BLA, and QRT-PCR was performed (Fig.

putaman; Thal, thalamus; Pir, piriform cortex.

1 E). Similar to the FISH data, Cre expression was virtually absent in
AAV-GFP-injected mice, whereas there was significant expression of
Cre mRNA in AAV-CreGFP-injected mice (Fig. 1 F). In these same
animals, Mecp2 expression in the BLA was significantly reduced
(~50%) in AAV-CreGFP-injected mice compared with AAV-GFP-
injected mice, confirming the deletion of Mecp2 in the BLA (Fig.
1G). We found that within an infected cell, the deletion of Mecp2 was
nearly 100%; however, the reduction of Mecp2 expression within the
entire BLA was ~50%, a “knockdown”. Within this study, the AAV-
CreGFP-injected mice with reduced Mecp2 expression in the BLA
will be referred to as localized knockdown or mice with knockdown
of Mecp2 expression.

We also examined protein levels of Mecp2 in the BLA after the
viral injections. We found that MeCP2 protein expression was sig-
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Figure2. AAV-CreGFP-mediated deletion of Mecp2 from BLA neurons results in an increase
in active gene transcription. Protein was extracted from the BLA region of AAV-CreGFP- and
AAV-GFP-injected mice and subjected to Western blot analyses. A, AAV-CreGFP in the BLA
produced a decrease (~50%) in MeCP2 protein expression. B, Western blot analysis revealed
an increase in AcH3 levels in AAV-CreGFP-injected mice compared with AAV-GFP. Optical den-
sity of MeCP2 and AcH3 was normalized to that of GAPDH. *p << 0.05 by Student’s ¢ test;
AAV-GFP, n = 5; AAV-CreGFP, n = 5for Aand B.

nificantly reduced (~50%) in AAV-CreGFP-injected animals com-
pared with the AAV-GFP controls (Fig. 2A). Because MeCP2 has
been widely suggested to be a transcriptional repressor, we examined
whether the localized knockdown of Mecp2 in the BLA would alter
levels of acetylated histone H3 and histone H4, markers of active
gene transcription. We found that the loss of Mecp2 produced a
significant increase in levels of acetylated H3 (Fig. 2 B), suggesting an
upregulation of gene expression similar to that in a previous report
(Shahbazian et al., 2002a). However, we did not detect a change in
H4 acetylation levels (data not shown), suggesting that the loss of
MeCP2 is mediating selective changes on chromatin.

BLA-specific knockdown of Mecp2 results in increased
anxiety-like behavior and deficits in cue-dependent fear
conditioning

To examine whether the localized knockdown of Mecp2 in the
BLA would recapitulate any of the behavioral phenotypes ob-
served in RTT patients, we tested these mice in several behavioral
paradigms. By gross examination, AAV-CreGFP-injected mice
were indistinguishable from AAV-GFP-injected animals, and
there was no difference in weight between the two groups (data
not shown). We used the rotarod test to examine whether selec-
tive deletion of Mecp2 in the BLA produces alterations in motor
coordination since the conditional Mecp2 KO mice displayed sig-
nificant deficits in this paradigm (Gemelli et al., 2006). Animals
receiving AAV-CreGFP stayed on the rotarod for a similar
amount of time over eight trials compared with AAV-GFP-
injected mice, suggesting that Mecp2 knockdown in the BLA does
not interfere with gross motor movement (Fig. 3A). Consistent
with this finding, the BLA regionally specific Mecp2 knockdown
mice did not display any signs of hindlimb clasping (data not
shown), which has been reported with both the constitutive and
conditional Mecp2 knock-outs (Chen etal.,2001; Guy et al., 2001;
Gemelli et al., 2006). We next assessed locomotor activity during
a 60 min testing period and found that total ambulation was
indistinguishable between AAV-GFP- and AAV-CreGFP-
injected animals, similar to the normal locomotor response re-
ported with the conditional Mecp2 knock-outs (Fig. 3B).
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Conditional Mecp2 KO mice, as well as a line with a truncating
mutation in the Mecp2 gene (Mecp2’*®), show elevated anxiety-
related behavior (Gemelli et al., 2006; McGill et al., 2006). There-
fore, we examined whether the loss of Mecp2 in the BLA would
produce alterations in anxiety-related behavior. We tested mice
in the elevated-plus maze and the open-field test, behavioral par-
adigms that incorporate aspects of human anxiety and have pre-
dictive validity for anxiolytic drugs (Holmes, 2001; Crawley,
2008). In the elevated-plus maze, the knockdown of Mecp2 in the
BLA resulted in a significant increase ( p < 0.05) in the time the
animal spent in the closed arms, and a strong trend toward less
time spent in the open arms, compared with control animals,
suggestive of an increase in anxiety-related behavior (Fig. 3C).
Consistent with this result, AAV-CreGFP mice showed a signifi-
cant increase in latency to enter the open arm ( p < 0.05) and a
strong trend in latency to enter the closed arm compared with
AAV-GFP-injected animals (Fig. 3D). In the open-field test, mice
injected with AAV-CreGFP displayed a trend toward less time
spent in the center field compared with AAV-GFP controls (Fig.
3E). More importantly, localized knockdown of Mecp2 in BLA
resulted in a significant decrease in duration ratio of time spent in
the complete center to that in periphery (Fig. 3F), as well as a
significant increase in latency to enter the center field (Fig. 3G),
suggestive of heightened anxiety-like behavior. Additionally,
AAV-CreGFP-injected mice showed a strong trend toward less
frequency to enter the center field (Fig. 3H). Collectively, these
data show that the loss of Mecp2 in the BLA results in an increase
in anxiety-related behavior.

We investigated whether the loss of Mecp2 in the BLA pro-
duces learning and memory deficits by examining both contex-
tual and cued fear conditioning. Context-dependent fear condi-
tioning requires the hippocampus and amygdala, whereas cue-
dependent fear requires the amygdala (LeDoux, 2000; Maren,
2001). In the fear-conditioning test, mice learn to associate a
novel environment (chamber) or cue (auditory tone, 90 dB, 2.8
kHz, 30 s) with a footshock (0.5 mA, 2 s) after two pairings. We
found the baseline freezing was indistinguishable between AAV-
GFP- and AAV-CreGFP-injected animals (data not shown).
Testing the animals 24 h after training to assess context-
dependent fear conditioning, we did not find a significant differ-
ence in the amount of freezing between the groups, although a
trend toward a deficit was observed in the AAV-CreGFP mice
similar to the trend observed with the conditional Mecp2 knock-
outs (Gemelli et al., 2006) (Fig. 4A). Four hours after the contex-
tual test, we examined cue-dependent fear conditioning and
found that AAV-CreGFP-injected mice had a significant reduc-
tion in freezing (p < 0.05) compared with AAV-GFP-injected
control mice, indicating a learning and memory deficit (Fig. 4A).
This behavioral deficit was similar to that previously observed in the
conditional Mecp2 KO mice (Gemelli et al., 2006). We also examined
whether the AAV-GFP- and AAV-CreGFP-injected mice had simi-
lar responses to footshock at varying intensity (up to 0.25 mA). We
found no differences between the minimal current intensity to elicit
flinch or jump responses in the AAV-GFP- or AAV-CreGFP-
injected mice, suggesting that deficits in freezing were not caused by
altered pain sensitivity between the groups (Fig. 4 B).

We next tested the mice in a social interaction test since social
deficits have been reported in mice with impaired Mecp2 func-
tion (Shahbazian et al., 2002a; Moretti et al., 2005; Gemelli et al.,
2006). In this paradigm, an experimental animal is introduced to
an open-field arena in which a wire mesh cage, either containing
(social target) or lacking (no target) a C57BL/6 target mouse, is
located at one end of the arena. We determined the amount of
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time the experimental animal spent in the
interaction zone, defined as the area
around the wire mesh cage (Fig. 4C). The
data, expressed as a ratio of the time spent
in the interaction zone with the social tar-
get to the time without the target, revealed
no difference between AAV-GFP and
AAV-CreGFP mice, suggesting that the
knockdown of Mecp2 in the BLA does not
alter social interaction behavior (Fig. 4 D).
Importantly, these data suggest that previ-
ously observed social interaction deficits
by the loss of Mecp2 in the forebrain can be
dissociated from the anxiety phenotype. In
addition, animals receiving off-target
placements of AAV-CreGFP (either one or
both sides of the injection occurred out-
side of the BLA) did not display the in-
creased anxiety or cue-dependent fear-
conditioning deficits observed in the
AAV-CreGFP-injected BLA mice (supple-
mental Table 1, available at www.jneurosci.
org as supplemental material), further
strengthening our data that the loss of
Mecp2 in the BLA was mediating these be-
havioral phenotypes.

A recent study suggests that enhanced
anxiety-like behavior in the Mecp23°®/¥
RTT mouse model is associated with in-
creased corticotropin-releasing hormone
(Crh) in the paraventricular nucleus of the
hypothalamus, the central amygdala, and
the bed nucleus of the stria terminalis
(McGill et al., 2006). We therefore exam-
ined Crh mRNA expression in the BLA of
mice with AAV-CreGFP injections to pro-
duce the region-specific Mecp2 knock-
down to see whether altered expression of
Crh may be involved in the alteration in
anxiety-related behavior. However, we did
not find any significant difference in Crh
expression relative to AAV-GFP-injected
mice, although a trend toward decreased
expression was observed (supplemental
Fig. 1, available at www.jneurosci.org as
supplemental material). Interestingly, re-
cent reports have shown that Crh expres-
sion is significantly downregulated in the
hypothalamus of MeCP2 null KOs, as well
as in the paraventricular nucleus of the hy-
pothalamus of conditional KO mice in
which MeCP2 was selectively deleted in
Sim-1-expressing neurons in the hypo-
thalamus (Chahrour et al., 2008; Fyffe et
al., 2008). We also examined the expres-
sion of serum glucocorticoid-inducible ki-
nase 1 (Sgk) and FK506-binding protein
51 (Fkbp), two glucocorticoid-regulated
genes that have been shown to be upregu-

lated in MeCP2 null mice (Nuber et al., 2005), gephyrin (Gphn)
and a-actinin (Actn), genes that have been implicated to play an
important role in the amygdala after fear conditioning (Ressler et
al., 2002; Mei et al., 2005), and brain-derived neurotrophic factor
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Figure3.  BLA-specific deletion of Mecp2 results in elevated anxiety-like behavior with normal locomotion and motor coordi-

nation. A, AAV-CreGFP mice displayed motor coordination indistinguishable from that of AAV-GFP-injected mice on the rotarod
test through eight trials. B, Locomotor activity was assessed by consecutive horizontal beam breaks for a 60 min testing period in
5min increments. Inset, Total numbers of beam breaks during the test period were similar between AAV-GFP- and AAV-CreGFP-
injected mice. C, D, Localized knockdown of Mecp2 in the BLA resulted in heightened anxiety-like behavior. In the elevated-plus
maze test, the localized deletion of Mecp2 in the BLA resulted in a significant increase in the time spent in the closed arm ( p <
0.05) (€) as well as a significant increase in the latency to enter the open arm ( p << 0.05) (D), indicating an increase in anxiety-
related behavior. E-H, BLA-specific Mecp2 knockdown mice were assessed for the open-field test. Presented are time in center
field (E), duration ratio of time spent in complete center field to that to periphery (F), latency to enter to center field (G), and
frequency to enter center field (H). Localized knockdown of Mecp2 in BLA resulted in a significant decrease in duration ratio and
asignificantincrease in latency to enter the center field compared with AAV-GFP mice ( p << 0.05), further supporting an increase
in anxiety-related behavior. *p << 0.05 by Student’s ¢ test; AAV-GFP, n = 13; AAV-CreGFP, n = 10 for A-H.

(Bdnf), which has been suggested to be repressed and activated by
MeCP2 (Chen et al., 2003; Martinowich et al., 2003; Chahrour et al.,
2008). We did not detect a significant change in mRNA expression in
any of the genes observed. Our data suggest mechanistically that
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2002). Therefore, to determine whether
the behavioral deficits after the loss of
Mecp2 in the BLA were the result of im-
paired transcriptional repression, we took
a pharmacological approach. We infused
SAHA, an inhibitor of both class I and II
HDAGC:, bilaterally into the BLA of wild-
type C57BL/6 mice via osmotic
minipumps for 14 d. Infusion of an HDAC
inhibitor should result in more active gene
expression, which we hypothesized would
be similar to the loss of MeCP2 function
observed in the localized BLA knockdown
mice. After 7 d of chronic infusion of ei-
ther SAHA or vehicle, the behavioral test-
ing of the animals commenced (Fig. 5A).
At day 14, the animals were killed and the
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Figure 4.

dysregulation of gene expression underlies the behavioral phenotype
produced by the loss of Mecp2 in the BLA; however, genes other than
those examined appear to be involved in mediating this phenotype.

HDAC inhibition in the BLA produces a behavioral phenotype
similar to the localized knockdown of Mecp2 in the BLA

Because the loss of Mecp2 in the BLA increased levels of acetylated
H3, as well as recapitulating some behavioral features of RTT, we
were interested to determine whether the behavioral abnormali-
ties were caused by impaired transcriptional repression. Previous
studies using DNA microarray analysis have found only subtle
changes in gene expression after the loss of Mecp2 (Tudor et al.,
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brains were collected to determine the
placement of the cannulas (Fig. 5B). Ani-
mals with placements outside the BLA
were excluded from the behavioral data
analysis. To confirm the infusion of the
drug, we prepared protein extracts from the
BLA of animals and examined the levels of
acetylated histone H3 and H4. We found
that SAHA-infused animals had a significant
induction of global acetylation of histone H3
and H4 compared with those infused with
vehicle, indicating an elevation in active gene
expression (Fig. 5C,D).

We examined the chronic SAHA- or
vehicle-infused BLA mice in several be-
havioral paradigms. We found that loco-
motor activity was unaltered after SAHA
infusion compared with control mice re-
ceiving vehicle infusion (Fig. 6A). To as-
sess anxiety-like behavior, the mice were

BLA-specific deletion of Mecp2 impairs cue-dependent fear conditioning. A, The average amount of time spent
freezing was determined for contextual and cue-dependent memory. AAV-CreGFP mice had a significantimpairment ( p << 0.05)
in cue-dependent fear conditioning as demonstrated by a significant decrease in time spent freezing compared with AAV-GFP
mice. There was no significant difference in context-dependent fear conditioning between AAV-GFP- and AAV-CreGFP-injected
mice. B, AAV-GFP and AAV-CreGFP mice had similar footshock sensitivity to pain as measured by shock intensity to elicit flinch and
jump responses. C, Representative video tracking data from the social interaction test. The gray box in the arena indicates the
location of the target mouse. — and -+ in the gray boxes indicate the absence or presence of the target mouse, respectively. D, The
ratio of time spent in the interaction zone with the target to the time without the target revealed similar levels of social interaction
between the AAV-GFP and AAV-CreGFP mice. *p << 0.05 by Student’s t test; AAV-GFP, n = 13; AAV-CreGFP, n = 10 for A-E.

tested in the open-field test (Fig. 6 F). We
found that SAHA-infused animals spent
significantly less time in the center (p <
0.05) and entered the center area signifi-
cantly less frequently (p < 0.05) than
those infused with vehicle (Fig. 6B,E).
Consistent with this, the parameter ex-
pressed as a duration ratio of time spent in
the complete center to that in periphery
revealed that chronic SAHA infusion re-
sulted in a significant decrease in the dura-
tion ratio compared with the control mice
infused with vehicle (Fig. 6C). Addition-
ally, the mice infused with SAHA dis-
played a strong trend toward an increase in latency to enter the
center field. Taken together, these results from the open-field test
indicate increased anxiety-like behavior similar to that observed
in the mice with the localized deletion of Mecp2 in the BLA (Fig.
3E-H). In the fear-conditioning paradigm, mice infused with the
HDAC inhibitor displayed significant impairments in cue-
dependent memory, but only a trend in contextual fear-
conditioning memory (Fig. 6G), similar to that observed with the
AAV-CreGFP-induced BLA knockdowns (Fig. 4A). We exam-
ined social interactions and did not find any social deficits in
SAHA-infused mice compared with vehicle-infused animals (Fig.
6H), in agreement with our findings with the BLA localized

Interaction
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Figure5.  Chronicinfusion of an HDACinhibitor into the BLA of (57BL/6 mice. 4, Timeline of
the experiment. Mice were infused for 14 d with Vehicle (Veh) or SAHA bilaterally into the BLA
using osmotic pumps. B, An example of a Nissl-stained coronal brain section (left side) of the
mouse through the track of a cannula. C, D, At the end of the experiment the animals were
killed, placement of the cannula was confirmed, and then the BLA was dissected, and protein
was isolated from the samples. Western blot analyses revealed a significant hyperacetylation of
histone 3 (€) and histone 4 (D) in SAHA-infused animals. Top, Representative pictures of the
Western blots. Bottom, Quantitation of the Western blots. Optical density of acetylated histone
was normalized to that of actin *p << 0.05 by Student's t test; Veh, n = 10; SAHA, n = 10 for €
and D. (tx, Cortex; Thal, thalamus; MGP, medial globus pallidus; Pir, piriform cortex.

knockdowns (Fig. 4D), further indicating that heightened
anxiety does not underlie the social interaction deficits ob-
served in other mutant mouse models of RTT (Shahbazian et
al., 2002a; Moretti et al., 2005; Gemelli et al., 2006). Further-
more, animals receiving off-target placements of SAHA infu-
sions (either one or both sides of the injection occurred out-
side the BLA) did not display the increased anxiety or cue-
dependent fear-conditioning deficits observed in the SAHA-
infused BLA mice (supplemental Table 2, available at
www.jneurosci.org as supplemental material), further demonstrat-
ing that transcriptional repression in the BLA was involved in medi-
ating these behavioral phenotypes.
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Discussion

Collectively, our results show that intact Mecp2 function in the
BLA is required for normal anxiety behavior as well as some types
of learning and memory. Moreover, data from the HDAC inhib-
itor infusion experiment are consistent with the idea that Mecp2
acting as a transcriptional repressor in the BLA mediates these
behavioral processes. Our ability to delete Mecp2 in adult brain
and recapitulate behavioral phenotypes of RTT suggests a critical
role for Mecp2 in mature neurons after neurodevelopment, in
agreement with recent work demonstrating that the loss of
MeCP2 in mature neurons produces significant deficits in synap-
tic transmission (Nelson et al., 2006). Furthermore, these data
support the notion that Mecp2 acts in a cell-autonomous manner
in that upregulation of genes specifically in the BLA could ac-
count for specific phenotypes associated with the disease.

The current study builds on previous work demonstrating
that the loss of Mecp2 function is sufficient to recapitulate aspects
of RTT in mice (Chen et al., 2001; Guy et al., 2001; Shahbazian et
al., 2002a; Gemelli et al., 2006; Pelka et al., 2006; Stearns et al.,
2007). In this study, we extended these findings by demonstrating
an essential role for Mecp?2 in a particular brain region, the BLA,
for mediating behavioral phenotypes associated with RTT. We
found that the selective knockdown of Mecp2 in the BLA is suffi-
cient to produce heightened anxiety-like behavior. We demon-
strated that the infusion of an HDAC inhibitor in the BLA of
wild-type mice resulted in a similar anxiety phenotype consistent
with the idea that the deficit may be caused by alterations in gene
expression. Previous studies examining conditional Mecp2 KO
mice, as well as mice with a truncated mutation, Mecp2>°®"¥, have
shown that alterations in expression of Mecp2 can produce ele-
vated anxiety-like behavior (Shahbazian et al., 2002; Gemelli et
al., 2006; McGill et al., 2006). Studies examining Mecp2 male
hypomorph mice, in which MeCP2 expression is at 50% of that of
wild-type mice, have yielded conflicting data on anxiety-related be-
havior (Kerr et al., 2008; Samaco et al., 2008). Behavioral character-
ization of hemizygous males, which have a complete loss of MeCP2,
have reported decreased levels of anxiety; however, these mice have
growth and viability issues that require them to be tested at early
developmental ages (Pelka et al., 2006; Stearns et al., 2007).

It appears that the stable disruption of the MeCP2 gene is
important in influencing anxiety behavior as well as other neu-
rological phenotypes. A recent study has shown that a transient
disruption of MeCP2 in the amygdala at postnatal day 0-2 was
not sufficient to alter anxiety-related behavior in young adults
(Kurian et al., 2008). In contrast, we deleted MeCP2 in adult
animals such that the expression of MeCP2 remains knocked
down and found increased anxiety-like behavior as well as cue-
dependent fear-conditioning deficits. The difference between
these two studies is in line with recent findings demonstrating
that reintroduction of MeCP2 in adult MeCP2 null mice can
reverse the neurological deficits (Guy et al., 2007). Therefore, we
believe the anxiety-like behavior, as well as other neurological
phenotypes, is associated with concurrent loss of MeCP2.

One intriguing finding of the present study is that the suppres-
sion of Mecp2 in the BLA of mice, or the infusion of the HDAC
inhibitor, was not sufficient to recapitulate the social interaction
deficits observed in RTT mouse models (Shahbazian et al., 2002a;
Moretti et al., 2005; Gemelli et al., 2006). Our data indicate an im-
portant dissociation between anxiety-related behavior and social in-
teraction deficits in these RTT mouse models. This suggests that the
social interaction deficits, which are one of the most debilitating
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Figure 6.

Mice chronically infused with SAHA in the BLA display behavioral phenotypes similar to the mice with BLA-specific

deletion of Mecp2. A, Locomotor activity was unaltered by chronic SAHA infusions as assessed by consecutive horizontal beam
breaks over a 60 min testing period when analyzed in 5 min increments or total beam breaks during the test period (inset). B—E,
Chronic SAHA infusion resulted in increased anxiety-related behavior in the open-field test. Presented are time in center field (E),
duration ratio of time spent in complete center field to that to periphery (F), latency to enter to center field (G), and frequency to
enter center field (H). F, Representative video tracking data from the open-field test. A white box in the arena indicates the center
field. G, In the fear-conditioning test, there was significantly less freezing in cue-dependent, but not contextual, memory forma-
tion from the mice infused with SAHA compared with those infused with vehicle (Veh). H, Chronic SAHA infusions in the BLA did
not alter social interaction as assessed by the ratio of time spent in the interaction zone with the target to the time without the
target. *p << 0.05 by Student’s t test; Veh, n = 10; SAHA, n = 10 for A-H.
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features of autism spectrum disorders, are
not the result of heightened anxiety per se.

After local knockdown of Mecp2 in the
BLA, a brain region required for cue-
dependent fear conditioning, we found
cue-dependent fear-conditioning deficits
similar to that observed with other Mecp2
mouse models of RTT (Gemelli et al.,
2006; Pelka et al., 2006; Stearns et al., 2007;
Samaco et al., 2008). This behavioral defi-
cit was recapitulated in wild-type mice by
chronically infusing an HDAC inhibitor in
the BLA, suggesting that impaired tran-
scriptional repression can impact specific
forms of learning and memory. Interest-
ingly, we did not see significant differences
in contextual fear conditioning after the
selective loss of Mecp2 in the BLA or infu-
sion of the HDAC inhibitor in this brain
region, although trends were observed
similar to those reported for the condi-
tional Mecp2 knock-out mice (Gemelli et
al., 2006). The male hypomorph mice,
which express MeCP2 at 50% of wild type,
have been shown to have significant differ-
ences in context-dependent fear condi-
tioning (Samaco et al., 2008). In male
hemizygous mice, which have a complete
loss of MeCP2, nonsignificant decreases as
well as significant decreases on context-
dependent fear conditioning have been re-
ported (Pelka et al., 2006; Stearns et al.,
2007). Studies examining contextual fear
conditioning in mice with a truncated mu-
tation, Mecp2>°*"¥, have reported normal
as well as significantly decreased learning
and memory (Shahbazian et al., 2002a;
Moretti et al., 2006).

Recent work has suggested that acute sys-
temic injection of an HDAC inhibitor, or
acute localized infusion of an HDAC inhibi-
tor to the CA1 subfield of the hippocampus,
before contextual fear conditioning in-
creases H3 acetylation transiently and en-
hances learning and memory (Levenson et
al,, 2004; Vecsey et al., 2007). The apparent
disparity between these studies and the data
presented here may be attributable to the
chronic nature of our drug treatment com-
pared with the acute administration in the
previous work. It is possible that chronically
elevated histone acetylation may lead to sat-
uration of changes in neuronal plasticity
compared with that observed by a single
drug dose. This suggests that the therapeutic
use of HDAC inhibitors may require further
caution as they may produce nondesirable
psychiatric behavioral side effects after
chronic administration.

A recent study has suggested that
Mecp2 may act as either a transcriptional
activator or repressor in the hypothalamus
(Chahrour et al., 2008). Although Mecp2
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may have dual functions as a transcriptional activator or repres-
sor in hypothalamus, and perhaps in other brain regions, the
similar behavioral phenotypes produced by the loss of Mecp2 in
the BLA, and the infusion of the HDAC inhibitor, strongly sug-
gests that these particular behavioral deficits may be caused by
alterations in transcriptional repression in this brain region.

The viral-mediated knockdown approach used in this study to
selectively impair Mecp2 function in the BLA establishes the im-
portance of Mecp2 in this brain region in normal anxiety-related
behavior and some forms of learning and memory. The similar
behavioral phenotype observed with the infusion of the HDAC
inhibitor in the BLA of wild-type mice suggests that these behav-
ioral deficits are caused by impaired transcriptional repression
resulting from loss of MeCP2 function, providing direct mecha-
nistic insight into the RTT disease process. The ability to recapit-
ulate bona fide deficits of the RTT phenotype in mice is important
for understanding and ultimately developing treatment advances
for these components of the disorder.
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