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Abstract Methyl-CpG binding protein 2 (MeCP2) is a

basic nuclear protein involved in the regulation of gene

expression and microRNA processing. Duplication of

MECP2-containing genomic segments causes MECP2

duplication syndrome, a severe neurodevelopmental disor-

der characterized by intellectual disability, motor dysfunc-

tion, heightened anxiety, epilepsy, autistic phenotypes, and

early death. Reversal of the abnormal phenotypes in adult

mice with MECP2 duplication (MECP2-TG) by normaliz-

ing the MeCP2 levels across the whole brain has been

demonstrated. However, whether different brain areas or

neural circuits contribute to different aspects of the

behavioral deficits is still unknown. Here, we found that

MECP2-TG mice showed a significant social recognition

deficit, and were prone to display aversive-like behaviors,

including heightened anxiety-like behaviors and a fear

generalization phenotype. In addition, reduced locomotor

activity was observed in MECP2-TG mice. However,

appetitive behaviors and learning and memory were

comparable in MECP2-TG and wild-type mice. Functional

magnetic resonance imaging illustrated that the differences

between MECP2-TG and wild-type mice were mainly

concentrated in brain areas regulating emotion and social

behaviors. We used the CRISPR-Cas9 method to restore

normal MeCP2 levels in the medial prefrontal cortex

(mPFC) and bed nuclei of the stria terminalis (BST) of

adult MECP2-TG mice, and found that normalization of

MeCP2 levels in the mPFC but not in the BST reversed the

social recognition deficit. These data indicate that the

mPFC is responsible for the social recognition deficit in the

transgenic mice, and provide new insight into potential

therapies for MECP2 duplication syndrome.
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Introduction

Methyl-CpG binding protein 2 (MeCP2) is a critical

nuclear protein involved in transcriptional and post-tran-

scriptional regulation [1–5]. Loss-of-function mutations in

the MECP2 gene have been found in 95% of patients with

Rett syndrome, a devastating neurodevelopmental disorder

with autistic phenotypes [6, 7]. Conversely, gain-of-func-

tion has also been identified in humans, typically through

duplication or triplication of Xq28, which contains MECP2

and defines another progressive neurological disorder,

MECP2 duplication syndrome, which shares core symp-

toms with autism spectrum disorder [8, 9].

MECP2 duplication syndrome is a severe childhood

neurodevelopmental disease that mainly affects males; it is

characterized by profound mental retardation, poor speech
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development, recurrent infections, epilepsy, motor dys-

function, anxiety, and autism [9, 10]. Transgenic mice that

express a double or triple level of MeCP2 via insertion of

the human MECP2 gene (MECP2-TG) have been estab-

lished, and recapitulate some of the symptoms in patients,

including decreased motor activity, increased anxiety-like

behaviors, seizures, and social deficits [11, 12]. Consistent

with the clinical observations in humans, the phenotypes in

mice that express a threefold dose of MeCP2 are much

more severe [11, 13]. Interestingly, mice that overexpress

the version of MeCP2 with mutations in either the methyl-

CpG binding domain (MBD) or the transcriptional repres-

sion domain (TRD) are indistinguishable from wild-type

littermates, indicating that both the MBD and TRD are

indispensable for double MeCP2 to be toxic [14]. The

neuropathological mechanism underlying MECP2 duplica-

tion syndrome is still elusive. Recent studies have demon-

strated that the relative cell density and number across

cortical layers are essentially identical in MECP2-TG mice

and controls; however, the spine turnover rate of layer V

pyramidal neurons and dendritic arborization are dramat-

ically changed during development in the transgenic mice

[15]. Moreover, synaptogenesis, dendritic complexity, and

the excitatory synaptic response are enhanced in neurons

with MECP2 duplication [16, 17], and the synaptic

plasticity and synchrony of hippocampal neurons are

abnormally elevated in MECP2-TG mice [11, 18]. These

lines of evidence strongly imply that overexpression of

MeCP2 does not affect the survival of neurons, and

synaptic defects and circuit malfunction are the main

manifestations of MECP2 duplication syndrome.

Understanding the neuropathological mechanism of

MECP2 duplication syndrome has just begun, and no good

intervention is available in the clinic. It is noteworthy that

reversal of phenotypes in adult symptomatic MECP2-TG

mice by correction of MeCP2 levels across the whole brain

has been demonstrated [19], indicating that the neu-

roanatomy may remain intact in this disorder, so that

correction of the molecular dysfunction can restore healthy

physiology. However, whether different brain areas or

neural circuits contribute to diverse aspects of the behav-

ioral deficits is still unknown. Here, we report that using

CRISPR-Cas9 technology to normalize MeCP2 levels in

the medial prefrontal cortex (mPFC), but not the bed nuclei

of the stria terminalis (BST) can reverse the social

recognition deficit in adult MECP2-TG mice.

Materials and Methods

Mice

Mice with MECP2 duplication (Stock No: 008679) on a

pure FVB/N background were obtained from The Jackson

Laboratory [11]. To bypass the issue of probable behav-

ioral defects due to the premature retinal degeneration that

develops in the pure FVB/N background [20], we used F1

hybrid MECP2-TG mice (FVB/N 9 C57Bl/6) as previ-

ously reported [12] for all experiments.

Mice were maintained in a temperature-controlled, SPF-

level facility on a 12-h light–dark cycle and with ad libitum

access to food and water. Only male mice were used. All

animal breeding and experimental procedures were

approved by and complied with the guidelines of the

Animal Advisory Committee at the Shanghai Institutes for

Biological Sciences, Chinese Academy of Sciences.

Behavioral Phenotyping

MECP2-TG mice and littermate controls (2–4 months old)

were familiarized with an experimenter blinded to the

genotype for 4 to 5 days before behavioral phenotyping.

All behavioral tests were performed during the dark period.

Mice were habituated in the test room for 1 h before each

test and at least one day of recovery was allowed between

assays.

Open Field Test

After habituation, each mouse was placed in the center

of an open arena (40 9 40 9 40 cm3), and its behavior

was tracked for 30 min by a camera above the arena.

General locomotor activity was automatically analyzed by

Ethovision XT 11.5 software (Noldus Information Tech-

nology, Wageningen, Netherlands).

Light/Dark Box Test

After habituation, each mouse was placed on the dark

side (15 9 27 9 30 cm3) of the light/dark box; this was

connected to the light side (30 9 27 9 30 cm3) by a small

hole. Recording was performed by the overhead camera for

10 min. The time and frequency of mouse entries to the

light side were recorded and analyzed by Ethovision XT

11.5 software.

Elevated Plus Maze

After habituation, each mouse was placed in the center

of a plus maze consisting of two open arms (6 9 30 cm2)

and two closed arms (6 9 30 9 20 cm3) 50 cm above

ground. The time spent in the open arms was recorded for

10 min. Data analysis was performed by Ethovision XT

11.5 software.
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Three-Chamber Test

This test was performed as previously described [21]

with a few modifications. Age-matched C57BL/6 males

were used as partner mice. Two days before the test,

partner mice were placed randomly in either the left or

right wire cage of the three chambers (60 9 40 9 30 cm3)

to habituate for 1 h per day. After habituation on the day of

testing, the test mouse was first placed in the center of the

three-chamber apparatus for the side-preference test. The

time spent in exploring each wire cage was measured for

10 min. Next, during the social approach test, the partner

mouse and a toy mouse was assigned to either the left or

right cage in a counterbalanced manner. The amount of

time the test animal spent in investigating the partner

mouse or the toy mouse was measured for 10 min. Lastly,

during the social novelty test, the toy mouse was replaced

by a novel partner mouse and the partner mouse during the

social approach test became the familiar partner mouse.

The amount of time test animals spent investigating the

familiar or novel partner mouse was measured for 10 min.

All data were analyzed by Ethovision XT 11.5 software.

Fear Conditioning Test

Test animals were submitted to an auditory fear

conditioning paradigm. Two different contexts, for condi-

tioning (context A) and cued memory testing (context B),

were used and the experiment lasted for three days.

Freezing behavior was quantified by video-based software

(FreezeFrame, Actimetrics Software, Wilmette, IL). In

brief, each mouse was placed in context A to habituate for

10 min on the first day. Twenty-four hours after habitua-

tion, the mouse was subjected to fear conditioning sessions.

The 4 min prior to the first conditioned stimulus (CS)

(5 kHz, 90 dB, 20 s) were used to measure baseline

freezing. The CS was paired to the unconditioned stimulus

(US) (2 s, 0.5 mA footshock back to back with the last CS)

and 5 CS/US pairings were presented in each conditioning

session with an 80-s inter-trial interval. Twenty-four hours

after conditioning, the mouse was tested for contextual fear

memory in context A for 5 min. For the cued fear memory

test, each mouse was placed in context B to habituate for

3 min, then the CS was presented and lasted for 3 min. The

interval between the two tests in the same mouse was not

less than 30 min. The percentage freezing in the first 3 min

(in a new context) represented the extent of fear general-

ization, and the percentage freezing in the last 3 min

reflected the cued fear memory.

Novel Object Recognition Test

This test lasted for three days. On the first day, eachmouse

was put into the apparatus (40 cm 9 40 cm 9 40 cm) to

acclimate to the environment for 10 min after habituation in

the test room. On day 2, two identical objects (blue cones)

were placed on the same side of the apparatus, and themouse

was put into the apparatus to explore for 10 min. On day 3,

all the processeswere the same as on day 2, except that one of

the old objects was randomly replaced with a new different

object (a yellow cylinder). The exploration timewas counted

as the period for which mouse’s nose entered the designated

area 2 cm around the object. All data were analyzed by

Ethovision XT 11.5 software.

Sucrose Preference Test

The tested mice, one per cage, were presented with two

drinking bottles. Prior to the test, each mouse was

habituated in their home cage for at least 3 days. After

the acclimatization, the water in one bottle was replaced by

0.5% sucrose solution. Water and sucrose solution intake

were measured daily for 4 days by weighing the bottles.

The positions of the bottles were switched daily to reduce

side bias. Mice were again presented with two bottles of

water after the 0.5% sucrose preference test for 1 week.

Then, the 2% sucrose preference test was performed using

the same cohorts. All the procedures were the same as for

the 0.5% sucrose preference test, except that the concen-

tration of sucrose was 2%. Sucrose preference was

calculated as the percentage of the volume of sucrose

intake over the total volume of fluid intake and averaged

over the 4 days of testing.

Cocaine Conditioned Place Preference (CPP) Test

The CPP boxes consisted of three compartments

(16.8 cm 9 12.7 cm 9 12.7 cm for the left and right

compartments and 7.2 cm 9 12.7 cm 9 12 cm for the

central compartment). The right compartment was painted

white and had a steel mesh floor, the left was painted black

and had a steel rod floor, and the central compartment had

gray walls and a smooth floor as a neutral zone. The test

lasted for 11 days. On day 1, each mouse was put into the

central compartment to freely explore the three compart-

ments for 20 min for habituation. On day 2, the times each

mouse spent in the black and the white compartments were

recorded for 20 min with Anilab software. The less

preferred compartment was used as the conditioned

compartment, and the other was regarded as the uncondi-

tioned compartment. On day 3, the mouse received a

cocaine injection (20 mg/kg) and was confined for 30 min

in the conditioned compartment determined by the test on

day 2. On day 4, the mouse received a saline injection

paired with the unconditioned compartment for 30 min.

Four drug sessions and four saline sessions were admin-

istered, and the last day of treatment was with saline. On

the day of testing, day 11, the mouse received a saline

injection, and the time spent in the black and white

compartments was recorded for 20 min with Anilab

software. The cocaine CPP score was calculated as the

time spent in the conditioned compartment minus the time

spent in the unconditioned compartment.
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Barnes Maze Test

This test lasted for 13 days. Each day, experiments

began after habituation for 1 h in the test room (strong light

was applied to increase the motivation of mice to escape

from the circular platform). Day 1 was for adaptation; each

mouse was placed in a cylindrical black start chamber in

the middle of the maze. Ten seconds later, the chamber was

lifted and the mouse guided to the escape box. The mouse

was allowed to stay in the box after covering with a lid for

a dark reward for 2 min. On day 2, the mouse was placed in

the middle of the maze as on day 1 and allowed to explore

the maze for 3 min. The trial ended when the mouse

entered the escape box or after 3 min had elapsed. The box

was covered with a lid immediately after the mouse

entered, and it was allowed to stay there for 1 min. If the

mouse did not reach the goal within 3 min, the experi-

menter guided the mouse gently to the escape box and left

it inside for 1 min. Mice received 4 trials per day with an

inter-trial interval of 15 min for 4 days. During the training

(days 2–5), the time to find and enter the escape box was

measured manually. On day 6, 24 h after the last training

day, the target hole was closed and short-term memory was

tested. Mice were placed in the middle of the maze and

allowed to explore for 90 s. The time to find the right target

hole was measured manually. Long-term memory was

assessed on day 13, using the same process as on day 6.

MRI Data Acquisition and Data Processing

All imaging was performed on a 9.4 T/30 cm Bruker

BioSpec scanner (Bruker, Ettlingen, Germany) with a

20 mm-diameter volume coil for radiofrequency pulse

transmission and a mouse cryoprobe surface coil for signal

detection. To overcome significant echo-planar imaging

(EPI) signal dropout deep in the brain caused by the aural

cavity magnetic susceptibility artifact, we introduced a

liquid-phase fluorocarbon into the middle ear before

imaging [22]. During an imaging session, the body

temperature was maintained at 37�C ± 0.5�C by combin-

ing a warm water pad and a hot-air blower with temper-

ature feedback (SAII, Stony Brook, NY), and respiratory

rate was monitored (Model 1025, SAII, Stony Brook, NY).

A rapid acquisition relaxation enhancement (RARE) T2-

weighted sequence was selected to acquire 22 coronal

slices of 0.4 mm thickness, which covered the whole

mouse brain volume. The anatomical images were obtained

with an in-plane resolution of 0.063 mm 9 0.063 mm

(matrix size 256 9 256 and field of view (FOV) 16 mm 9

16 mm), repetition time (TR) 3200 ms, echo time (TE)

33 ms, RARE factor 8, and three averages. During

imaging, the mice were anesthetized with 3% isoflurane

(0.5 bar). Resting-state fMRI data were scanned using a

gradient echo EPI sequence with the following parameters:

TR 2500 ms; TE 12 ms; flip angle 75�; matrix size

100 9 100; FOV 16 mm 9 16 mm; in-plane resolution

0.16 mm 9 0.16 mm; slice thickness, 0.4 mm; 22 coronal

slices. One hundred twenty EPI volumes were acquired in

each run, and 6 runs were obtained for each session. During

imaging, the mice were anesthetized with a combination of

0.5% isoflurane (0.5 bar) and dexmedetomidine (0.015 mg/

kg per hour), and the respiratory rate was maintained at

*90 breaths/min.

All the functional images of each mouse were first time-

sliced and then realigned for motion correction using

SPM8 (Welcome Trust Centre for Neuroimaging, London,

UK). For each mouse, the average of aligned functional

volumes was rigidly co-registered to its anatomical image.

The anatomical image from each mouse was subsequently

non-linearly warped to the space of a high-resolution three-

dimensional mouse brain atlas [23]. Then, all the functional

images from each mouse were directly warped to the space

of the atlas by concatenating the transformation from each

registration step. All the registration processes were carried

out using Advanced Neuroimaging Tools [24]. After

registration, all functional images were pre-processed with

steps for motion, white matter, and cerebrospinal fluid

signal regression, de-trending, and 0.01–0.1 Hz band-pass

filtering. After preprocessing, a regional homogeneity

(ReHo) map was generated by calculating Kendall’s

coefficient of concordance of the time series of a given

voxel with those of its nearest neighbors (26 voxels). The

pre-processed data without band-pass filtering were used to

generate fractional amplitude of low-frequency fluctuation

(fALFF) maps by dividing the sum of the amplitude across

0.01 Hz–0.08 Hz with that across the entire frequency

range, 0 Hz–0.25 Hz [25]. Both ReHo and fALFF calcu-

lations were carried out using the free software REST

(Resting-State fMRI Data Analysis Toolkit V1.8, http://

restfmri.net/forum/REST_V1.8). All the ReHo and fALFF

maps were smoothed with a 0.4-mm full width at half

maximum Gaussian kernel.

AAV Preparation

To construct the pAAV-Guide vector, sgRNAs that specif-

ically target exon 3 of the human MECP2 gene were

designed using CRISPR design tools (http://crispr.mit.edu/

and http://crispr.dfci.harvard.edu/SSC/). The sgRNAs were

introduced into the vector PX458 (Addgene, Watertown,

MA, no. 48138) and U6-sgRNA cassettes were amplified

by PCR. Then, the U6-sgRNA cassettes were ligated with

the vector pAAV-GFP (Addgene, no. 50465). The pAAV-

spCas9 plasmid was obtained from Addgene (no. PX551).

High titer AAV-Guide (3.9 9 1012 viral genomes (vg)/

mL), AAV-spCas9 (1.7 9 1013 vg/mL), and AAV-GFP

(5 9 1012 vg/mL) particles were produced by the Gene
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Editing Core Facility in the Institute of Neuroscience,

Chinese Academy of Sciences.

Analysis of On-Target Gene Editing In Vitro

For in vitro assays, primary cortical neuron cultures were

prepared from transgenic mice on embryonic day 15. Cells

were plated on poly-D-lysine-coated 6-well plates (Ther-

moFisher Scientific, Waltham, MA). About 1 9 1011

viruses (1:1 mixture of AAV-spCas9 and AAV-Guide)

were incubated with *1 9 106 cells per well at 2 days

in vitro (DIV). The cells were digested at DIV 6 and GFP-

positive cells were collected by a flow cytometer (MoFlo

XDP, Beckman Coulter, Brea, CA). DNA extracted from

sorted cells was used as the PCR template with forward

primer 50-GCCTGCCTCTGCTCACTTGTTC-30 and

reverse primer 50-CCCTGCCCTGTAGAGATAGGAG-30.
The PCR product was purified and ligated with T easy

vector (Promega, Madison, WI). Ligated plasmids were

transfected into competent Escherichia coli and single

clones were picked for further sequencing analysis.

Stereotactic Injection

Mice were anesthetized by intraperitoneal injection of

pentobarbital sodium (100 mg/kg) and mounted in a

stereotaxic apparatus (RWD, Shenzhen, China). Body

temperature was maintained by a heating pad and oph-

thalmic ointment was applied to maintain eye lubrication.

A craniotomy was performed according to approved

procedures by the Animal Advisory Committee at the

Shanghai Institutes for Biological Sciences, Chinese

Academy of Sciences. The craniotomy window was made

using a hand-held drill, and a glass micropipette filled with

viruses suspended in mineral oil was used to reach the

target brain areas. Injections of viruses were carried out via

a stereotaxic injector (Stoelting, Wood Dale, IL). After

each injection, the micropipette was held in place for

10 min before retraction to allow for diffusion of viruses.

The incision was sutured and mice were allowed to recover

on a heating blanket before returning to their home cage.

To normalize MeCP2 levels in the mPFC (ante-

rior/posterior: 2.3 mm; mediolateral: ± 0.3 mm; dor-

sal/ventral: -2.0 mm), a 1:1 AAV mixture of AAV-

spCas9 and AAV-Guide was injected bilaterally into

the mPFC of MECP2-TG mice at a volume of 500 nL

for each site. To normalize MeCP2 levels in the BST

(anterior/posterior: 0.15 mm; mediolateral: ± 0.9 mm;

dorsal/ventral: - 4.9 mm/- 4.25 mm), a 1:1 AAV

mixture of AAV-spCas9 and AAV-Guide was injected

bilaterally into the BST of MECP2-TG mice at a

volume of 300 nL for each site. A 1:1 AAV mixture of

AAV-spCas9 and AAV-GFP at the same volume was

used as control. After 6 weeks of expression, behav-

ioral phenotyping was performed.

Immunofluorescent Staining

Mice were anesthetized with pentobarbital sodium and

perfused transcardially with saline followed by 4%

paraformaldehyde (PFA, Sigma-Aldrich, St. Louis, MO).

The brain was extracted and post-fixed in 4% PFA

overnight at 4�C, followed by cryoprotection in 30%

sucrose in phosphate-buffered saline (PBS) at 4�C. Coronal
sections were cut at 50 lm on a vibratome (CM1950,

Leica, Wetzlar, Germany). The sections were blocked for

1 h at room temperature in PBST (0.3% Triton X-100) with

5% bovine serum albumin, fraction V, followed by

incubation with primary antibodies at 4�C overnight and

secondary antibodies at room temperature for 2 h. The

primary antibodies used were rabbit anti-MeCP2 (1:1000,

CST, Danvers, MA) which recognizes both human and

mouse MeCP2, and goat anti-GFP (1:500, Abcam, Cam-

bridge, MA). The secondary antibodies used were donkey

anti-rabbit IgG-CF 555 (1:1000, Biotium, Fremont, CA)

and donkey anti-goat IgG-CF 488 (1:1000, Biotium). DAPI

(1:10000, Roche, Basel, Switzerland) was used to stain

nuclei. Images were acquired on a Nikon TiE-A1 plus

confocal microscope (Nikon, Tokyo, Japan) and an Olym-

pus VS120 fluorescence microscope (Olympus, Tokyo,

Japan). Fluorescence intensity was measured using ImageJ

(Open Source Software from NIH, Bethesda, MD). In

Fig. 4D, the fluorescence intensity was compared between

the mPFC (gene editing area) and an adjacent cortical area.

Western Blot Analysis

Individual mice were rapidly decapitated, and the brain

was immediately extracted and placed in ice-cold PBS. The

transduced mPFC was microdissected under a dissecting

microscope, and transferred to a 1.5-mL centrifuge tube

containing ice-cold RIPA buffer and protease inhibitors

(Roche). The tissue was homogenized with an electric

homogenizer, then the tube was left on an orbital shaker for

2 h at 4�C. The cell lysate was centrifuged for 20 min at

12,000 rpm at 4�C in a microcentrifuge. Supernatants were

dissolved in SDS-PAGE sample buffer, and proteins were

separated on 8% SDS-PAGE gels. The primary antibodies

used were rabbit anti-MeCP2 (1:1000, CST) and mouse

anti-GAPDH (1:5000, Sigma-Aldrich, St. Louis, MO). The

secondary antibodies used were anti-rabbit and anti-mouse

HRP antibodies (1:2000, Sigma-Aldrich). Blots were

imaged with a GE Amersham Imager600 system (GE

Healthcare, Chicago, IL), and quantified using ImageJ.
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Statistical Analysis

GraphPad Prism software was used for statistical signifi-

cance tests. The number of animals used and the specific

statistical tests used are described in the figure legends.

SPSS Software (SPSS Inc., Chicago, IL) test showed that

all data values appeared to be normally distributed.

Results

Behavioral Phenotyping of Adult MECP2-TG Mice

The MECP2-TG mice were on a pure FVB/N background

at first [11], but mice on this background develop

premature retinal degeneration, which can confuse the

interpretation of some behavioral phenotypes [20]. To

overcome this issue, previous studies have characterized F1

hybrid MECP2-TG mice (FVB/N 9 C57BL/6 or FVB/

N 9 129S6/SvEv), which have several phenotypes remi-

niscent of patients with MECP2 duplication syndrome,

including increased anxiety, reduced locomotor activity,

and abnormal social behaviors [12]. Therefore, we used F1

hybrid MECP2-TG mice. First, we performed more

extensive behavioral phenotyping of F1 hybrid MECP2-

TG mice (FVB/N 9 C57BL/6), and found that they

displayed decreased locomotor activity in the open field

test, as previously described (Fig. 1D). In addition, trans-

genic mice were prone to manifest aversive-like behaviors,

including a heightened anxiety and fear generalization

phenotype. Compared to their wild-type littermates,

MECP2-TG mice spent less time in the light compartment

of the light–dark box and in the open arms of the elevated

plus maze (Fig. 1E, F), which represented a robust anxiety

phenotype in theMECP2-TG mice. In the fear conditioning

test, MECP2-TG mice exhibited a remarkable increase of

percentage freezing, whether in the training phase

(Fig. 1G), the contextual and cued fear memory test phase

(Fig. 1H, I), or when test mice were placed in a new

context after training (Fig. 1J). It is worth noting that the

baseline percentage freezing before the first trial was very

low in both genotypes, and transgenic mice displayed an

extremely high percentage freezing in the first trial. These

data indicated that MECP2-TG mice have an excessive

startle response and fear generalization phenotype. To

investigate social behavior, we tested MECP2-TG mice in

the three-chamber test for social approach and social

novelty (Fig. 1A–C), and discovered that they had a deficit

in social novelty behavior as revealed by an inability to

distinguish a novel partner mouse from familiar partner

mouse, but social approach behavior was basically normal,

demonstrating that social recognition is impaired in

MECP2-TG mice.

Because MECP2-TG mice presented elevated aversive-

like behaviors, we hypothesized that their appetitive

behaviors may be disturbed as well. Next, we sought to

examine reward-related behaviors using the sucrose pref-

erence test and the cocaine CPP test. Surprisingly,MECP2-

TG mice exhibited normal preference for 0.5% and 2%

sugar water (Fig. 2A), and spent more time in the cocaine-

conditioned chamber, consistent with wild-type littermates

(Fig. 2B). There was no statistically significant difference

in the performance between transgenic mice and littermate

controls, indicating that reward-related behaviors are

basically intact in MECP2-TG mice. Moreover, freezing

behavior was dramatically enhanced in MECP2-TG mice,

which may be due to increased learning and memory in the

transgenic mice. We thus used a less stressful behavioral

paradigm to explore learning and memory in MECP2-TG

mice. In the novel object recognition test, both transgenic

mice and their wild-type littermates showed normal

preference for the novel object (Fig. 2C). And no differ-

ence was observed in the Barnes maze test between

MECP2-TG mice and controls (Fig. 2D–F). These data

suggested that learning and memory functions are not

damaged in MECP2-TG mice, and the increased freezing

behaviors in the fear conditioning test probably result from

fear generalization.

Resting-State fMRI Analysis of Adult MECP2-TG

Mice

Although MeCP2 is ubiquitously expressed across the

whole brain, another question to be addressed is whether all

cell types are equally affected by doubling the MeCP2

levels or whether certain cell types or regions are more

sensitive. Previous studies of conditional knockout of

Mecp2 in mouse brain have provided strong evidence that

MeCP2 plays different roles and is not equally important in

different cell types and areas [26–28]. In addition, our

behavioral phenotyping results showed that appetitive

behaviors and learning and memory were basically normal

in MECP2-TG mice, implying that the regions or neural

circuits associated with these behaviors are intact in

MECP2-TG mice. To identify which areas or circuits are

responsible for the abnormal behaviors, we used resting-

state fMRI to scan the whole brain ofMECP2-TG mice and

wild-type controls. Because significant EPI signal is lost in

deep brain areas due to the aural cavity magnetic suscep-

tibility artifact, we introduced a liquid-phase fluorocarbon

into the middle ear by needle puncture as previously

reported. This method allowed us to acquire whole brain

fMRI data without signal dropout [22]. Our imaging data

manifested significant ReHo value differences in multiple

areas between MECP2-TG and wild-type control mice

(Fig. 3A, B). Importantly, differences were concentrated in
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areas modulating aversive behaviors, including the mPFC,

BST, amygdala, hypothalamus (HY), thalamus, piriform

area, anterior cingulate, and periaqueductal gray. Further-

more, we generated fALFF maps and found that the fALFF

values showed differences consistent with the ReHo results

in most areas (Fig. S1). These data were consistent with our

behavioral results.

Normalization of MeCP2 Levels in the mPFC Rev-

erses the Social Recognition Deficit in Adult

MECP2-TG Mice

Reversal of abnormal phenotypes in adult MECP2-TG

mice by normalizing the MeCP2 levels across the whole

brain has been demonstrated [19]. However, which brain

areas or neural circuits have defects that contribute to

disease phenotypes was not known. Accumulating

Fig. 1 MECP2-TG mice display reduced locomotor activity,

enhanced aversive behaviors, and a social recognition deficit. A–
C MECP2-TG mice and wild-type littermates manifested no side

preference (A) and normal social approach behavior (B), but MECP2-
TG mice did not distinguish familiar partners from novel partners

(C) as wild-type littermates did in the three-chamber test. D MECP2-
TG mice travelled less in the open field than their wild-type

littermates. E, F Compared to their wild-type littermates, MECP2-TG
mice spent less time on the light side of the light/dark exploration

box, and less time in the open arms of an elevated plus maze. G–

J Percentage freezing was significantly higher in the MECP2-TG
mice than in wild-type littermates during the training phase (G), the

contextual fear memory testing phase (H), the cued fear memory

testing phase (I), or when presented with a mouse in a new context

after training (J). n = 10–14 for wild-type, n = 10–14 for MECP2-
TG. Data are the mean ± SEM. ns, not significant. *P\ 0.05,

**P\ 0.01, ***P\ 0.001 (two-tailed paired t-test in A–C, two-

tailed t-test in D–F and H–J, and two-way repeated-measures

ANOVA in G).
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evidence has shown that the mPFC mediates social

recognition behaviors, and its dysfunction leads to social

recognition deficits [21, 29–32]. The mPFC was also one of

the areas showing the most significant difference in ReHo

value in our fMRI data (Fig. 3), so we reasoned that mPFC

dysfunction is likely to underlie the social recognition

deficit inMECP2-TG mice. To test the hypothesis, we used

the CRISPR-Cas9 gene editing system similar to that

previously reported to restore normal MeCP2 expression in

the mPFC in vivo [33] (Fig. 4A). To this end, we designed

several sgRNAs specifically targeting exon 3 of the human

MECP2 (Fig. 4B) gene and selected the most efficient

sgRNA for follow-up experiments. We discovered that a

large number of mutations occurred within the human

MECP2 locus, but none were detected within the

counterpart locus of mouse Mecp2 in an efficiency test of

on-target gene editing in vitro (Fig. 4C). Moreover, we

injected two viruses that packaged SpCas9 (AAV-SpCas9)

and sgRNA expression cassettes (AAV-Guide) into the

mPFC of transgenic mice, and evaluated the MeCP2

protein levels after 4–6 weeks of viral infection. Our

immunofluorescence staining and western blot results

showed that the MeCP2 protein levels were decreased by

nearly half in the mPFC (Fig. 4D, E). These data demon-

strated that our system normalized the MeCP2 levels in

specific brain areas in vivo.

Next, we explored the hypothesis that normalization of

MeCP2 levels in the mPFC is sufficient to reverse the

impairment of social recognition. Three groups were used

for phenotyping: wild-type mice bilaterally injected with

Fig. 2 MECP2-TG mice display normal appetitive behaviors, novel

object recognition, and spatial learning and memory. A, B MECP2-
TG mice and wild-type littermates showed comparable sucrose

preference (A), and cocaine conditioned place preference (B). C In

the novel object recognition test, MECP2-TG mice and wild-type

littermates showed no side preference during habituation, and normal

preference for the novel object in the test phase. D–F No significant

difference was found between MECP2-TG mice and wild-type

littermates during the learning phase (D), the short-term memory test

(E), and the long-term memory test (F) in the Barnes maze test.

n = 10–14 for wild-type, n = 10–14 for MECP2-TG. Data represent

the mean ± SEM. ***P\ 0.001 (two-tailed t-test in A, B, E, and F,
two-tailed paired t-test in C, and two-way repeated-measures

ANOVA in D).
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viruses expressing SpCas9 and GFP (Wildtype–CTL),

MECP2-TG mice bilaterally injected with viruses express-

ing SpCas9 and GFP (MECP2-TG–CTL), and MECP2-TG

mice bilaterally injected with viruses expressing SpCas9

and sgRNA (MECP2-TG–normalized) (Fig. 5A). In our

results, the MECP2-TG–normalized group indeed spent

more time with novel mice than with familiar mice in the

three-chamber test, indicating a complete reversal of the

social recognition deficit in MECP2-TG mice (Fig. 5D).

Besides, all three groups showed no side preference and

normal social approach behavior, illustrating that viral

infection and gene editing manipulation in the mPFC did

not impact habituation and social approach behaviors

(Fig. 5B, C). Moreover, the reduced locomotor activity, the

heightened anxiety-like behaviors, and the fear generaliza-

tion phenotype were not reversed in the MECP2-TG–

normalized group (Fig. 5E–J). Together, our results sug-

gested that dysfunction of the mPFC specifically affects

social recognition behaviors in MECP2-TG mice, and

normalization of MeCP2 levels in the mPFC is sufficient to

restore the function of the mPFC or mPFC-related circuits,

thus completely reversing the social recognition deficit.

Fig. 3 Significant ReHo value

differences between MECP2-
TG and wild-type mice in the

whole brain resting-state fMRI.

A Regions manifesting signifi-

cant ReHo value differences

between MECP2-TG and wild-

type mice (red, MECP2-TG
[wild-type; blue, wild-type

[MECP2-TG; color bar rep-
resents significance of differ-

ence). B Quantification of ReHo

values in specific brain areas

[n = 10 for wild-type, n = 14

for MECP2-TG; data represent

the mean ± SEM; *P\ 0.05,

**P\ 0.01 (two-tailed t-test)].
mPFC, medial prefrontal cortex;

AI, agranular insular area; ACB,

nucleus accumbens; CP, cau-

doputamen; PIR, piriform area;

BST, bed nuclei of the stria

terminalis; ACA, anterior cin-

gulate area; TH, thalamus; HY,

hypothalamus; HIP, hippocam-

pal region; Amy, amygdala;

RSP, retrosplenial area; VIS,

visual areas; PAG, periaque-

ductal gray.
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Normalization of MeCP2 Levels in the BST Has

no Effect on the Behavioral Defects of MECP2-TG

Mice

In addition to social defects, heightened anxiety is the most

prominent behavioral deficit in MECP2-TG mice, and a

common comorbid condition in patients with MECP2

duplication syndrome. Many studies have shown that the

BST plays a central role in modulating anxiety-related

behaviors [34, 35]. Our fMRI data also revealed a

significant difference in ReHo values in the BST region

betweenMECP2-TG and wild-type mice. We hypothesized

that BST dysfunction caused by MeCP2 overexpression

leads to a heightened anxiety phenotype in MECP2-TG

mice. We tested this hypothesis by reducing MeCP2 to

normal levels in the BST as we did in the mPFC (Fig. 6A,

B). However, neither anxiety-like behaviors in the light–

dark box test, nor in the elevated plus maze test were

reversed in the MECP2-TG–normalized group (Fig. 6G,

H). Furthermore, the MECP2-TG–normalized group

showed no improvement in the reduced locomotor activity

in the open field test (Fig. 6F), the impaired social

recognition in the three-chamber test (Fig. 6C–E), and

the increased freezing behavior in the fear conditioning

paradigm (Fig. 6I–K). Given these results, we speculated

that the BST is intact in MECP2-TG mice, or multiple

Fig. 4 Strategy for specific knockout of the human MECP2 copy in

MECP2 duplication neurons and brain areas of interest in MECP2
duplication mice. A AAV-SpCas9, AAV-Guide, and AAV-GFP

expression vectors. B SpCas9 target location of the human MECP2
locus (blue, targeted genomic locus; yellow, PAM (protospacer

adjacent motif) sequence; red, mismatched bases between mouse

Mecp2 and the human MECP2 gene in the targeted locus). C Left,

protocol for and analysis of on-target gene editing in vitro. The

efficiency of indel mutations in the MECP2 locus was *17.8%, but

no indel mutations were detected in the Mecp2 locus in infected

cultured neurons. Right, representative mutation patterns detected by

sequencing of the MECP2 locus (red arrowhead, Cas9 cutting site).

D Representative images and analysis of MeCP2 expression after

CRISPR-Cas9-mediated human MECP2 knockout in the mPFC

in vivo (scale bars, 500 lm; n = 9 brain slices from 3 mice for each

genotype). E Western blots and analysis of MeCP2 protein expres-

sion 1.5 months after AAV injection [n = 6/group; data represent the

mean ± SEM; ***P\ 0.001 (two-tailed t-test in D, and one-way

ANOVA followed by Tukey’s honest significant difference post-hoc
correction for multiple comparisons in E)].
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Fig. 5 Restoration of normal MeCP2 levels in the mPFC reverses the

social recognition deficit in adult MECP2-TG mice. A Schematic of

the experimental design. B–D Normalizing MeCP2 levels in the

mPFC reverses impaired social recognition behavior (D) in the three-

chamber test. No side preference (B) and normal social approach

(C) were found in the test. E–J Normalizing MeCP2 levels in the

mPFC of MECP2-TG mice did not reverse the decreased locomotor

activity in the open field test (E), the heightened anxiety-like

behaviors in light/dark exploration (F) and elevated plus maze

(G) tests, the percentage freezing when tested on contextual fear

memory (H) and cued fear memory (I), and when presented with a

mouse in a new context (J). n = 15 each for Wildtype–CTL, MECP2-
TG–CTL, and MECP2-TG–normalized; data represent the mean ±

SEM; ns, not significant; *P\ 0.05, **P\ 0.01, ***P\ 0.001

(two-tailed paired t-test in B–D, and one-way ANOVA followed by

Tukey’s honest significant difference post-hoc correction for multiple

comparisons in E–J).
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Fig. 6 Normalization of MeCP2 levels in the BST does not reverse

the behavioral defects in MECP2-TG mice. A Schematic of the

experimental design. B Representative image of the injection site in

the BST (scale bar, 500 lm). C–K Normalizing MeCP2 levels in the

BST ofMECP2-TG mice did not reverse the social recognition deficit

in the three-chamber test (C–E), the decreased locomotor activity in

the open field test (F), the heightened anxiety-like behaviors in the

light/dark exploration (G) and elevated plus maze tests (H), and the

fear generalization phenotype in the fear conditioning test (I–K).

n = 14 for wild-type–CTL, n = 14 for MECP2-TG–CTL, n = 13 for

MECP2-TG–normalized. Data represent the mean ± SEM; ns, not

significant; *P\ 0.05, **P\ 0.01, ***P\ 0.001 (two-tailed paired

t-test in C–E, one-way ANOVA followed by Tukey’s honest

significant difference post-hoc correction for multiple comparisons

in G–K, and one-way ANOVA followed by Fisher’s least significant

difference post-hoc test in F).
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brain areas implicated in anxiety are damaged in MECP2-

TG mice and restoration of MeCP2 levels in the BST is not

sufficient to reverse the anxiety-like behaviors.

Discussion

Our results showed that restoration of normal MeCP2

levels in the mPFC completely reverses the social

recognition deficit in adult MECP2-TG mice. However,

the neural circuit mechanism underlying this deficit in

these mice still needs to be investigated. A recent study

reported that local gamma oscillation dysfunction in the

mPFC is a causative factor for social recognition deficits

in a mouse model of autism [21], so local microcircuit

dysregulation is probably the main cause of the social

defect in MECP2-TG mice. Another possibility is that the

ability of the mPFC to process social information from

upstream brain areas is impaired in MECP2-TG mice.

Indeed, the ventral tegmental area (VTA), ventral hip-

pocampus (vHIP), HY, and nucleus accumbens are widely

reported to project to the mPFC and regulate social

behaviors in rodents [34]. Especially, mPFC-projecting

neurons in the VTA are mainly dopaminergic, and axons

from the VTA innervate broad areas of the mPFC. The

latest research shows that dopamine activation in the VTA

controls mPFC ensemble activity and oscillations, and

oscillation dysfunction in the mPFC is responsible for

social recognition impairment in an autistic mouse model

[21, 36]. Besides, the vHIP–mPFC projection is hyperac-

tive in the Mecp2 knockout mouse model of Rett

syndrome, which is an another widely-reported autism

spectrum disorder mouse model and displays obvious

defects in social novelty behavior. And long-term inhibi-

tion of mPFC-projecting vHIP neurons in Rett mice

rescues the social novelty deficits [37]. These results

imply that the VTA–mPFC or vHIP–mPFC projection

participates in the regulation of social recognition in

rodents. Furthermore, mPFC-mediated top-down control

is also implicated in social behaviors. Dysregulation of

the input from the mPFC to the basolateral amygdala

(BLA) results in impairment of the excitation/inhibition

balance in the BLA, which may be the cause of social

behavioral defects in autistic model mice [38, 39].

However, whether these neural circuits are damaged and

responsible for the behavioral defects in MECP2-TG mice

remains to be investigated.

We restored normal MeCP2 expression in the BST of

adult MECP2-TG mice in an attempt to reverse their

anxiety-like behaviors, but these behaviors did not

improve. Anxiety is an extremely complicated state, and

its underlying neural circuit mechanism remains mysteri-

ous. A variety of evidence has revealed that

neuromodulation systems, the amygdala, vHIP, HY, BST,

lateral septal nucleus, and related neural circuits are

involved in the regulation of anxiety-like behaviors [35].

It is possible that multiple brain areas or neural circuits

involved in anxiety behaviors are damaged in MECP2-TG

mice, and normalizing the MeCP2 expression only in the

BST is not enough to reverse these behaviors. The

alternative is that other brain regions contribute more to

anxiety than the BST in MECP2-TG mice. Our fMRI data

showed significant differences in ReHo values between

transgenic and wild-type mice in the HY and periaqueduc-

tal gray in the midbrain which participate in the regulation

of anxiety in rodents. Together, further investigation is

needed on the neural mechanisms underlying anxiety in

MECP2-TG mice.

Another finding that MECP2-TG mice showed signif-

icant fear generalization deserves further exploration.

Many studies indicate that the BLA is the center for

regulating fear, and a previous study has demonstrated that

BLA-specific deletion of Mecp2 decreases the freezing

level in the cue-dependent fear conditioning test [40];

whether overexpression of MeCP2 in the BLA leads to

increased freezing behavior in the fear conditioning test

requires further investigation.

Conclusions

In sum, our study demonstrated that overexpression of

MeCP2 in the mPFC is responsible for social deficits.

Further studies are still needed to elucidate the neural

mechanism underlying the heightened anxiety behaviors

and fear generalization phenotype in the transgenic mice.

Furthermore, whether specific neural circuit dysfunctions

in the transgenic mice are responsible for the behavioral

deficits is still to be investigated.
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