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MECP2 Duplication Causes Aberrant GABA Pathways,
Circuits and Behaviors in Transgenic Monkeys: Neural
Mappings to Patients with Autism
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MECP2 gain-of-function and loss-of-function in genetically engineered monkeys recapitulates typical phenotypes in
patients with autism, yet where MECP2 mutation affects the monkey brain and whether/how it relates to autism pathol-
ogy remain unknown. Here we report a combination of gene-circuit-behavior analyses including MECP2 coexpression
network, locomotive and cognitive behaviors, and EEG and fMRI findings in 5 MECP2 overexpressed monkeys (Macaca
fascicularis; 3 females) and 20 wild-type monkeys (Macaca fascicularis; 11 females). Whole-genome expression analysis
revealed MECP2 coexpressed genes significantly enriched in GABA-related signaling pathways, whereby reduced f-syn-
chronization within fronto-parieto-occipital networks was associated with abnormal locomotive behaviors. Meanwhile,
MECP2-induced hyperconnectivity in prefrontal and cingulate networks accounted for regressive deficits in reversal
learning tasks. Furthermore, we stratified a cohort of 49 patients with autism and 72 healthy controls of 1112 subjects
using functional connectivity patterns, and identified dysconnectivity profiles similar to those in monkeys. By establish-
ing a circuit-based construct link between genetically defined models and stratified patients, these results pave new ave-
nues to deconstruct clinical heterogeneity and advance accurate diagnosis in psychiatric disorders.

Key words: autism spectrum disorder; brain connectome; cognitive flexibility; MECP2 overexpression; repetitive re-
stricted behavior; transgenic monkeys
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Autism spectrum disorder (ASD) is a complex disorder with co-occurring symptoms caused by multiple genetic variations
and brain circuit abnormalities. To dissect the gene-circuit-behavior causal chain underlying ASD, animal models are estab-
lished by manipulating causative genes such as MECP2. However, it is unknown whether such models have captured any cir-
cuit-level pathology in ASD patients, as demonstrated by human brain imaging studies. Here, we use transgenic macaques to
examine the causal effect of MECP2 overexpression on gene coexpression, brain circuits, and behaviors. For the first time, we
demonstrate that the circuit abnormalities linked to MECP2 and autism-like traits in the monkeys can be mapped to a homo-
geneous ASD subgroup, thereby offering a new strategy to deconstruct clinical heterogeneity in ASD. /
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Introduction

Psychiatric disorders including autism spectrum disorder (ASD)
are increasingly prevalent, and substantially heterogeneous in
genetic bases and phenotypic architecture, consisting of subtypes
with distinct biological mechanisms (Lombardo et al., 2019). To
achieve precise diagnosis and treatment, patient stratification
based on biological measures has been encouraged in recent
research initiatives (Lombardo et al., 2019). Using noninvasive
electrophysiological and neuroimaging measures, neural sub-
types or biotypes of mental illnesses have been identified based
on distinct patterns of brain network dysfunction, which are dis-
ease relevant and predictive of treatment responsiveness
(Drysdale et al., 2017). Recent efforts have also been made to
bring genetic disorders with a high penetrance of ASD to the
forefront of translational efforts to find treatments for subpopu-
lations of mechanism-based classification of ASD (Sahin and
Sur, 2015). Although this strategy holds significant potential in
filtering the complex etiology of autism, how specific genes with
rare copy number variants contribute to functional alterations in
brain circuitry, and what neural circuit basis may underlie partic-
ular pathologic behaviors in ASD remains elusive (Sahin and
Sur, 2015). This line of research has probably been held back by
the low occurrence of rare and de novo copy number variants in
individuals with ASD (Huguet et al., 2013).

An alternative route to dissect clinical heterogeneity and pur-
sue the underlying neuropsychiatric mechanisms is genetic ani-
mal modeling, where certain causative genes in the biologically
homogeneous samples are purposely manipulated to recapitulate
some dimensions of core symptoms in psychiatric patients (van
den Heuvel et al, 2016). One could expect that such animal
models with a clear genetic basis would (at least partially) share
circuit constructs with certain psychiatric neural subtypes,
thereby providing valuable opportunities for probing the gene-
circuit-behavior casual chain of events underlying complex brain
disorders (van den Heuvel et al., 2016; Bertero et al., 2018). As
extensively demonstrated in both humans (Ramocki et al., 2010)
and rodent models (Samaco et al,, 2012), methyl-CpG binding
protein 2 (MECP2) is one of a few exceptional genes of causal
effect established in ASD (Monteggia et al., 2018). Mutations and
duplications of MECP2 lead to Rett syndrome (Amir et al., 1999)
and MECP2 duplication syndrome (Ramocki et al, 2010),
respectively. Both exhibited a wide range of detrimental behavior
effects including motor impairments, stereotyped behaviors, anxi-
ety, social avoidance, and other neuropsychiatric symptoms.
Using genetically manipulated rodent models, researchers have
demonstrated that both loss and gain of MECP2 function can alter
synaptic transmission and disrupt the overall excitation/inhibition
balance in neural circuits (Guy et al.,, 2011; Lu et al,, 2016). We
have recently reported the successful application of lentiviral-
mediated methods to produce genetically engineered macaque
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monkeys carrying extra copies of MECP2 that manifested less
active social contact and increased stereotypical behaviors (Liu et
al., 2016). However, the relevant brain circuits that mediate the
causal effects of atypical MECP2 levels on phenotypic symptoms
in transgenic (TG) monkeys remain essentially unexplored. In
addition, it is unknown whether the disrupted circuit observed in
the monkey model would map neatly onto homologs in specific
neural subtypes of autistic patients.

To address these questions, we use a combination of MECP2
coexpression network analysis, locomotive and cognitive behav-
ioral tests (Buckley et al., 2009; Judge et al., 2011), resting-state
fMRI (Neubert et al., 2014; van den Heuvel et al., 2016), and
EEG recordings (Gil-da-Costa et al., 2013), all of which are com-
monly administered in primate species and are potentially ame-
nable to cross-species translation into clinical diagnosis and
future development of therapeutic interventions for autism-
related disorders. We further conduct a cross-species circuit
mapping of dysfunctional connectivity profiles between trans-
genic monkeys and subgroups of ASD patients who are stratified
based on whole-brain resting-state functional connectivity
patterns.

Materials and Methods

Participants

Five MECP2-overexpressed TG monkeys (Macaca fascicularis; three
female) and 20 wild-type (WT) monkeys (Macaca fascicularis; 11 female)
participated in the present study. All TG monkeys participated in all
three behavioral tasks. Subgroups of 16, 7, and 4 WT monkeys partici-
pated in home cage observation, peer separation tests, and reversal learn-
ing tasks, respectively. All TG and 16 WT monkeys participated in the
EEG experiment. All TG and 11 WT monkeys participated in the MRI
experiment. In addition, the transcriptome data from two previously
published studies were reanalyzed (Bernard et al., 2012; Liu et al., 2016).

Ethical statement

All experimental procedures for nonhuman primate research in this
study were approved by the Institutional Animal Care and Use
Committee at the Institute of Neuroscience and the Biomedical Research
Ethics Committee, Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences, and conformed to National Institutes of Health
guidelines for the humane care and use of laboratory animals.

Weighted gene coexpression network analysis
To gain system-level insight into how MECP2 mutations in TG monkeys
affect biological processes, we first performed a weighted gene coexpres-
sion network analysis (WGCNA) to construct the coexpression network
of MECP2 in the macaque brain. We obtained gene expression data for
the whole neocortex of three male and three female adult rhesus maca-
ques (Macaca mulatta) published from previous work (Bernard et al.,
2012). We performed quality control processing for the raw expression
data, including exclusion of outlier samples with interarray correlations
(IACs) <2 SDs from the mean IAC, and correction for the cross-batch
with the ComBat package in R (Johnson et al., 2007). Furthermore, we
obtained the expression value of genes from their corresponding probes
and selected the probe with the highest variation across samples to repre-
sent this gene. Finally, we included expression profiles of 13,888 genes in
182 samples in the following analysis (Fig. 14).

The WGCNA algorithm using a dynamic cut-tree method was used
to produce gene coexpression clusters using the WGCNA package in R
(Langfelder and Horvath, 2008). A MECP2 coexpression network was
defined as genes within the same module as MECP2 and significantly
correlated with the module eigengene (ME). Furthermore, we performed
functional enrichment analysis using the Toppgene suite (https:/
toppgene.cchmc.org) to infer biological processes related to the MECP2
coexpression network. We also compared the expression level of MECP2
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WGCNA and functional enrichment analysis of MECP2-coexpressed genes. A, Overview of the weighted gene coexpression network analysis using public transcriptional data of 182

macaque cortical samples, and functional enrichment analysis on identified gene module coexpressed with MECP2. B, Network analysis dendrograms representing assignment of 13,888 genes
to 17 modules. €, MECP2 coexpression network. Filled circles and squares indicate directed neighbors of MECP2 (n = 5) and genes enriched in GABA-related pathways (n = 5), respectively. All
other second-order neighbors of MECP2 are represented with empty circles, where larger circles indicate the top 20 genes with larger node degree. Pink and purple colors indicate uprequlation
and downregulation in MECP2 transgenic monkeys, respectively. Dark gray lines indicate the path from MECP2 to GABA-associated genes. D, Mood disorders, four gene pathways, and three cel-
lular components are significantly enriched in constrained genes (FDR-corrected, p << 0.01). E, Heatmap for the expression of MECP2-correlated genes in the cortical regions of MECP2 transgenic
monkeys. Significant level [log (p)] is indicated in the sidebar. Red and blue colors indicate high and low expression, respectively.

coexpressed genes in three deceased TG and four WT monkeys using a
previously published transcriptome of cortical samples (Liu et al., 2016).

Monkey behavioral tasks

Locomotive behavior in home cage

MECP2-overexpressed monkeys in late infancy and early juvenile stages
(12~18 months) exhibited an increased frequency of repetitive circular
locomotion (Liu et al., 2016). When they reached ~55months of age,
which is equivalent to adolescence in humans (age, 12~18 years; Liu et

al.,, 2015), we repeated the analysis on spontaneous locomotive behaviors
in five TG monkeys (mean age, 4.66 = 0.08 years; 3 females) and 16 WT
monkeys (mean age, 5.43 = 1.05years; 7 females) monkeys. Monkeys
were individually caged (length, 0.9 m; width, 0.8 m; height, 0.9 m) in a
room with 10 to 12 roommates. For each monkey, uninterrupted record-
ings were filmed for 20 min daily between 2:40 P.M. and 3:00 P.M. on 4
separate days. Behaviors of repetitive circular and general locomotion
were analyzed by two independent trained observers who were blinded
to the genotypes of the monkeys. Interobserver reliability was evaluated.
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Abnormal locomotive and cognitive flexibility in MECP2 monkeys. A, Peer separation paradigm. The test monkey was able to have visual, auditory, and olfactory interactions with

the peer monkey during the interaction stage. B, Excessive locomotion during home cage observation in TG monkeys in terms of general locomotion time (left) and repetitive index (right). C,
Larger induced locomotion change in TG monkeys after peer separation. ***p < 0.0001, **p << 0.001, *p << 0.05. D, Temporal sequence of events in the color discrimination and reversal
learning task. RT, Reaction time; MT, movement time; ITl, intertrial interval. E, An example of task sequence in the reversal learning test. The color assigned for reward was pseudorandomly
switched between sessions. G, Green-reward session; B, blue-reward session. F, The cumulative regressive error rate of performed trials after rule switch was analyzed (n=5, TG; n =4, WT;
*p < 0.05, two-sample Student’s ¢ test). Error bars denote SEM. G, The percentage of regressive errors in TG and WT groups in the first 20 performed trials after rule switch (Student’s ¢ test).

Repetitive circular locomotion was defined as circular routing, tumbling,
and cyclic routing in other more complex paths (e.g., the path of a figure
eight) for more than three cycles. General locomotion was defined as
any form of locomotion occurring during nonresting states, with resting
state referring to staying still for >3 s without obvious body movement
(e.g., standing, sitting, and grooming). To quantify the repetitive behav-
ior, a repetitive index was defined by dividing repetitive locomotion time
by general locomotion time.

Locomotive behavior in peer separation test

TG monkeys also exhibited increased anxiety at an early age in addition
to excessive stereotyped locomotion (Liu et al., 2016). To examine the rela-
tionship between abnormal locomotion and trait anxiety, we designed a
behavioral test (Fig. 2A) based on a classical peer separation paradigm
(McKinney et al., 1972). The absolute change of locomotive measures after
separation with peers was estimated to indicate the locomotive response
to separation anxiety in five TG monkeys (age, 6.50 = 0.13 years; three
females) and seven WT monkeys (age, 10.06 = 3.79 years; four females). A
test monkey and a peer monkey were used in the paradigm (Fig. 2A).
Each of the test monkeys was paired with two familiar and two unfamiliar
WT monkeys on four separate sessions. Familiar peers had been housed
in the same room as the test monkey for more than 1 year. The test

apparatus was a two-compartment cage (length, 3.4 m; width, 1.9 m;
height, 1.7 m) made of steel rods. These two compartments were separated
by electrochromic switchable glass, which turns opaque when a voltage is
applied. Testing was conducted from 3:00 P.M. to 5:30 P.M. and consisted
of three periods (Fig. 2A4). First, the test monkey was transferred to the
testing compartment and stayed alone for 20 min. Then the peer monkey
was transferred to the other compartment. Two monkeys were able to
have visual, auditory, and olfactory contact during a 40 min interaction
period, and both monkeys were recorded on video. Afterward, the peer
monkey was removed from the compartment. And then the test monkey
was observed alone for a 20 min period of separation. The glass between
two compartments remained transparent for the adaptation and interac-
tion periods. For each monkey, two measures of behavioral patterns (gen-
eral locomotion and repetitive index) were compared between two groups
under two conditions (familiar and unfamiliar).

Color discrimination and reversal learning task

To probe potential cognitive inflexibility induced by MECP2 overexpression
(Geurts et al,, 2009), we trained five TG monkeys (age, 6.68 = 0.11 years;
three females) and four WT monkeys (age, 6.33 = 0.25years; two
females) to perform a color discrimination and reversal learning task on
a touch screen (Buckley et al., 2009; Judge et al., 2011). All monkeys
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were experimentally naive and provided with a standard primate diet
except on behavioral test days, before which they were fasted for 24 h.
During experiments, the monkey was seated comfortably in a behavioral
primate chair without head fixation. The right arm of the monkey could
move freely to touch a 19 inch touch screen (1991L open-frame LCD
touch screen, Elo). The experimental task was programmed using the
MonkeyLogic toolbox (Asaad and Eskandar, 2008). A juice reward was
accurately supplied by a peristaltic pump (BT100-1F, Longer Precision
Pump), depending on the outcome of each trial. We set up the reversal
learning task with three stages.

Stage 1: stimulus-directed touching. Each trial began with a red fixa-
tion circle presented in the screen center with a field angle of 2°. The ani-
mal needed to touch the fixation circle within 2 s to receive a reward.
Greater reward was received for a longer touch. The maximum reward
time was 1 s in each trial. Animals completed four sessions per day and
200 trials per session, with an intertrial interval of 2 s. The number of
days taken to achieve an 80% correct fixation (>1 s) within a single ses-
sion was recorded.

Stage 2: color discrimination. After the animal maintained a 500 ms
fixation on the red fixation circle, a green and a blue circle appeared
simultaneously on the screen, one on the left side and the other on the
right side. The monkey needed to touch the rewarded color within 2 s to
receive a 500 ms reward. The position of the rewarded color was
randomized. The rewarded color was green for the first 2 weeks and
switched to blue afterward. Monkeys performed four sessions per day
and 200 trials per session, with an intertrial interval of 1.5 s.
Performance in each session was defined as the ratio of correct trials to
total trials. The average reaction time in correct trials was also calculated.
The number of sessions taken to achieve an 80% correct rate within a
single session after rule switch was recorded.

Stage 3: reversal learning. The rewarded color (green or blue) in the
discrimination task was randomly switched between sessions (Fig. 2D,E,
Movie 1). No cue was provided to indicate the change of rewarded color.
Animals had to discover the currently rewarded color through trial and
error. At the beginning of this stage (~2 weeks), monkeys performed
four sessions per day, as in stage 2, to reinforce reversal learning. In the
final test phase (~2 weeks), each monkey was tested with 10 sessions per
day and 80 trials per session. The intersession interval was ~1 min. The
percentage of correct trials in every 10 trials performed after each rule
switch was analyzed. Two types of errors after rule switches were
assessed. Perseverative errors were trials in which monkeys continued to
select the previously rewarded color following negative feedback but
before the first correct response, suggesting a failure to switch to a new
rule. By contrast, regressive errors were trials in which monkeys contin-
ued to select the previously rewarded color after the first correct
response, representing a preference for the old rule or an inability to
maintain a new rule (Fig. 2E).

Animal preparation

For both resting-state EEG recording and fMRI scanning, animals were
prepared and maintained in a stable brain state under light anesthesia.
The animal preparation procedure was conducted as described in our

Blue-reward
_—
BBBBBBBBB -

\_Y_l

Switch from green-reward session to blue-reward session
(First 20 trials)

Movie 1. An example of monkey (TGO08) performing reversal learning task. Last 5 trials in
a green-reward session and first 20 trials after a switch to a blue-reward session were
recorded. The video is shown at twice the real time speed. [View online]
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previous work (Lv et al,, 2016). Induction of anesthesia was achieved by
intramuscular injection with midazolam (0.25 mg/kg; Nhwa Pharma Co,
Ltd.) before EEG recording or with ketamine (10 mg/kg; Gutian Pharma
Co, Ltd.) before MRI scanning, supplemented with atropine sulfate
(0.05mg/kg; Shanghai Harvest Pharma Co, Ltd.) to decrease bronchial
and salivary secretions. After intubation, animals were ventilated with a
mixture of isoflurane (2-2.5%; Lunan Pharma Co, Ltd.) and oxygen via
either a standard ventilator (CWE) outside the scanner room or an
MRI-compatible ventilator (CWE) inside the scanner room. Macaques
were maintained with intermittent positive-pressure ventilation to ensure
a constant respiration rate (25-35 breaths/min). The concentration of iso-
flurane was adjusted based on continuously monitored vital signs, includ-
ing blood oxygenation, electrocardiogram (EKG), rectal temperature
(Small Animal Instruments), respiration rate, and end-tidal CO, (Smiths
Medical ASD). Oxygen saturation was kept >95%, and body temperature
was kept constant using a heated water blanket (Gaymar Industries).
Lactated Ringer’s solution was given with a maximum rate of 10 ml/kg/h
during the anesthesia process.

Animals were further prepared with an MRI-compatible EEG cap to
record EEG signals and to monitor the brain state during the experi-
ment. The preparation procedure was similar to our previous work
(Zhang et al,, 2019). The animal scalp was thoroughly cleaned after hair
removal. A custom EEG cap made of stretchable materials was fitted
over the scalp. An EKG electrode was attached on the back close to the
heart to facilitate offline removal of cardioballistic artifacts. Electrode im-
pedance was kept at <5 k(). After setting up the EEG cap, animals were
restrained within a water blanket in a sphinx-like position with the head
protruding and facing forward. For fMRI scanning, the animal head was
further secured using a custom-built MRI-compatible stereotaxic frame
after local anesthetic (5% lidocaine cream) was applied to the ears. Note
that EEG data analyzed in the current study were acquired outside the
scanner in a separate experiment. EEG data recorded inside the scanner
were used to monitor evident EEG signatures related to anesthesia
depth, such as burst suppression and paradoxical excitation (Brown et
al., 2010). Because of unexpected noise contamination in some data, we
did not conduct further analysis on simultaneous EEG data.

Anesthesia maintenance

In the light of anesthesiologist instructions (Y.W., J.C,, and S.G.), anes-
thesia was maintained using the lowest possible concentration of isoflur-
ane gas during data acquisition. Isoflurane was selected for anesthesia
maintenance as numerous studies have demonstrated that stable neural
activity and functional connectivity patterns under a narrow range of
medium level isoflurane (e.g., +0.25%) are suitable for anesthetized non-
human primate investigations (Vincent et al., 2007; Shen et al., 2012;
Hutchison et al., 2013; Wang et al., 2013). The concentration of isoflur-
ane was adjusted based on both vital signs and EEG signatures. Neither
paradoxical excitation nor burst suppression, indicating minimally con-
scious and deep anesthesia states, respectively, was observed during data
collection (Brown et al., 2010). Slight differences in anesthetic gas con-
centrations were needed to impose a similar level of physiological anes-
thesia on different monkeys (Sallet et al., 2013). The mean concentration
of inhaled isoflurane was 1.26 = 0.22% and 1.12 * 0.13% during EEG
recording and fMRI scanning, respectively. Within the range of isoflur-
ane levels used in the current study, consistent patterns of functional
coupling between distant brain areas have been reported in prior mon-
key fMRI studies (Vincent et al., 2007; Hutchison et al., 2014) and dem-
onstrated in our work as well (Wang et al., 2013; Lv et al., 2016).

Monkey EEG data acquisition

We conducted multichannel scalp EEG recordings in 5 TG monkeys (age,
5.60 = 0.08 years; 3 females) and 16 WT monkeys (age, 5.66 = 0.60 years; 7
females). Spontaneous neural activity was collected from anesthetized mon-
keys in a shielded chamber room. EEG scalp recordings were acquired with
the BrainVision Recorder software using a BrainAmp MR amplifier and a
28-channel EEG cap customized for macaques with sintered Ag/AgCl ring
electrodes (Brain Products). The spatial distributions of electrodes over the
brain were obtained in high-resolution T2-weighted MRI images using a
3D turbo-spin-echo sequence (TR,3000ms; TE,370ms; field of
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view, 128 x 88 mmy; acquisition voxel size, 0.5 x 0.5 X 0.5 mm?; 30 sagit-
tal slices), as demonstrated in Figure 3A. Twenty-one active electrodes
were projected from scalp to cortex (Fig. 3B) and labeled according to
the closest cortical area. Six recording channels far from the cortex were
disabled for subsequent recording. The ground electrode was located far
away from the cortex beneath the left eye. The EEG signal was sampled
at 5000 Hz with a resolution of 0.5 uV per bit and a measuring range of
+16 mV. EEG measurement was repeated in five TG monkeys on differ-
ent days, and a total of 11 sessions were acquired. For each recording ses-
sion, 6 to 10 runs lasting 7 min each were collected depending on the
physiological state of the animal. Visual inspection was meticulously
conducted after EEG preprocessing. Runs with residual artifacts due to
incomplete artifact removal or other idiographic artifacts were excluded
from further analysis. A total of 76 TG and 102 WT datasets were
included in the final analysis.

Monkey MRI data acquisition

We acquired whole-brain MRI data in 16 anesthetized macaques includ-
ing 5 TG monkeys (age, 4.40 * 0.29 years; 3 females) and 11 WT monkeys
(age, 4.68 == 0.46 years; 7 females). MRI images of monkeys were acquired
at the Institute of Neuroscience on a 3 T whole-body scanner (Trio,
Siemens Healthcare) running with an enhanced gradient coil insert
(AC88; 80 mT/m maximum gradient strength, 800 mT/m/s maximum
slew rate). A custom-built eight-channel phased-array transceiver coil was
used for animal imaging. Whole-brain resting-state fMRI data were col-
lected using a gradient-echo EPI sequence [TR,2000ms; TE,29 ms; flip
angle, 77°% slices, 32; matrix, 64 x 64; field of view, 96 X 96 mm; 1.5 X 1.5
mm? in-plane resolution; slice thickness, 2.5 mm; GRAPPA (generalized,
autocalibrating, partially parallel acquisitions) factor, 2]. For each session,
5-10 runs were acquired, and each run consisted of 200 functional vol-
umes. The number of runs depended on the physiological state of the ani-
mal. A pair of gradient echo images (TE, 4.22 and 6.68 ms) with the same
orientation and resolution as EPI images were acquired to generate a field
map for distortion correction of EPI images. High-resolution T1-weighted
anatomic images were acquired using an MPRAGE sequence (TR, 2500 ms;
TE,3.12ms; inversion time,1100ms; flip angle, 9% acquisition voxel
size, 0.5 X 0.5 x 0.5 mm?; 144 sagittal slices). Six whole-brain anatomic vol-
umes were acquired and further averaged for better brain segmentation and
3D cortical reconstruction. Runs showing erratic vital signs or image arti-
facts were excluded from further analysis. The final analysis included a total
of 45 runs from TG monkeys and 99 runs from WT monkeys.

Human MRI data

The human MRI data were obtained from the Autism Brain Imaging
Data Exchange (ABIDE), which shares MRI scans and phenotypic infor-
mation from 539 patients with ASD and 573 typically developing control
subjects (TDCs; Di Martino et al., 2014). To reduce the heterogeneity
within human ASD, we conducted screening based on basic demo-
graphic and diagnostic information provided in the ABIDE database (Di
Martino et al., 2014). We screened human data based on the following
two principles: (1) to make the data as homogenous as possible and
(2) to make the human data as well matched with the monkey data as
possible. The inclusion criteria for patients were as follows: (1) right-
handedness, (2) age between 12 and 18years, (3) a full-scale IQ (FIQ)
score between 80 and 130, (4) a diagnosis of autism rather than Asperger
syndrome or Pervasive Development Disorder Not Otherwise Specified,
according to the Diagnostic and Statistical Manual of Mental Disorders,
fourth edition (text revision), and (5) available site-matched TDCs.
Finally, the data from nine sites were subject to subsequent analysis,
which included 90 adolescent individuals with autism (hereafter, we use
autism rather than ASD to refer to this patient cohort; age,
14.75 * 1.79 years; 12 females) and 140 TDCs (age, 14.68 = 1.69 years;
31 females) matched for age, handedness, FIQ, and data source site.

EEG data analysis

EEG data were preprocessed using the toolbox of EEGLAB (Delorme
and Makeig, 2004). Bad channels were identified semiautomatically and
excluded from further analysis. The data were downsampled and subject
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to a high-pass filter (>1Hz), as well as removal of powerline noise at
50 Hz using the CleanLine toolbox (Mullen, 2012). Cardioballistic arti-
facts were corrected via weighted average artifact subtraction (Goldman
et al, 2000). Time-frequency transformation was conducted in the
Fieldtrip toolbox (Oostenveld et al,, 2011). A sliding window multitaper
method (length, 4 s; step size, 0.05 s; spectral smoothing, =1 Hz; Slepian
tapers, 7) was applied to the preprocessed time series, resulting in spec-
trograms and cross-spectrograms from 1 to 100 Hz in steps of 0.25Hz.
Spectrograms were segmented into 10 s nonoverlapping epochs and
averaged across epochs. Power spectra were calculated by taking median
values of the averaged spectrogram across time. To reduce intersubject
variability, relative power was obtained by dividing the absolute power
by the total power across the spectrum. The relative spectral power was
categorized into six canonical frequency bands (Snyder et al, 2015),
namely, delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz),
low gamma (30-60 Hz), and high gamma (60-100 Hz). The strength of
neural synchronization between two recording sites was estimated from
the cross-spectrogram. To minimize spurious synchrony between chan-
nels, we analyzed phase-lagged synchronization using debiased weighted
phase-lag index (dwPLI) to confine analysis to noninstantaneous correla-
tions, which has been demonstrated to be robust against volume conduc-
tion, noise, and sample-size bias (Vinck et al, 2011). For each EEG
dataset, a 21 x 21 matrix of dwPLI values was generated for each fre-
quency bin. Band-specific synchronization strength was calculated by
averaging dwPLI values across frequency bins within the band.

MRI data analysis

The preprocessing of monkey data was implemented in the SPM 8.0
toolbox (http://www.fil.ion.ucl.ac.uk/spm) and the FMRIB Software
Library toolbox (FSL; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). First, the ini-
tial 10 volumes of imaging data were discarded. Then the field map
images of each monkey were applied to compensate for the geometric
distortion of EPI images using FSL FUGUE. After slice-timing correc-
tion and motion correction, the corrected images were normalized to the
standard space of the monkey F99 atlas (Van Essen et al., 2012) using an
optimum 12-parameter affine transformation and nonlinear deforma-
tions, and then resampled to 2 x 2 X 2 mm voxels and spatially
smoothed with a 4 mm FWHM isotropic Gaussian kernel. Six head
motion parameters, and ventricle and white matter signals were
removed from the smoothed volumes using linear regression. Linear
drift of the volumes was removed, and a temporal filter (0.01-0.1 Hz)
was performed. On the other hand, the preprocessing of human data
was performed by the Preprocessed Connectomes Project (PCP; http://
preprocessed-connectomes-project.org/abide) using the Data Processing
Assistant for Resting-State fMRI (DPARSF) Toolbox (Yan and Zang,
2010). Preprocessing steps included slice-timing correction, motion cor-
rection, spatial normalization into MNI space, reslicing to 3 X 3 X 3 mm
voxels, and smoothing with a Gaussian kernel (FWHM, 6 mm). Friston-
24 parameters of head motion, and white matter and ventricle signals
were regressed out, followed by linear drift correction and temporal fil-
tering (0.01-0.1 Hz). For more details, readers may refer to the descrip-
tion in the PCP (http://preprocessed-connectomes-project.org/abide/
dparsf.html).

Network construction of monkey and human brains

The cortical organization of both monkeys and humans was parcellated
mainly based on the Regional Map template (Kotter and Wanke, 2005),
with addition of subcortical parcellation from the INIA19 (Rohlfing et
al,, 2012) and Freesurfer templates (Fischl et al., 2002). This generated a
whole-brain template with a total of 94 regions of interest for both mon-
keys and humans (Lv et al, 2016). Pearson’s correlation coefficients
between the mean time courses of any pair of regions were calculated
to represent their functional connectivity, resulting in a 94 x 94 connec-
tivity network matrix. Fisher’s z-transformation was then applied to the
connectivity matrix, which was subject to a covariate-regression proce-
dure before group comparison. For the monkey data, age, age squared,
and sex were regressed out of connectivity matrices using a general linear
model. For the human data, FIQ and scanning site were also regressed
out of connectivity matrices.


http://www.fil.ion.ucl.ac.uk/spm
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
http://preprocessed-connectomes-project.org/abide
http://preprocessed-connectomes-project.org/abide
http://preprocessed-connectomes-project.org/abide/dparsf.html
http://preprocessed-connectomes-project.org/abide/dparsf.html
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Figure 3.

T2-weighted MRI images. Bright circles indicate electrode rings.

Rank of Manhattan distance

Decreased 3 (12-30 Hz) synchronization in fronto-parieto-occipital networks in TG monkeys. A, Three-dimensional reconstruction of monkey TG04 wearing the EEG cap based on

Bright ellipses above circles indicate marked electrodes, including the reference (REF), most posterior (0z), and most lateral (18/

24) electrodes. B, Spatial organization of 21 active electrodes after mapping to the cortical surfaces of the F99 template brain. The electrodes were named after spatial location. C, Averaged
covariate-free neural synchronization networks of TG (bottom left) and WT (top right) monkeys. The numbers indicate the electrode ID. The color bar denotes the logarithm of dwPLI. D, ESs
(bottom left) and p values (top right) of the statistical comparison between TG and WT groups. Eleven connections widely distributed in fronto-parieto-occipital networks were identified signifi-
cantly decreased in TG monkeys (edgewise, p << 0.005; cluster-level corrected, p = 0.010). E, Topographic distribution of abnormal connections was illustrated in the F99 template brain. F, G,
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Subject stratification based on functional connectivity patterns

We used data-driven stratification of functional connectivity to reveal
clusters or subgroups in ABIDE cohorts. A total of 230 human samples
(90 autism subjects and 140 TDCs) were used to generate a 230 x 230
similarity (spatial correlation) matrix by calculating Pearson’s correla-
tion coefficient between the brain networks (lower triangle of network
matrix) of any two participants. This interindividual similarity matrix
was rarefied as the maximum threshold was determined (Pearson’s
r=0.55; sparsity = 0.42) to keep the whole matrix connected. A commu-
nity detection method was then applied to stratify human participants
based on the interindividual similarity of brain connectivity networks
using the Brain Connectivity Toolbox (Rubinov and Sporns, 2010). Two
clusters or subgroups were detected automatically by maximizing the
modularity of the similarity matrix. For the entire cohort and the two
subgroups, network homogeneity within autism subjects and TDCs was
evaluated by averaging the network similarities between each participant
and all other participants in the group.

Experimental design and statistical analysis

Genetic analysis

Functional enrichment analysis. After identification of gene modules in

WGCNA, we performed enrichment analysis on MECP2 coexpressed

genes. The significance of the enrichment analysis was corrected with

Benjamini-Hochberg false discovery rate (FDR; p < 0.01).
Transcriptome analysis. The expression level of MECP2 coexpressed

genes revealed in WGCNA were statistically compared between three

MECP2-overexpressed and four WT monkeys via independent two-

sample ¢ tests. Uncorrected p values <0.025 were considered significant.

Behavioral analysis

Locomotive behavior in home cage and peer separation test. Repetitive
index and general locomotion time were analyzed in TG and WT
groups. Group differences in the two measures were statistically tested
using independent two-sample ¢ tests.

Reversal learning task. Perseverative and regressive error rates in the
reversal learning task were statistically compared between two groups
via independent two-sample ¢ tests. For each session with 80 trials, the
error rates were calculated based on every 10 trials performed after rule
switch.

Monkey EEG

Relative power of 21 recording sites and pairwise neural synchronization
were obtained from 5 TG and 16 WT monkeys for six frequency bands.
Group comparisons of power and synchronization were conducted sepa-
rately for individual frequency bands. Covariates including age, age squared,
and sex were controlled in a linear regression model before group compari-
son. Group differences in relative power were tested using independent
two-sample ¢ tests, with Bonferroni correction for multiple comparisons.
Effect size was estimated for each channel via Hedges’ g value.

To further localize specific pairs of brain regions in which neural syn-
chronization was altered by MECP2 overexpression, the network-based
statistical approach was used to seek out between-group differences
(Zalesky et al., 2010). This approach copes with the multiple-comparison
problems of comparing connectivity data with N nodes and
N x (N — 1)/2 connections or edges by evaluating the null hypothesis
at the level of connected subnetworks rather than individual connec-
tions. Specifically, an independent two-sample ¢ test was applied to each
connection in the covariates-free dwPLI matrix. A primary threshold
(p <0.005) was applied to the edge-level statistical map, which may
result in one or more connected clusters or subnetworks. A nonparamet-
ric permutation approach (10,000 times) was then used to ascribe a clus-
ter-level p value to each subnetwork based on its size. Subnetworks with

«—

Association of the overall abnormality in 3 -synchronization (Manhattan distance) with gen-
eral locomotion time change after peer separation (F) and MECP2 copy number (G).
Associations were evaluated via Spearman'’s rank correlation for TG monkeys only.
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a cluster-level p < 0.05 were reported. Effect sizes were estimated for all
connections via Hedges’ g value.

Monkey and human fMRI

A connectivity network between 94 brain regions was constructed
for each monkey and human subject. Group comparison on the con-
nectivity network was conducted for monkeys (5 TG vs 11 WT) and
human subgroups (49 subjects with autism vs 72 TDCs for subgroup
1; 41 subjects with autism vs 68 TDCs for subgroup 2; for details, see
Results), respectively. The same network-based statistic as described
in EEG analysis was applied with edgewise threshold of the signifi-
cance level set at p=0.001 and cluster-level correction of p <0.05 to
adjust the multiple comparison. Effect size (ES) of all connections
were measured by Hedges’ g value. The ES of each brain region
(ESn) was calculated by summing up the ESs of all edges with signif-
icant group difference connecting to this region. The ESn values
were divided by the absolute maximum ESn, leading to a scale
between —1 and 1.

To assess the distribution of these disrupted edges within and
between lobes, we used the standardized residuals (Sheskin, 2003) to
adjust the bias caused by the Regional Map parcellation in which the
number of nodes is not equal in different lobes. The observed edge dis-
tribution was compared with expected distribution where all edges are
randomly distributed across lobes. The significance of observed distribu-
tion was estimated via a nonparametric statistical test and adjusted for
multiple comparisons via Bonferroni correction.

We further calculated the Spearman’s correlation coefficient
between connectivity strength of group-different edges and behav-
ioral measures or autistic symptoms to derive the corresponding
abnormal subnetworks. For the monkey data, edgewise threshold of
the significance level was set at p =0.01 for spontaneous locomotion
in home cage (data available for 16 monkeys) and p = 0.05 for behav-
ioral measures from peer separation test and reversal learning task
(data available for 8 and 9 monkeys, respectively). For the human
data, edgewise threshold was set at p=0.01 (data available for 29
and 25 patients in subgroup 1 and subgroup 2, respectively).
Cluster-level correction of p < 0.05 was applied to adjust for multi-
ple comparisons via network-based statistics.

Gene-circuit behavior association

We adopted Manhattan distance (MD) to quantitatively describe the
overall abnormal extent of the connectivity fingerprint of individual TG
monkeys or autism subjects relative to controls (Neubert et al., 2014;
Mars et al., 2016). Such a “distance measure” can determine whether dif-
ferent fingerprints are “close” or “far” from each other. For neural con-
nectivity analysis on EEG data, MD based on dwPLI of edges with
abnormal neural synchronization was calculated in each frequency band
for each TG monkey. For functional connectivity analysis on fMRI data,
MD based on the connectivity strength of edges within the abnormal
neural network or subnetworks were calculated for each TG monkey
and each autism subject. The significance of MD was estimated via a per-
mutation test where group labels were randomly shuffled 10,000 times.
Spearman’s correlation analysis was performed in a pairwise manner to
probe associations among gene (MECP2 copy number), circuits (MD
based on EEG or fMRI), and behaviors (home cage, peer separation test,
and reversal learning task) in five TG monkeys. As no genetic informa-
tion was available for the human data, circuit-behavior associations
were calculated in autism between MD based on the abnormal fMRI net-
works and clinical scores of Autism Diagnostic Observation Schedule
(ADOS).

Cross-species comparison of dysconnectivity fingerprints

Group-level comparison within each species revealed disrupted brain
connections and regions in TG monkeys and autistic patients. We exam-
ined the cross-species overlap of disrupted brain connections and
regions, and statistically tested the cross-species similarity in brain dis-
ruption by comparing subject-specific dysconnectivity fingerprints via
MD. The dysconnectivity fingerprint was defined as the effect sizes of
abnormal brain regions shared in both species. We defined the
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fingerprint based on characteristics of brain regions rather than connec-
tions as the former is more likely to be evolutionarily conserved (van
den Heuvel et al., 2016; Mars et al., 2018) and reflects abnormality of a
wide range of connections including subject-specific abnormal connec-
tions (Mars et al., 2016). A subject-specific fingerprint was obtained by
comparing the connectivity matrix of each “abnormal” subject with
those of control subjects and summing up the edgewise effect size
(Hedge’s g) for each abnormal region shared between two species.

MD between each two “abnormal” subjects was calculated based on
their dysconnectivity fingerprints. The null hypothesis to reject was that
distances between transgenic monkeys and human patients (M-H) were
statistically equal to those between two human patients (H-H). A non-
parametric permutation test with 5000 permutations was used to test the
hypothesis. M-H distances based on each TG monkey were compared
with all H-H distances individually and subject to Bonferroni correction
for multiple comparisons.

Data availability
Data are available from Zheng Wang on reasonable request.

Results

Association of MECP2 coexpression network with GABA
function

We found that MECP2 belonged to a module consisting of 159
coregulated genes and was positively correlated with the ME
(Pearson’s r=0.66, p < 2.2 x 10719 Fig. 1B,C). Further functional
enrichment analysis revealed that this module was highly associ-
ated (p < 0.01, FDR corrected) with mood disorders listed in the
DisGeNET database, four gene pathways listed in the NCBI
BioSystem database including GABA function, and three cellular
components listed in the Gene Ontology database including cla-
thrin-sculpted GABA vesicular transport (Fig. 1D).

By comparing the expression abundance of MECP2 top-
linked genes between TG and WT monkeys, we found that most
of the genes that exhibit the strongest association with MECP2
expression were dramatically regulated in TG monkeys. Among
those genes, 5 were significantly upregulated (Fig. 1C, pink
color), while 18 were significantly downregulated (Fig. 1C, pur-
ple color). More details of these dysregulated genes are provided
in Figure 1E.

Behavioral deficits in TG monkeys

The inter-rater reliability of repetitive circular and general loco-
motion time was 96.3% and 98.1%, respectively. The total time
spent in general locomotion for TG monkeys was significantly
greater than for WT monkeys (t test: fq) = 3.14, p=0.005,
Hedge’s g=1.55). The repetitive index of locomotion was also
significantly higher in TG monkeys ( test: ¢(;9) = 3.94, p=0.001,
Hedge’s g=1.94), as presented in Figure 2B.

Both TG and WT monkeys showed increased locomotion
time after peer separation compared with the adaptation period
(t test: tyy = —4.14, p=0.014; t test: fs = —2.61, p=0.040,
respectively). No group difference was found in the amount of
change in locomotion time (t test: f;0) = 1.61, p=0.138, Hedge’s
g=0.87; Fig. 2C, left). TG monkeys also showed a marginally sig-
nificant increase in repetitive index (f test: ¢4y = —2.66, p =0.056),
whereas WT monkeys showed no such change (f test: ¢, = —0.64,
p=0.547). There was a significant group difference in the amount
of change in repetitive index (f test: £y = 2.48, p=0.032, Hedge’s
g=1.34; Fig. 2C, right). No group difference in induced behavioral
changes was found in the case of unfamiliar peer separation in ei-
ther general locomotion time (f test: f(;0) = —0.48, p =0.643) or re-
petitive index (¢ test: ¢(,0) = 0.06, p = 0.953).
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TG and WT monkeys spent an equivalent time to acquire
both stimulus-directed touching (f test: ¢7) = 1.11, p=0.303) and
stimulus-reward association rules (¢ test: f;y = —0.89, p =0.401),
and omitted a similar number of trials (t test: t; = —0.39,
p=0.710) during the reversal learning task. Notably, TG mon-
keys exhibited a significantly greater regressive error rate for the
first 20 performed trials than WT monkeys (Fig. 2F,G; t test:
t7) = 2.56, p=0.038, Hedge’s g=1.47), while they did not dem-
onstrate an increased rate of perseverative errors (f test: t) =
0.81, p=0.443).

Decreased f-synchronization in TG monkeys

Group difference was found to be significant in the 8 band at
the network level, as shown in Figure 3C, together with the cor-
responding ES (Hedges’ g value) of individual connections (Fig.
3D). We identified a fronto-parieto-occipital network that
showed a statistically significant decrease in S-synchronization
in TG monkeys (Fig. 3E; network-based statistic: edgewise,
p < 0.005; cluster-level corrected, p=0.010). This network con-
sisted of two connections within the frontal lobe (OF1-PF1, and
PF1-Fz) and four fronto-parietal connections (Fz-FP1, OF1-P1,
FT1-P1, and FT2-P1) in the left hemisphere, and five parieto-
occipital connections (P1-O,, P1-O4, P2-0O,, P2-04, and P4-O4)
in the right hemisphere. The overall abnormality in 3 -synchro-
nization was significantly correlated with locomotion time
change after familiar peer separation (Spearman’s r=0.975,
p=0.033; Fig. 3F), but not with the MECP2 copy number
(Spearman’s r=0.667, p=0.267; Fig. 3G). No significant group
difference in neural synchronization of other frequency bands
was observed. No significant group difference in the relative
power of either frequency band was observed after correction for
multiple comparisons.

Aberrant functional connectivity in TG monkeys
Group-averaged connectivity networks of TG and WT monkeys
are presented in Figure 4A. The ES of each connectivity is pre-
sented in the bottom left triangle in Figure 4B. We identified a
total of 50 functional connections that showed significant differ-
ences between TG and WT groups (network-based statistic:
edgewise, p <0.001; cluster-level corrected, p=0.019; Fig. 4B,
top right triangle). Of 94 nodes, 40 regions were found contain-
ing abnormal connections with remarkably large effect sizes. The
degree of abnormality of each node [i.e., the sum of effect sizes of
all abnormal edges connecting to this node (ESn)] is presented in
the interlayer of Figure 4C. The right primary somatosensory
cortex (S1) showed decreased connectivity with a large ESn (top
25%; Fig. 4C, blue bars). In contrast, increased connectivity
regions with the top 25% largest ESn (red bars) covered a wide
range of frontal cortex including left polar cortex (PFCpol), right
centrolateral prefrontal cortex (PFCcl), right lateral orbitofrontal
cortex (PFCol), and frontal eye field, cingulate areas including
bilateral retrosplenial cortex cingulate (CCr) and left anterior
cingulate cortex, and other areas including right medial parietal
cortex and left parahippocampus cortex (PHC). The distribution
of altered functional connections in brain lobes are summarized
in Figure 4D (z-scores in bottom left triangle) after the nonuni-
form parcellation of the brain template was accounted for. The
distribution was preferentially biased to prefrontal and cingulate
cortices (permutation test, p < 0.05, Bonferroni correction; Fig.
4D; top right triangle).

Fourteen edges that mostly stemmed from left PFCpol and
left PHC were correlated with the regressive error rate in the re-
versal learning task (network-based statistic: edgewise, p < 0.05;
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cluster-level corrected, p =0.006; Fig. 4E). Strikingly, the MECP2  (Spearman’s r=1.000, p=0.017; Fig. 4G). Seven edges that
copy number in TG monkeys was significantly associated with ~ mostly emanated from right S1 were correlated with general
the MD of these dysfunctional connections (Spearman’s locomotion time in home cage (network-based statistic: edge-
r=1.000, p=0.017; Fig. 4F) and with the regressive error rate  wise, p <0.01; cluster-level corrected, p=0.005 and p=0.037,
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Figure 5.  Subject stratification based on functional connectivity patterns. A, An interindividual network similarity matrix of 230 participants clustered by a community detection algorithm.
Two subgroups or clusters were derived out of this cohort, one with 49 individuals with autism and 72 TDCs (subgroup 1), and another with 41 individuals with autism and 68 TDCs (subgroup
2). Each row represents the similarities between the brain network of a single subject and that of all other subjects. Color bar, Pearson’s correlation coefficients (r). B, Group com-
parison of interindividual network similarity. Brain network similarities of TDCs are always significantly higher than those of autism for both the entire cohort and two subgroups
(10,000 times of permutation test). Brain network similarities of subgroups are significantly higher than those of the autism and TDC groups, respectively (10,000 times of per-
mutation test). Error bars, SD. €, Comparisons of demographic information and clinical scores of human autism between subgroup 1 and subgroup 2. Note that clinical scores are
only available for some patients in both subgroups (29 and 25 for subgroup 1 and 2, respectively). In the boxplot, the central mark is the median, and the edges of the box are
the 25th and 75th percentiles. The whiskers extend to the most extreme data points. COMM, Communication total subscore of the classic ADOS; SOCIAL, social total score of the
classic ADOS; STEREO, stereotypic behaviors and restricted interests total subscore of the classic ADOS.

respectively). However, the overall abnormality in this subnet-
work was not associated with MECP2 copy number (Spearman’s
r=0.500, p = 0.450).

Aberrant functional connectivity in subgroups of autistic
patients

Two clusters were derived from the clinical cohort based on the
functional connectivity patterns, as follows: subgroup 1 consisted
of 49 subjects with autism (age, 14.79 = 1.78 years; 7 females) and
72 TDC:s (age, 14.65 * 1.65 years; 16 females), and subgroup 2 con-
sisted of 41 subjects with autism (age, 14.71 * 1.82 years; 5 females)
and 68 TDC:s (age, 14.71 % 1.73 years; 15 females; Fig. 5A). No sta-
tistical differences in phenotypic and demographic characteristics
were found between two subgroups (Fig. 5C). No statistical differ-
ences in the signal-to-noise ratio of the imaging data were found
between two subgroups (f test: #(5,5) = 0.87, p=0.384).

As in the monkey dataset, we repeated the same statistical anal-
ysis for both subgroups in parallel. In subgroup 1, 32 significant
hypoconnections were observed in 27 brain nodes (network-based
statistic: edgewise, p << 0.001; cluster-level corrected, p = 0.026; Fig.

6B,C), most of which were located between temporal cortex (TC)
and PFC, between TC and orbitofrontal cortex (OFC), between
TC and occipital cortex, and within TC (p < 0.05, Bonferroni cor-
rection; Fig. 6D). Regions with the top 25% largest ESn values
were right PFCpol, right PFCol, bilateral ventral TC (TCv), right
TC polar (TCpol), right superior TC, and right primary auditory
cortex (Al; Fig. 6C, blue bars of interlayer). In contrast, no abnor-
mal connections in subgroup 2 withstood correction for multiple
comparisons. In 29 of 49 participants with research-reliable
ADOS scores, we observed a significant correlation between com-
munication scores and their MD (Spearman’s r=0.416, p = 0.025),
but not with social interaction or restricted, repetitive behavior
(Fig. 6E). No subnetworks underlying specific symptoms were fur-
ther derived from the disrupted network.

Cross-species comparison of dysconnectivity fingerprints

Although no abnormal connections were shared between TG
monkeys and patients with autism in subgroup 1 (Figs. 4C,
6C), there were overlaps in abnormal brain nodes including
lateral prefrontal areas (left PFCcl, right PFCvl), lateral
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orbitofrontal areas (bilateral PFCol), left temporal areas (TCi,
TCv, and TCpol), left cingulate (posterior cingulate cortex and
CCr), left PHC, left amygdala, right inferior parietal area, and right
primary visual area (Fig. 7A). MD between subject-specific dys-
connectivity fingerprints of these shared brain nodes are presented
in Figure 7B. One autism patient was excluded because the MDs
between this patient and 23 (of 48) other patients were extremely
large (3 SDs above the mean MD between two patients). The dis-
tribution of MDs between each TG monkey and all autism
patients in subgroupl were plotted against the distribution of
MDs between each two autism patients (Fig. 7C). Cross-species
MD of TG04 (permutation test, p=0.225), TG08 (permutation
test, p=0.250), and TG10 (permutation test, p=0.054) were not
statistically different from within-human MDs, indicating that the
dysconnectivity profiles of these transgenic monkeys were compa-
rable to those of autism patients. But the dysconnectivity profiles
of TG11 (permutation test, p<<0.001) and TG06 (permutation
test, p < 0.001) were different from those of autism patients.

Discussion

MECP2-related GABA dysfunction and f-desynchronization
The frequency-dependent finding in electrophysiological activity
likely reflects MECP2-induced dysfunction in specific molecular
pathways. Evidence from transgenic rodents has demonstrated

that MECP2 dysfunction alters synchrony and the overall excita-
tion/inhibition balance in brain circuits, with greater influence
on GABAergic neurons (Chao et al., 2010). The present tran-
scriptome and functional enrichment analysis of macaque neo-
cortex reveals a strong association between MECP2 coexpressed
genes and GABA function, implying altered GABAergic action
in the mutant monkeys. Moreover, results from both intracellu-
lar recording and genetic association studies suggest that gene-
ration of cortical B oscillation depends on GABAergic
neurotransmission (Whittington et al., 2000; Porjesz et al., 2002).
As such, we propose that the disrupted p-synchronization
observed in transgenic monkeys is very likely a consequence of
the MECP2-induced malfunction of GABAergic neurons.
Similar dysfunction of GABAergic signaling (Robertson et al.,
2016) and reduction in S-synchronization during resting state
(Shou et al., 2017) have been reported in ASD patients. Although
no associations between spontaneous [3-coherence and behav-
ioral symptoms have been reported in human patients thus far,
this may be a potential diagnostic marker for autism that merits
future validation.

Circuit and behavior disruptions in TG monkeys and autistic
humans

The prevailing hypothesis of disrupted cortical connectivity, in
which deficiencies in the way the brain coordinates and
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synchronizes activity among different regions account for clinical
symptoms of ASD, is central to the etiology and accurate diagno-
sis of ASD (Ecker et al., 2015; Hahamy et al., 2015; Kessler et al.,
2016). However, human heterogeneity in terms of complex
genetic backgrounds, diverse clinical comorbidities, different
sexes, various developmental trajectories, and medication status
is a general issue and formidable challenge, causing diverse and
contradictory EEG (Kessler et al., 2016) and imaging findings of
ASD (Di Martino et al,, 2014; Ecker et al.,, 2015; Hahamy et al.,
2015). Therefore, in this study, we first stratified all enrolled sub-
jects through a data-driven approach to improve the interpartici-
pant homogeneity in whole-brain connectivity patterns. Disease-
related disruptions in brain networks were then assessed via
case-control comparison in subgroups (Loth et al., 2015). As a
result, a hypoconnected network mainly located in prefrontal
and temporal areas was identified in one autistic subgroup.
Specifically, functional alterations of brain areas including supe-
rior and medial temporal areas heavily involved in language
processing and verbal communication (Amaral et al., 2008) were
associated with social communicative deficits in this subgroup.

Cognitive flexibility deficits are proposed as potential psycho-
logical constructs underpinning major autistic domains, includ-
ing restricted and repetitive behavior, atypical social interaction,
and abnormal communication (Geurts et al., 2009; Lai et al,,
2014). Consistent with our observation in monkeys, ASD
patients are impaired in maintaining newly rewarded responses
and are inclined to revert back to previously reinforced choices,
which partially explains the increased severity of restricted and
repetitive behaviors (Miller et al., 2015). Interestingly, MECP2
copy number positively correlated with the increased rate of re-
gressive errors, suggesting a gene dosage-dependent severity of
the phenotype in these monkeys similar to that observed in
human autism (Ramocki et al., 2010). Our circuit-behavior anal-
ysis further pins down a pertinent distributed network involving
the PFC (medial, orbital, and lateral parts), premotor, cingulate
(anterior and rostral parts), inferior parietal, hippocampal, and
parahippocampal areas, which are responsible for their perform-
ance in the reversal task. This finding is compatible with recent
fMRI results in ASD patients performing a modified reversal
learning task, where reduced activation was found in frontal and
parietal networks that support flexible choices (D’Cruz et al.,
2016). Future studies are needed to investigate the role of cogni-
tive flexibility in autistic etiology, especially its link to social com-
munication and repetitive behavior.

Cross-species neural mappings

We proposed a cross-species comparison strategy involving
patient stratification and neural mappings from monkeys to
patient subgroups. Patient stratification before cross-species
mapping is an important prerequisite because within the um-
brella term “ASD” there exist very different subtypes of patients
in this ABIDE large repository; meanwhile, the “animal model”
is not expected to resemble the human disorder in every respect
(van den Heuvel et al., 2016). As such, data-driven stratification
whereby multiple subgroups are biologically defined should
reveal multiple networks in parallel that may underlie different
symptomatic domains in autism (Loth et al., 2015). Fortunately,
we found that one of two stratified subgroups demonstrated sub-
stantial overlapping abnormal brain regions with the monkey
model (Fig. 7A), among which the lateral orbitofrontal cortex
plays a vital role in disrupted circuits in both species (Figs. 4C,
6C). The dysconnectivity fingerprints of these overlapping
regions were similar between three TG monkeys and autistic
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humans, indicating that the current monkey model captured the
neuropathological network features of autism to some extent.
Another observation was that the transgenic monkeys exhibited
both increased and decreased functional connectivity, whereas
the autism subgroup 1 exhibited overall decreased functional
connectivity (although the autism subgroup 2 mainly exhib-
ited overall increased connectivity). This is consistent with the
mixed findings of both hypoconnectivity and hyperconnectiv-
ity in numerous studies on autism such as one report using
the ABIDE dataset (Di Martino et al, 2014). The present
patient stratification strategy also supports a prior hypothesis
that circuit heterogeneity stemming from individualized alter-
ations in functional connectivity could be reduced by data-
driven clustering (Hahamy et al., 2015).

This is the first neurophysiological and neuroimaging evi-
dence reported in genetically engineered macaque monkeys, so
caveats should be kept in mind. First, two subgroups of autistic
patients stratified by functional brain networks did not exhibit
discernible clinical or demographic differences. Although emerg-
ing evidence has demonstrated that healthy and ill individuals
may share biological commonalities and form subgroups regard-
less of their clinical status (Marquand et al., 2016) using either
behavior (Fair et al, 2012; Lombardo et al, 2016) or imaging
measures (Gates et al., 2014; Costa Dias et al., 2015; Price et al.,
2017), future investigation is required to address such divergence
for clinical utility. Second, due to a lack of genetic data from
autistic patients, we were not able to stratify patients using the
same criteria as monkeys. Nevertheless, predisposition of a single
genetic manipulation in animal models can be highly confined to
specific neural circuits/pathways (Krol et al., 2018), which allows
identification of a tangible circuit endophenotype in the animal
model. This is crucial to seeking interspecies mapping to the dys-
functional brain circuits of human patients. And we observed a
significant correspondence between dysconnectivity profiles
between the primate genetic model and a subgroup of patients
who were screened out of a large population, suggesting that ei-
ther a phenotypic or genetic manifestation could converge at the
circuit level (Loth et al., 2015). Another caveat is that general anes-
thesia was applied to all animals during EEG and MRI data collec-
tion, which has potential influence on neural synchronization and
functional connectivity metrics. However, the results obtained
by our animal experimental setting were not likely affected by
the anesthesia conditions. Regarding the EEG results, the main
EEG signature of isoflurane anesthesia is increased oscillation
in lower frequency bands (1-12 Hz) without significant changes
in the B band (Purdon et al., 2015). As for the fMRI results, the
dosage of isoflurane used in the current study is suitable for the
investigation of functional brain architecture in macaque mon-
keys (Hutchison et al., 2014). Moreover, we took considerable
caution to maintain a stable anesthesia condition in individual
subjects and achieved similar anesthetic depth in both TG and
WT groups. The potential effect of anesthetic agents should
have been removed by contrasting the two groups. The last ca-
veat is that rare copy number variants of MECP2 contribute
only to a very small fraction of clinical cases in autism, and
MECP2-related disorders such as Rett syndrome are character-
ized by other clinical symptoms in addition to autistic traits,
which demands extra caution to appropriately interpret the
present findings in terms of the complex genetic architecture of
ASD. Nevertheless, this study represents an exploratory effort
to identify a tangible circuit endophenotype that may serve as
an intermediate bridge associating molecular genetics with
dimensional symptoms or behavioral domains.
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Conclusions

MECP2 duplication-induced effect on neural connectivity of the
primate model is both temporally (B-frequency range, 12-
30 Hz) and spatially (fronto-parieto-occipital network, prefrontal
and cingulate network) dependent. Moreover, dysfunctional
connectivity profiles of transgenic monkeys bear significant re-
semblance to those of a stratified group of autism. All of the pres-
ent examinations on nonhuman primates that are conveniently
adapted to human subjects not only hold crucial implications for
accurate diagnosis of autism-related disorders, but also offer new
insights into the development of behavioral interventions that
can improve atypical locomotion and social communication.
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