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Background: Previous neuroimaging studies have described shared and distinct
neurobiological mechanisms between autism spectrum disorders (ASDs) and attention-
deficit/hyperactivity disorder (ADHD). However, little is known about the similarities and
differences in topologically structural connectivity patterns between the two disorders.

Methods: Diffusion tensor imaging (DTI) and deterministic tractography were used to
construct the brain white matter (WM) structural networks of children and adolescents
(age range, 6–16 years); 31 had ASD, 34 had ADHD, and 30 were age- and sex-
matched typically developing (TD) individuals. Then, graph theoretical analysis was
performed to investigate the alterations in the global and node-based properties of
the WM structural networks in these groups. Next, measures of ASD traits [Social
Responsiveness Scale (SRS)] and ADHD traits (Swanson, Nolan, and Pelham, version
IV scale, SNAP-IV) were correlated with the alterations to determine the functional
significance of such changes.

Results: First, there were no significant differences in the global network properties
among the three groups; moreover, compared with that of the TD group, nodal degree
(Ki) of the right amygdala (AMYG.R) and right parahippocampal gyrus (PHG.R) were
found in both the ASD and ADHD groups. Also, the ASD and ADHD groups shared
four additional hubs, including the left middle temporal gyrus (MTG.L), left superior
temporal gyrus (STG.L), left postcentral gyrus (PoCG.L), and right middle frontal gyrus
(MFG.R) compared with the TD group. Moreover, the ASD and ADHD groups exhibited
no significant differences regarding regional connectivity characteristics. Second, the
ADHD group showed significantly increased nodal betweenness centrality (Bi) of the left
hippocampus (HIP.L) compared with the ASD group; also, compared with the ADHD
group, the ASD group lacked the left anterior cingulate gyrus (ACG.L) as a hub. Last,
decreased nodal efficiency (Enodal) of the AMYG.R, Ki of the AMYG.R, and Ki of the
PHG.R were associated with higher SRS scores in the ASD group. Decreased Ki of the
PHG.R was associated with higher SRS scores in the full sample, whereas decreased
Bi of the PHG.R was associated with lower oppositional defiance subscale scores of the
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SNAP-IV in the ADHD group, and decreased Bi of the HIP.L was associated with lower
inattention subscale scores of the SNAP-IV in the full sample.

Conclusion: From the perspective of the topological properties of brain WM structural
networks, ADHD and ASD have both shared and distinct features. More interestingly,
some shared and distinct topological properties of WM structures are related to the
core symptoms of these disorders.

Keywords: Autism spectrum disorder, attention-deficit/hyperactivity disorder, diffusion tensor imaging, white
matter structural networks, topological properties

INTRODUCTION

Autism spectrum disorder (ASD) and attention-
deficit/hyperactivity disorder (ADHD) are both
neurodevelopmental disorders that manifest early in life.
ASD is defined by core symptoms of persistent and pervasive
deficits in social communication and interaction along with
repetitive behavioral patterns and restricted interests or activities.
ADHD is characterized by developmentally inappropriate
levels of inattention, impulsivity, and hyperactivity (American
Psychiatric Association, 2013).

Aside from distinctive features, overlaps in the clinical
symptoms and the genetic traits of ASD and ADHD are well
documented. First, in terms of clinical phenotypes, 30 to 80%
of all ASD children met the diagnostic criteria for ADHD, and
20 to 50% of children diagnosed with ADHD also met the
diagnostic criteria for ASD (Van der Meer et al., 2012). Second,
from a genetic point of view, genome-wide association studies
and linkage or candidate gene studies also identified a number of
genetic risk variants common to both disorders (Rommelse et al.,
2010; Stergiakouli et al., 2017; Gudmundsson et al., 2019).

Brain phenotypes serve as a bridge to understand the clinical
symptoms and biological mechanisms of disorders. Although
previous studies have endeavored to verify whether there are
similarities and differences in brain phenotypes between ASD and
ADHD, the results have been inconsistent. A newly published
study from 151 cohorts worldwide using structural T1-weighted
whole-brain magnetic resonance imaging (MRI) data revealed
ASD-specific cortical thickness differences in the frontal cortex
of adult patients and ADHD-specific subcortical differences in
children and adolescents; notably, the researchers did not find
shared differences across the two disorders (Boedhoe et al.,
2020). A diffusion tensor imaging (DTI) study applied tract-
based spatial statistics to a larger sample (n = 200) of school-
aged children with ASD and ADHD compared with typically
developing (TD) controls and found that decreased fractional
anisotropy (FA) within the splenium of the corpus callosum
was common among the three groups (Ameis et al., 2016).
Evidence from an functional MRI (fMRI) study (n = 1,305)
measuring functional connectivity of the brain network also
confirmed shared dysfunctional connectivity in the default
mode network, dorsal attention network, and salience network
of both ASD and ADHD patients between 7 and 21 years
of age (Kernbach et al., 2018). Interestingly, another fMRI
study of 56 children with ASD, 45 children with ADHD,

and 50 TD children exhibited shared and distinct intrinsic
functional network centrality between children with ASD and
children with ADHD. Some affected areas were common to
both groups, such as the precuneus; other affected areas were
disorder-specific and included ADHD-related increases in degree
centrality in the right striatum/pallidum, in contrast to ASD-
related increases in bilateral temporolimbic areas specifically (Di
Martino et al., 2013). Inconsistencies between previous findings
might be due to participant heterogeneity, statistical power,
or methods used.

Independent studies of ADHD and ASD have increasingly
emphasized the role of dysconnectivity in large-scale networks in
both disorders (Konrad and Eickhoff, 2010; Travers et al., 2012).
As the brain is a complex network of structurally and functionally
interconnected regions (Bullmore and Sporns, 2009), evaluating
the brain as a whole and studying its networks can help us fully
delineate the organizational patterns of internal connectivity in
the human brain (Bullmore and Sporns, 2012).

Previous network studies have mainly focused on functional
networks, while functional connectivity opens the door to the
analysis of brain networks. We should not ignore that functional
connections need structural support to make sense. DTI can
help us map the structural connectivity between gray matter
(GM) regions using white matter (WM) tractography, providing
an avenue to probe structurally interconnected brain networks
(Hagmann et al., 2008).

Accordingly, in the present study, we analyzed DTI data from
95 children and adolescents aged 6 to 16 years with ASD, with
ADHD, and who were TD to map their WM structural networks.
First, we investigated the alterations in the global and regional
properties of the WM structural networks in these groups.
Second, we examined the relationship between the alterations and
measures of ASD traits, as well as ADHD traits, to determine the
functional significance of such changes. To our knowledge, no
previous studies have directly contrasted the global and regional
properties of WM structural networks in individuals with ASD,
individuals with ADHD, and TD controls. Our work might be an
important supplement to previous studies.

MATERIALS AND METHODS

Participants and Assessments
Patients were recruited via the Nanjing Brain Hospital affiliated
with Nanjing Medical University, and controls were volunteers

Frontiers in Neuroscience | www.frontiersin.org 2 June 2021 | Volume 15 | Article 6643635

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-664363 June 7, 2021 Time: 17:36 # 3

Qian et al. Topologically Organization in ASD and ADHD

recruited through advertising on the hospital website and
WeChat official account. In total, 95 participants aged 6 to
16 years were enrolled in our study, including 31 with ASD,
34 with ADHD, and 30 TD controls. Written informed consent
was obtained from all legal guardians. All participants were age
and sex matched. The intelligence quotient (IQ) scores of all
participants were evaluated using the Wechsler Intelligence Scale
for Children-IV (Feis, 2010), and those who scored less than 80
on the estimated full-scale IQ were excluded. The diagnoses for
ASD and ADHD were based on the Diagnostic and Statistical
Manual of Mental Disorders, Fourth Text Revision (DSM-IV-
TR) diagnostic criteria supported by parent interviews, direct
observations, available teacher forms, and prior records. ASD
diagnosis was supported by standardized clinical assessments,
including the Autism Diagnostic Observation Scale (Lord et al.,
1989) and Autism Diagnostic Inventory – Revised (Lord et al.,
1994). TD controls had no developmental disorders and no
first-degree family history of such disorders. All participants
with any systemic diseases, with a family history of head
injury, with genetic syndromes, currently using antipsychotics, or
with neurological disorders or psychiatric illness were excluded
from the study. To discern brain–behavior relationships, we
used parent ratings of ASD traits indexed by the Social
Responsiveness Scale (SRS) (Constantino, 2013), which is a
65-item questionnaire covering each of the three DSM-IV
criterion domains (social; language; and repetitive, stereotypic
behaviors/restricted range of interest). ADHD traits were indexed
by Swanson, Nolan, and Pelham-IV (SNAP-IV) (Gau et al.,
2008), which is a widely used scale that measures the core
symptoms of ADHD.

Image Acquisition and Preprocessing
MRI data were acquired using the 3.0-T Verio MRI system
(Siemens Medical Systems, Germany) with a birdcage gradient
head coil. The head of each participant was gently restrained with
foam cushions to avoid the generation of motion artifacts during
the scan. High-resolution T1-weighted images were obtained
using a three-dimensional spoiled gradient recalled pulse
sequence with the following scanning parameters: repetition time
(TR) = 2,530 ms, echo time (TE) = 3.34 ms, flip angle = 7◦,
inversion time = 1,100 ms, field of view (FOV) = 256 × 256 mm,
matrix = 256 × 159, slice thickness = 1.33 mm, and total
scanning time = 8.7 min. Each participant’s head was positioned
parallel to the anterior commissure–posterior commissure plane.
DTI was performed with single-shot echo planar imaging
sequences with diffusion gradients applied in 30 non-collinear
directions and b = 1,000 s/mm2. The thickness of each slice
was 2.5 mm without a gap. The sequence parameters for
the DTI were as follows: TE = 104 ms, TR = 9,000 ms,
FOV = 230 × 230 mm2, and acquisition matrix = 128 × 128.
The total DTI scanning time was 5.1 min. Before preprocessing,
all the structural images were checked for artifacts. DWI
image data were screened for subject motion and common
artifacts related to diffusion sequences using PANDA (Cui
et al., 2013), a pipeline toolbox for analyzing brain diffusion
images. In brief, the overall preprocessing pipeline comprised
the following steps: converting DICOM files into NIfTI

images, estimating the brain mask (the b0 image without
diffusion weighting was used for the estimation), cropping
the raw images, correcting for the eddy-current effect, and
averaging multiple acquisitions, which are detailed in PANDA
(Cui et al., 2013).

Network Construction
Network Node Definition
Node definition is an important step in brain network
construction as the node is a vital element of a network (Sporns
et al., 2005). Typically, the entire brain is divided into multiple
regions using a prior GM atlas, where each region represents
a network node (Bullmore and Sporns, 2009). In the present
study, we used the automated anatomical labeling (AAL) atlas
(Tzourio-Mazoyer et al., 2002) to parcellate the cerebral cortex
into 90 regions (45 for each hemisphere, see Table 1 for details),
and each region represents a node of the cortical network. As
the parcellation process was conducted in the DTI native space
for each subject, the individual FA image in native space was
coregistered to its corresponding T1-weighted image using an
affine transformation, and the individual resultant T1-weighted
image was then non-linearly registered to the ICBM152 template
in MNI space. Then, a prior atlas in standard space could be
inversely warped back to the individual native space by applying
the inverse warping transformation.

Network Edge Definition
Deterministic tractography was used to define the network edges
of the 90 regions. FA thresholding was set as 0.1–1, with an
interval of 0.1, and the turning angle threshold was set at 35.
In this study, we selected a threshold value of 3 (T = 3) for the
number of fiber bundles, meaning two regions were considered
structurally connected if at least three fibers with two endpoints
were located in these two regions. Such a threshold selection
was reported to reduce the risk of false-positive connections
due to noise or limitations in deterministic tractography (Shu
et al., 2011). After defining the network edges, PANDA was
used to calculate the fiber number (FN)–weighted WM network
for each participant, which was represented by a symmetric
90 × 90 matrix.

Network Analysis
We investigated the topological properties of the WM structural
networks at the global and nodal levels. Characteristic path
length (Lp), clustering coefficient (Cp), normalized shortest
path length (λ), normalized clustering coefficient (γ), small-
worldness σ (σ = λ/γ), local efficiency (Eloc), and global efficiency
(Eglob) of the whole brain network were calculated to quantify
the global network architecture. Also, we computed the local
efficiency of node i (Enodal), nodal degree of node i (Ki),
and betweenness centrality of node i (Bi) to determine the
nodal (regional) characteristics of the networks. In addition,
the normalized betweenness (bi) was used to identify the
most central nodes (hubs) of the networks. These measures
are detailed in the article by Rubinov and Sporns (2010).
Briefly, Lp is the average shortest path length between the
nodes that quantifies the ability of a network to propagate
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TABLE 1 | The regions are listed in terms of a prior template of the automated anatomical labeling atlas.

Index Regions Abbreviation Index Regions Abbreviation

(1,2) Precental gyrus PreCG (47,48) Lingual gyrus LING

(3,4) Superior frontal gyrus, dorsolateral SFGdor (49,50) Superior occipital gyrus SOG

(5,6) Superior frontal gyrus, orbital part ORBsup (51,52) Middle occipital gyrus MOG

(7,8) Middle frontal gyrus MFG (53,54) Inferior occipital gyrus IOG

(9,10) Middle frontal gyrus, orbital part ORBmid (55,56) Fusiform gyrus FFG

(11,12) Inferior frontal gyrus, opercular part IFGoperc (57,58) Postcentral gyrus PoCG

(13,14) Inferior frontal gyrus, triangular part IFGtriang (59,60) Superior parietal gyrus SPG

(15,16) Inferior frontal gyrus, orbital part ORBinf (61,62) Inferior parietal, but supramarginal and angular gyri IPL

(17,18) Rolandic operculum ROL (63,64) Supramarginal gyrus SMG

(19,20) Supplementary motor area SMA (65,66) Angular gyrus ANG

(21,22) Olfactory cortex OLF (67,68) Precuneus PCUN

(23,24) Superior frontal gyrus, media SFGmed (69,70) Paracentral lobule PCL

(25,26) Superior frontal gyrus, medial orbital ORBsupmed (71,72) Caudate nucleus CAU

(27,28) Gyrus rectus REC (73,74) Lenticular nucleus, putamen PUT

(29,30) Insula INS (75,76) Lenticular nucleus, pallidum PAL

(31,32) Anterior cingulate and paracingulate gyri ACG (77,78) Thalamus THA

(33,34) Median cingulate and paracingulate gyri DCG (79,80) Heschl gyrus HES

(35,36) Posterior cingulate gyrus PCG (81,82) Superior temporal gyrus STG

(37,38) Hippocampus HIP (83,84) Temporal pole: superior temporal gyrus TPOsup

(39,40) Parahippocampal gyrus PHG (85,86) Middle temporal gyrus MTG

(41,42) Amygdala AMYG (87,88) Temporal pole: middle temporal gyrus TPOmid

(43,44) Calcarine fissure and surrounding cortex CAL (89,90) Inferior temporal gyrus ITG

The regions are listed in terms of a prior template of an automated anatomical labeling atlas (Tzourio-Mazoyer et al., 2002).

parallel information, and Cp represents the fraction of the node’s
neighbors that are also neighbors of each other, λ = Lpreal/Lprand,
γ = Cpreal/Cprand, where Lprand and Cprand are the mean
shortest path length and the mean clustering coefficient of 100
matched random networks, respectively. Eloc is the mean of
the local efficiency of all the nodes in the graph. Eglob is
the average inverse shortest path length and can be used to
estimate the efficiency with which brain regions communicate.
Enodal represents the regional efficiency of a node. The degree
Ki is defined as the number of connections to that node, and
highly connected nodes have a large degree. Bi is defined as
the fraction of all the shortest paths in the network that pass
through a given node.

Statistical Analysis
The statistics of demographic and clinical characteristics were
conducted using Statistical Product and Service Solutions (SPSS,
version 22.0). Normality of the distributions was assessed by the
Shapiro–Wilk test. Categorical variables (sex) were investigated
with χ2 tests, whereas continuous variables, such as age, IQ,
clinical scale scores, and network properties, were investigated
with one-way analysis of variance (ANOVA), followed by
Bonferroni post hoc analysis. Effect size ηp

2 is reported for one-
way ANOVA tests, with 0.01, 0.06, and 0.14 representing small,
medium, and large effects, respectively.

To identify the hub regions of the networks between groups,
we first calculated the bi of all 90 regions for each subject
and then calculated the mean value of the bi for each region

according to the groups. If bi was greater than 1.5 times
the average betweenness (the mean value of bi for all 90
regions) of the network, the nodes were considered to be pivotal
nodes (i.e., hubs).

Network-based statistics (NBS) (Zalesky et al., 2010) is a
non-parametric method based on the principles of traditional
cluster-based thresholding of statistical parametric maps to
control the familywise error rate; hence, it can be used to
identify subnetworks of topologically connected suprathreshold
connections. We conducted an independent F test on every
connectivity value to compare the structural connectivity
differences between the ASD, ADHD, and TD groups. We
set the primary threshold at p = 0.001 for the resulting F
statistic matrix (based on a height threshold of F = 3.2 to
stringently control for type I errors). Next, the data across groups
were randomized 5,000 times to obtain the reference cluster
distribution. We used the maximum number of connections
across all clusters to form the reference distribution for each
randomization; cluster scores exceeding the 95th percentile
were considered significant (p < 0.05). For post hoc paired
comparisons (e.g., the ASD group vs. the ADHD group), the
procedure was similar.

Additionally, Pearson correlation analysis, performed in SPSS,
was used to examine correlations in the full sample, and post hoc
analyses examined Pearson correlations in the patient groups
to reveal the relationships between altered regional properties
and ASD traits, as well as between altered regional properties
and ADHD traits.
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RESULTS

Demographic and Clinical
Characteristics
One-way ANOVAs indicated that the three groups were matched
for age and sex but not matched for IQ (F = 4.979, p = 0.009,
ηp

2 = 0.098) (it should be noted that the IQ effect was removed
in all of the following network analyses). The ANOVAs showed
significant group effects on SRS total scores (F = 13.236, p = 0.000,
ηp

2 = 0.223) and SNAP-IV subscale scores, including inattention
(F = 65.038, p = 0.000, ηp

2 = 0.591), hyperactivity (F = 40.230,
p = 0.000, ηp

2 = 0.472), and oppositional defiance (F = 10.626,
p = 0.000, ηp

2 = 0.191). Specifically, for pairwise comparisons, the
ASD group showed greater social deficits than the ADHD and TD
groups; moreover, the ADHD group showed more severe ADHD
symptoms than the ASD and TD groups (see Table 2 for details).

Global Topological Properties of the WM
Structural Networks
Based on the constructed networks, we calculated the topological
properties (i.e., Lp, Cp, λ, γ, σ, Eloc, and Eglob) of the global
network for each participant and showed the mean values of
these properties of the three groups. Analyses of covariance
(ANCOVAs) on the global network properties showed no
significant group effects of all the global topological properties
(Lp: F = 1.625, p = 0.202, ηp

2 = 0.034; Cp: F = 0.666, p = 0.516,
ηp

2 = 0.014; λ: F = 0.583, p = 0.560, ηp
2 = 0.013; γ: F = 1.253,

p = 0.290, ηp
2 = 0.027; σ: F = 2.343, p = 0.078, ηp

2 = 0.072; Eloc:
F = 1.195, p = 0.308, ηp

2 = 0.025; and Eglob: F = 2.535, p = 0.085,
ηp

2 = 0.052) among the three groups.

Node-Based Analysis of the WM
Structural Networks
Identification of Regional Property Differences
Enodal, Ki, and Bi were calculated to identify the differences
in nodal properties in the participants. Among the three
groups, ANCOVAs showed that the regions with significant
group effects were distributed in the temporal [the left
amygdala (AMYG.L), right amygdala (AMYG.R), left
hippocampus (HIP.L), and right parahippocampal gyrus
(PHG.R)], and subcortical [the right insula (INS.R)] cortices
(see Table 3 for details). Post hoc tests showed that the
Ki values of the AMYG.R and PHG.R were significantly
decreased in both the ASD and ADHD groups compared
with the TD controls (i.e., ASD and ADHD shared deficits).
Only one region (i.e., the HIP.L) showed significant group
differences, with a higher Bi observed in the ADHD group
than in the ASD and TD groups (i.e., ADHD-specific
deficits) (Figure 1).

Identification of Hub Distributions
To identify the hub regions, we examined the Bi of each
node in all networks. In total, 23 hub regions were the same
for all of the groups, including 10 regions of the association
cortex [the left precuneus (PCUN.L), right precuneus (PCUN.R),
left fusiform gyrus (FFG.L), right fusiform gyrus (FFG.R),

left lingual gyrus (LING.L), right lingual gyrus (LING.R), left
dorsolateral superior frontal gyrus (SFGdor.L), right dorsolateral
superior frontal gyrus (SFGdor.R), left middle frontal gyrus
(MFG.L), and right rolandic operculum (ROL.R)], four regions of
subcortical structures [the left putamen (PUT.L), right putamen
(PUT.R), left caudate nucleus (CAU.L), and right caudate nucleus
(CAU.R)], four paralimbic regions [the left median cingulate
gyrus (DCG.L), right median cingulate gyrus (DCG.R), left
insula (INS.L), and INS.R], and five primary regions [the left
calcarine fissure (CAL.L), right calcarine fissure (CAL.R), left
precental gyrus (PreCG.L), right precental gyrus (PreCG.R),
and right postcentral gyrus (PoCG.R)]. The common hubs
identified for all of the groups were predominantly distributed
in the association cortices. Specially, the left anterior cingulate
gyrus (ACG.L) was identified as a hub in the ADHD and
TD groups but not in the ASD group, and both the ASD
and ADHD groups exhibited four additional hubs [the left
middle temporal gyrus (MTG.L), left superior temporal gyrus
(STG.L), left postcentral gyrus (PoCG.L), and right middle frontal
gyrus (MFG.R)] compared with TD controls (Table 4 and
Figure 2).

Connectivity-Based Analysis
We used the NBS method to identify the disrupted connected
components among the three groups, and we found that
a connected network with nine nodes and eight edges
was altered (p = 0.001, corrected). The involved nodal
regions were the PreCG.L, left middle frontal gyrus (MFG.L),
SFGdor.L, left inferior frontal gyrus, opercular part (IFGoperc.L),
left rolandic operculum (ROL.L), left middle occipital gyrus
(MOG.L), left paracentral lobule (PCL.L), PUT.L, and CAU.L.
However, no significant differences were found with respect
to connected components between the ASD and ADHD
groups (Figure 3).

Correlation of Altered Regional
Properties With ASD and ADHD Traits
Correlation analysis between altered regional properties and
ASD traits and that between altered regional properties and
ADHD traits were examined in the full sample and in the
patient groups. For regional properties, we examined the nodes
with significant group effects that are listed in Table 3. In the
full sample, Bi of the PHG.R was significantly correlated with
SRS scores (r = −0.242, p = 0.018, r2 = 0.059), and Bi of
the HIP.L was significantly correlated with inattention subscale
scores of the SNAP-IV (r = 0.220, p = 0.034, r2 = 0.048).
In the ASD group, Enodal of the AMYG.R was significantly
correlated with SRS scores (r = −0.512, p = 0.003, r2 = 0.262;
also, Ki of the AMYG.R was significantly correlated with
SRS scores (r = −0.359, p = 0.005, r2 = 0.128), and Ki
of the PHG.R was significantly correlated with SRS scores
(r = −0.368, p = 0.004, r2 = 0.135). In the ADHD group,
Bi of the PHG.R was significantly correlated with oppositional
defiance subscale scores of the SNAP-IV (r = 0.374, p = 0.032,
r2 = 0.140) (Figure 4).
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TABLE 2 | The demographic and clinical characteristics of all participants.

ASD (n = 31) ADHD (n = 34) TD (n = 30) p valuea Pairwiseb

Gender: male/female 27/4 32/2 22/8 0.051 –

Age (std) 9.00 (1.92) 9.44 (1.67) 9.67 (2.88) 0.483 –

IQ (std) 102.26 (19.70) 104.09 (15.56) 107.07 (18.43) 0.009* ASD vs. ADHD, n.s. ASD vs. TD, p = 0.014 ADHD vs. TD, p = 0.036

SRS-totalc (std) 64.65 (15.77) 51.71 (13.60) 46.43 (8.54) 0.000* ASD vs. ADHD, p = 0.000* ASD vs. TD, p = 0.000* ADHD vs. TD, n.s.

SNAP-IVd subscales

Inattention (std) 9.35 (2.24) 17.06 (3.82) 7.24 (4.44) 0.000* ASD vs. ADHD, p = 0.000* ASD vs. TD, n.s. ADHD vs. TD, p = 0.000*

Hyperactivity (std) 6.97 (2.52) 12.58 (5.21) 3.79 (3.36) 0.000* ASD vs. ADHD, p = 0.000* ASD vs. TD, p = 0.007* ADHD vs. TD, p = 0.000*

Oppositional defiant (std) 4.13 (2.99) 8.55 (5.22) 5.31 (3.18) 0.000* ASD vs. ADHD, p = 0.000* ASD vs. TD, n.s. ADHD vs. TD, p = 0.006*

*p < 0.05. std: standard deviation; n.s.: no significance.
ap value for sex using the χ2test; other p values for the comparisons based on one-way ANOVA.
bPost hoc pairwise comparisons were then performed using the t test.
cTotal scores based on the Social Responsiveness Scale.
dSwanson, Nolan, and Pelham, version IV scale.

TABLE 3 | Regions showing significant differences in the nodal topological properties among the ASD, ADHD, and TD groups.

Nodal metrics ASD ADHD TD F p valuea ηp
2b

Mean std Mean std Mean std

Enodal_AMYG.R 10.31 1.98 10.44 2.01 11.73 2.44 3.266 0.025* 0.097

Ki_ PHG.R 326.5 50.39 331.6 71.76 373.2 75.50 3.684 0.015* 0.108

Ki_ AMYG.L 105.7 31.90 103.7 27.19 124.4 35.62 2.946 0.037* 0.089

Ki_ AMYG.R 99.71 34.90 98.26 31.62 124.3 41.42 5.278 0.002* 0.148

Bi_INS.R 611.20 206.30 528.80 228.40 482.50 157.90 2.914 0.039* 0.088

Bi_HIP.L 120.20 73.08 171.70 78.97 135.40 94.14 2.714 0.049* 0.082

Bi_PHG.R 134.60 59.08 143.50 98.06 196.30 113.20 2.890 0.040* 0.087

*p < 0.05. std: standard deviation; for the definitions of the abbreviations, see Table 1.
ap value for using one-way ANCOVA tests.
bηp

2: effect size for one-way ANCOVA tests.

FIGURE 1 | Shared and specific nodal topological properties in diagnostic groups. (A,B) represent the regions with shared deficits in ASD and ADHD topological
properties compared with the properties of TD controls, and (C) represents the region in which ADHD topological properties differ from both TD controls and
individuals with ASD by Bonferroni post hoc analysis; for the definitions of the abbreviations, see Table 1. For each node, the bar and error bar represent the mean
value and SD, respectively; a single asterisk (*) represents a significant group difference at p < 0.05; n.s. represents no significance.

DISCUSSION

The present study compared the global and regional properties
of the WM structural networks in children and adolescents
with ASD, ADHD, and TD controls; the findings suggest
shared and distinct features underlying neurobiological
mechanisms in ASD and ADHD children and adolescents from
a network perspective.

The human brain is a complex system with an optimal
balance between local specialization and global integration (Shu
et al., 2011). In this study, we identified the global topological
properties of the WM networks in ASD and ADHD patients
and TD controls, exhibiting no significant differences among the
three groups. Our results are supported by a network study that
showed measures of structural Cp and Lp did not significantly
differ between children and adolescents with ASD and TD
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TABLE 4 | Hub distributions of the WM structural networks among the ASD,
ADHD, and TD groups.

ASD ADHD TD

Regions Classa Regions Classa Regions Classa

PCUN.R Association PCUN.R Association PCUN.R Association

DCG.L Paralimbic PCUN.L Association PCUN.L Association

PCUN.L Association DCG.L Paralimbic DCG.L Paralimbic

DCG.R Paralimbic INS.R Paralimbic DCG.R Paralimbic

INS.R Paralimbic DCG.R Paralimbic CAL.R Primary

INS.L Paralimbic INS.L Paralimbic INS.L Paralimbic

PoCG.R Primary PoCG.R Primary INS.R Paralimbic

PreCG.R Primary CAL.R Primary FFG.L Association

CAL.R Paralimbic CAL.L Primary CAL.L Primary

FFG.L Association CAU.L Subcortical FFG.R Association

PUT.R Paralimbic ROL.R Association PUT.R Subcortical

FFG.R Association MFG.L Association LING.L Association

CAL.L Primary PUT.R Subcortical PreCG.L Primary

CAU.R Primary PreCG.L Primary MFG.L Association

MFG.L Association SFGdor.L Association PoCG.R Primary

ROL.R Association FFG.L Association SFGdor.L Association

SFGdor.L Association CAU.R Subcortical LING.R Association

CAU.L Paralimbic FFG.R Association PreCG.R Primary

LING.R Association PUT.L Subcortical CAU.L Subcortical

PUT.L Paralimbic SFGdor.R Association PUT.L Subcortical

SFGdor.R Association MFG.R Association SFGdor.R Association

MTG.L Association LING.L Association CAU.R Subcortical

PreCG.L Primary ACG.L Paralimbic ROL.R Association

STG.L Association LING.R Association ACG.L Paralimbic

MFG.R Association PreCG.R Primary

LING.L Association MTG.L Association

PoCG.L Primary STG.L Association

PoCG.L Primary

For the definitions of the abbreviations, see Table 1.
aThe cortical regions are classified as primary, association, subcortical, limbic, and
paralimbic (Supekar et al., 2009).

controls (Rudie et al., 2013). However, a recent work exploring
the topologic architecture of WM connectivity networks in
preschool-aged children demonstrated that children with ASD
had shortened Lp and increased Eglob and Cp compared with the
TD children (Li et al., 2018). Another study focused on wiring
of the connectome in adults with high-functioning ASD showed
that Eglob was significantly decreased, and Lp was significantly
increased in subjects with ASD (Roine et al., 2015). In addition,
consistent with our results, Justina et al., in an investigation of the
organization of structural brain networks in adults with ADHD
and unaffected controls, also showed no significant differences in
global network metrics, including σ, Eglob, and Cp (Sidlauskaite
et al., 2015). However, Chen et al. (2019) demonstrated altered
topological characteristics of lower Eglob, lower Eloc, and longer
Lp of brain functional networks in drug-naive children with
ADHD, whereas in the other two studies using drug-treated
samples, no significant changes in Eglob in ADHD subjects
were found (Wang et al., 2009; Xia et al., 2014). Therefore, age
range and medication effects might contribute to the differences

in findings regarding the global topological properties of brain
networks in patients with ASD and those with ADHD.

Shared deficits of regional alterations were associated with a
tendency of decreased Ki of the AMYG.R and PHG.R in the ASD
and ADHD groups. Converging neuroscientific evidence has
suggested that the neuropathology of ASD is widely distributed,
involving impaired connectivity throughout the brain (Just
et al., 2004; Ameis and Catani, 2015). One region consistently
highlighted by structural MRI (Gibbard et al., 2017) and fMRI
(Guo et al., 2016; Odriozola et al., 2018; Iidaka et al., 2019)
studies is the amygdala. Abnormal amygdala structure and
function are correlated with alterations in the social–emotional
functions of ASD in rodents (Schoch et al., 2016) and in humans
(Gotts et al., 2012; Mundy, 2017). The commonality of amygdala
abnormalities has also been identified in ADHD (Posner et al.,
2011; Hulvershorn et al., 2014), and altered amygdala activation
and connectivity have been suggested to be related to dysfunction
of emotion regulation in ADHD (Christiansen et al., 2019, such
as facial and contextual emotion processing (Fonseca et al.,
2009; Miller et al., 2011). A recent structural neuroimaging
study directly comparing amygdala volumes and correlates
of social deficits showed that larger amygdala volumes were
associated with fewer social deficits in both ASD and ADHD
children, supporting a common underlying biology between
these disorders (Baribeau et al., 2019). Additionally, the PHG
is thought to be a structure of the default mode network (Fox
et al., 2005) known to be particularly active when participants
are at rest, and it has been identified as a key anatomical region
in the mesial temporal lobe associated with memory (Aggleton
et al., 2010; Catani et al., 2013). One study reported that the
PHG was involved in the involuntary reactivation of contextual
fear memory that results in avoidance (Paquette et al., 2003).
Moreover, it is a part of the limbic system, which was mentioned
as a socially related area of the brain (Pagani et al., 2012; Catani
et al., 2013). Several ASD (Monk et al., 2009; Weng et al., 2010;
Lee et al., 2016) and ADHD (Anderson et al., 2014) studies have
revealed altered functional connectivity between the PHG and
other brain regions compared with the functional connectivity of
TD controls. Our work suggests shared deficits ofKi in the PHG.R
in the ASD and ADHD groups.

A novel finding in this study was the identification of an
increased tendency of Bi of the HIP.L in the ADHD group
compared with the ASD and TD groups. Studies from animal
models of ADHD have suggested abnormalities in neuronal
signaling systems within the hippocampus (Medin et al., 2013;
Sterley et al., 2013). A multimodal MRI study in children
with ADHD showed that hippocampal volumes were reduced
in children with ADHD and that hippocampal–orbitofrontal
cortex connectivity was also reduced in children with ADHD
(Posner et al., 2014). Another study also confirmed reduced
hippocampal volume in children with ADHD (Hoogman et al.,
2017). Furthermore, a study showed that synaptic plasticity of
neurons in the hippocampus may contribute to learning and
memory processes (Filippo et al., 2009), and dysfunction of
the hippocampus could affect learning processes and further
result in ADHD symptoms. However, in terms of ASD, Groen
et al. (2010) showed that the HIP.L was significantly enlarged in
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FIGURE 2 | Comparisons of hub distributions among the ASD, ADHD, and TD groups. (A) ASD hub distributions, (B) ADHD hub distributions, (C) TD hub
distributions; for the definitions of the abbreviations, see Table 1; regions in the black circle including the MTG.L, STG.L, PoCG.L, and MFG.R were additional hubs
of both the ASD and ADHD groups compared with the TD controls. In addition, the ACG.L in the black rectangle was identified as a hub in the ADHD and TD groups
but not in the ASD group. The regions were mapped onto the cortical surfaces using BrainNet viewer software (www.nitrc.org/projects/bnv/). Note that the
FN-weighted WM network for each participant was constructed using the AAL template.

FIGURE 3 | Structural connectivity (SC) differences. (A) The structural connectome network differences among ASD, ADHD, and TD groups identified by NBS; these
connections formed a single connected network with nine nodes and eight connections (p = 0.001, corrected). (B) Similar to A but between ASD and ADHD groups,
no connected components with significant differences were found. For the definitions of the abbreviations, see Table 1. The nodes and connections were mapped
onto the cortical surfaces using BrainNet viewer software (www.nitrc.org/projects/bnv/). Note that the FN-weighted WM network for each participant was
constructed using the AAL template.

adolescents with autism compared with that of the control group.
Schumann et al. (2004) also revealed enlarged hippocampi,
especially in a high-functioning autism group of 7.5- to 12.5-
year-olds. In agreement with previous studies showing structural
differences of the hippocampus between ADHD and ASD
patients, our findings suggest that regional characteristics of the
hippocampus might be a valuable brain network marker for
distinguishing ADHD from ASD.

In terms of hubs, we used the index of Bi to identify the hub
regions of the WM networks in the present study. Surprisingly,

the distributions of hubs in the ASD and ADHD groups were
almost the same. We found that most of the hubs were located
in the association cortex, which plays a central role in receiving
convergent inputs from multiple cortical regions (Mesulam,
1998). These findings are in accordance with several previous
studies of ASD (Takashi et al., 2014; Qian et al., 2018) and
ADHD (Sidlauskaite et al., 2015), which identified the association
cortex a critical node in both structural and functional brain
networks. Moreover, compared with the TD control group,
both the ASD and ADHD groups exhibited common alterations
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FIGURE 4 | Significant correlation of altered regional properties with ASD and ADHD traits. (A) Bi of the PHG.R was significantly correlated with SRS scores in the
full sample; (B) Bi of the HIP.L was significantly correlated with inattention subscale scores of the SNAP-IV in the full sample; (C) Enodal of the AMYG.R was
significantly correlated with SRS scores in the ASD group; (D) Ki of the AMYG.R was significantly correlated with SRS scores in the ASD group; (E) Ki of the PHG.R
was significantly correlated with SRS scores in the ASD group, and (F) Bi of the PHG.R was significantly correlated with oppositional defiance subscale scores of the
SNAP-IV in the ADHD group.

in hub distributions with four additional regions, including
the MTG.L, STG.L, PoCG.L, and MFG.R. ASD subjects were
found to have similar hub alterations comparable with ADHD
subjects, particularly in the frontal and temporal regions, which
is in accordance with the results of previous meta-analyses
and mega-analyses (Van Rooij et al., 2018; Hoogman et al.,
2019). According to the hub results, we found that the ASD
group lacked one hub region of the ACG.L compared with
the ADHD and TD groups. As hub regions are believed to
handle multimodal or integrative functions, damage to these
regions could dramatically affect the stability and efficiency
of the network (Achard et al., 2006). A 4-year longitudinal
study in healthy control participants reported that greater
age-related thinning of the left anterior cingulate cortex was
associated with less reduction in effortful control and in turn
is associated with improvements in socioemotional functioning
(Vijayakumar et al., 2014). Moreover, many studies performed
in both humans and rodents have shown that the ACG is
anatomically and functionally connected to a broad set of
regions engaged in social information processing (Chang et al.,
2012; Apps et al., 2016) and therefore is likely to represent an
information hub for the social network (Guo et al., 2019). In
addition, the ACG is part of the default mode network and
is a primary node of the salience network; both networks are
strongly implicated in autism (Zielinski et al., 2012). Although
the exact etiopathogenesis of ASD remains unclear, a consistent
biomarker could estimate patient impairment and guide tailored
rehabilitation. Our study reveals that the hubness of the ACG
might be a potential biomarker for the diagnosis of ASD,
distinguishing it from ADHD and neurotypical development.
Moreover, despite shared regional characteristics, we found

common structural connectivity patterns of both the ASD and
ADHD groups by NBS. We assumed that this might be partly
related to the common distribution of hubs between the two
groups. Evidence from Kernbach et al. (2018) also showed shared
dysfunctional connectivity in the default mode network, dorsal
attention network, and salience network in ASD and ADHD
subjects, which is consistent with our work.

Numerous prior studies have addressed the relationship
between the amygdala and autistic symptoms in ASD patients
(Gotts et al., 2012; Mundy, 2017). Our correlation results were
in accordance with previous studies revealing decreased Ki and
Enodal of the AMYG.R that was associated with severe autistic
symptoms in the ASD group. However, our correlation results
failed to exhibit a significant association between the regional
properties of the AMYG.R and SRS scores in the ADHD group.
This outcome might be because ADHD subjects in our study
showed no deficits that are considered ASD traits measured by
the SRS. Moreover, our correlation results showed a decreased
Bi of the PHG.R and Ki of the PHG.R; these values were also
significantly correlated with severe autistic symptoms in the full
sample and the ASD group, respectively. This common tendency
is consistent with the findings of a previous study, which showed
that the greater the degree of social impairment, the weaker the
connectivity between the PHG and other brain regions (Weng
et al., 2010). Notably, decreased Bi of the PHG.R was associated
with better performance on the oppositional defiance subscale in
the ADHD group, which might be an important complement to
previous studies. Notably, our results revealed that abnormal Bi
of the HIP.L was an ADHD-specific region in the brain network,
and our correlation analysis further showed the relationship
between altered Bi of the HIP.L and ADHD core symptoms
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(i.e., inattention) in the full sample; these findings suggest the
unique role of the HIP.L in the pathogenesis of ADHD.

In conclusion, our findings demonstrate that Bi of the
HIP.L and hubness of the ACG.L might be valuable markers
for distinguishing ASD from ADHD. While disorder-specific
abnormalities are present, overlapping results are consistent with
the growing clinical, molecular, and neuroimaging evidence of
commonalities (Rommelse et al., 2011). In the present study,
we found shared Ki alterations of the AMYG.R and PHG.R,
as well as shared global network properties, hub distributions,
and regional connectivity in the ASD and ADHD groups. In
addition, altered Enodal of the AMYG.R, Ki of the AMYG.R,
Bi of the PHG.R, and Ki of the PHG.R were associated with
autistic symptoms, and altered Bi of the PHG.R and Bi of
the HIP.L were associated with ADHD symptoms. Several
aspects of our study are intriguing. First, no previous studies
have concentrated on comparing topological properties of
WM structural networks in individuals with ASD, individuals
with ADHD, and TD controls concurrently. Our study is an
important complement to previous studies. Second, our study
analyzed different domains of topological properties, including
global-based and node-based (e.g., regional properties, hub
distributions, and regional connectivity) properties, providing
comprehensive evidence for both shared and distinct underlying
mechanisms in ASD and ADHD children and adolescents.
Third, identifying and validating the similarities and differences
of brain-based endophenotypes in the two disorders may be
beneficial for personalized medicine (Collins and Varmus, 2015).

LIMITATIONS

There are several limitations that should be addressed. First, as
mentioned previously, ASD and ADHD are neurodevelopmental
disorders with overlapping clinical presentations (Van der
Meer et al., 2012), while individuals without comorbid ADHD
symptoms were included as ASD subjects in our study. Future
analyses are required to explore the extent to which ADHD-
like comorbidities in ASD share common neural correlates with
ADHD. Second, this study used a deterministic tractography
tracking procedure that produces more image noise and is of
low resolution, making fiber tracking more error-prone because
of the “fiber crossing” problem (Mori and van Zijl, 2002). The
use of probabilistic tractography to define network edges could
be helpful in addressing this issue (Iturria-Medina et al., 2008).
Third, although the three groups did not differ significantly in sex

distribution, most participants were male, reflecting the higher
prevalence of boys with ASD and ADHD. Thus, our results may
not generalize to girls, and future studies can enroll more female
participants to further reveal sex differences in WM topological
properties. Finally, the present participants were not matched for
IQ; although the IQ effect was removed in all of the network
analyses, these data should be interpreted with caution.
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Rett syndrome (RTT) is an X-linked neurodevelopmental disorder, mostly caused by
mutations in MECP2. The disorder mainly affects girls and it is associated with severe
cognitive and physical disabilities. Modeling RTT in neural and glial cell cultures and
brain organoids derived from patient- or mutation-specific human induced pluripotent
stem cells (iPSCs) has advanced our understanding of the pathogenesis of RTT,
such as disease-causing mechanisms, disease progression, and cellular and molecular
pathology enabling the identification of actionable therapeutic targets. Brain organoid
models that recapitulate much of the tissue architecture and the complexity of cell types
in the developing brain, offer further unprecedented opportunity for elucidating human
neural development, without resorting to conventional animal models and the limited
resource of human neural tissues. This review focuses on the new knowledge of RTT
that has been gleaned from the iPSC-based models as well as limitations of the models
and strategies to refine organoid technology in the quest for clinically relevant disease
models for RTT and the broader spectrum of neurodevelopmental disorders.

Keywords: Rett syndrome, neurodevelopmental disorders, iPSCs (induced pluripotent stem cells), brain
organoids, disease modeling

INTRODUCTION

Since the discovery that mutations in the MECP2 gene were the underlying cause of RTT, a great
amount of work has been undertaken to understand the molecular function of MeCP2 (Amir
et al., 1999; Figure 1). MeCP2 was initially identified as a transcriptional repressor located in the
nucleus that bound to methylated DNA (Lewis et al., 1992). However, subsequently, it was described
as a pluripotent transcriptional regulator, with the capacity to activate or repress target genes
depending on the molecular context (Chahrour et al., 2008). More recently, the roles of MeCP2
have expanded to include alternative splicing, chromatin remodeling and miRNA processing (as
reviewed in Tillotson and Bird, 2020). Patients with RTT, generally, present reduced brain volume
associated with an abnormal morphology of neurons, including small and densely packed structures

Frontiers in Neuroscience | www.frontiersin.org 1 August 2021 | Volume 15 | Article 69881217

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2021.698812
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2021.698812
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2021.698812&domain=pdf&date_stamp=2021-08-25
https://www.frontiersin.org/articles/10.3389/fnins.2021.698812/full
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-698812 August 19, 2021 Time: 16:36 # 2

Haase et al. Pre-clinical Investigation of Rett Syndrome

(Armstrong et al., 1995). It has also been observed that the
dendrites of pyramidal neurons are significantly shorter than
in wild type brains. Observations using MRI data have also
shown reductions in the volume of the parietal and temporal
lobes in RTT patients with conservation of the occipital cortex
(Carter et al., 2008).

From a cellular point of view, it is known that MeCP2 loss
affects different cell types in the brain. Region specific knockouts
in mouse brains have shown several different phenotypes;
for instance, removal of MeCP2 from dopaminergic and
noradrenergic neurons induced motor incoordination (Samaco
et al., 2009) and removal from the brainstem and spinal cord
led to abnormal heart rate and breathing patters (Huang et al.,
2016). Loss of MeCP2 in inhibitory neurons has also shown a
prominent reproducibility of severe forms of RTT phenotypes,
emphasizing the importance of E/I balance to MeCP2-mediated
functions (Chao et al., 2010).

CLINICAL FEATURES OF RETT
SYNDROME

Rett syndrome (RTT) is a rare neurodevelopmental disorder
that manifests between 6 and 18 months of age after a period
of apparently normal prenatal and postnatal development.
Symptoms vary amongst individuals and include loss of fine and
gross motor skills, abnormal social behavior, growth retardation,
seizures, breathing dysregulation and stereotypic hand wringing
movements (Neul et al., 2010). RTT has a worldwide prevalence
of 1 in 10,000 individuals and predominantly affects females.

The majority of RTT cases are caused by de novo
mutations in the X-linked methyl-CpG-binding protein 2
(MECP2) gene, which plays a critical role in normal brain
development, specifically in the maturation of the central
nervous system (CNS) and synapse development and function
(Liyanage and Rastegar, 2014).

Substantial phenotypic variability is observed in girls with
RTT, which is attributed to the type of mutation (missense,
nonsense, etc.) and its location on MECP2 as well as X
chromosome inactivation (XCI). As the mutations observed in
RTT girls are predominantly hemizygous, XCI renders a mosaic
expression of the variant with some cell populations expressing
the mutant MECP2 allele and others, the wild type allele. While
these two populations are normally present in nearly equal (1:1)
proportion, the X inactivation pattern can be skewed, favoring the
expression of one cell population over the other. In contrast, RTT
males present with a homogenous population of mutant cells and
are thus more severely affected.

Although MECP2 is ubiquitously expressed, its expression is
particularly high in post-mitotic neurons in the brain. Mutations
that result in the dysregulation of MECP2 cause a range of
abnormalities at the anatomical, cellular, and molecular levels
that is well characterized. There is an apparent reduction in brain
volume in both humans and mouse models correlating with the
severity of the phenotype (Carter et al., 2008), however, this
reduction in brain size is not due to gross anatomical defects,
but rather to small and densely packed neurons of reduced

dendritic branching, soma size, spine density and synapse
number (Belichenko et al., 2009).

Currently, treatment for RTT is purely symptomatic and
requires a multidisciplinary approach for medical management.
Furthermore, despite almost 60 observational and interventional
clinical trials being conducted, it is still unknown whether
all symptoms can be reversed. One of the most significant
contributions to the field of RTT has been the phenotypic
reversal of Mecp2-deficient transgenic mice to wild type upon
the reinstatement of Mecp2 expression, revealing the potential of
gene therapy as a treatment (Guy et al., 2007). However, none of
the recent gene transfer therapy studies in RTT mouse models
have been able to entirely correct all RTT-associated symptoms
(Gadalla et al., 2013, 2017; Garg et al., 2013; Sinnett et al., 2017;
Tillotson et al., 2017; Luoni et al., 2020).

MODELING RETT SYNDROME USING
iPSCs

The modeling of neurodevelopmental disorders is hampered
by the inaccessibility and the limited source of live human
brain tissue. Post-mortem tissue and immortalized cell lines
have been adopted as the standard models for investigating
the pathology of RTT predominately at the end-stage of the
disease. Genetic mouse models of RTT that replicate salient
features of the human neuropathology and cognitive deficits
has further allowed the study of the pathophysiology and the
natural history of disease progression. However, the inter-species
differences in brain development and physiological function,
and the inherent differentiation in cell composition between
humans and mice at fetal and adult stages (Velasco et al., 2019;
Eze et al., 2021) raise reservations about the fidelity of the
animal study in modeling human neurodevelopmental disorders.
Therefore, understanding of the disease causing mechanisms
and pathophysiology of RTT with a view to developing effective
therapies requires development of humanized disease models,
which could be accomplished by using human pluripotent stem
cells to generate cellular models and brain organoids.

The introduction of human embryonic stem cells (hESCs)
and induced pluripotent stem cells (iPSCs) to the discipline of
precision medicine and advanced therapeutics has revolutionized
the pre-clinical research of neurodevelopmental disorders
(NDDs) such as RTT. hESCs are derived from blastocyst-stage
human embryos whereas iPSCs are derived from somatic cells
such as fibroblasts, blood and exfoliated urinary epithelial cells
by cell reprogramming through transgenesis or foot-print free
genetic modulation (Martinez-Fernandez et al., 2010; Yamanaka,
2012; Hsu et al., 2020). Both types of stem cells can be subjected
to genetic modification to generate specific disease variants for
modeling NDDs, where mutation- or patient- specific stem
cells cannot be obtained. Stem cells have been used to create
cellular models for a variety of cell types such as cortical and
ventral neurons and glial cells in a conventional tissue culture
setting (Takahashi and Yamanaka, 2006; Marchetto et al., 2010),
as well as three-dimensional (3-D) complex tissue spheroids,
organoids and assembloids that recapitulate different brain parts
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FIGURE 1 | Normal MeCP2 function as a transcriptional repressor and activator and consequences of abnormal MeCP2 function in the brain at a cellular level.
“Created with BioRender.com.”

(Lancaster et al., 2013; Marton and Paşca, 2020; Figure 2). In
brief, spheroids are simple clusters of cells that do not require
scaffolding to form three dimensional structures and hence
are not as advanced as organoids, which in contrast are more
complex clusters of organ specific cells such as different types of
neural cells; assembloids are structures formed by the assembly of
different tissue specific organoids.

The use of iPSCs has been particularly useful as a
complementary approach to existing disease models, such
as murine and post-mortem tissue, as they offer a more
human-centered approach in which to test therapies given the
inaccessibility to patient brain tissue. Encouragingly, disease
modeling has been achieved for neurodegenerative disorders
such as Alzheimer’s, Parkinson’s, and Huntington’s disease,
extending recently to neuropsychiatric, monogenetic, and
chromosomal aberration disorders.

Resource of MECP2-Mutant iPSCs
There are over 500 pathogenic mutations in MECP2, with
the majority lying in exons 3 and 4 in the methyl binding
domain (MBD), transcriptional repressor domain (TRD) and
the C-terminal functional domain (CTD) regions, disrupting the
normal function of the MeCP2 protein (Wan et al., 1999; Gold
et al., 2018). Several iPSC lines harboring a range of MECP2
mutations, including point mutations, frameshift mutations,
deletions, and nonsense mutations have been generated and used
in RTT studies (Supplementary Table 1).

All RTT studies using iPSC models have used iPSCs
reprogrammed from patient-derived fibroblast cells (Table 1).
As RTT manifests mostly in girls, the majority of studies
to date have used iPSC lines from female patients, with the
exception of five studies that used male patient-specific iPSCs
(Tang et al., 2016; Zhang et al., 2016; de Souza et al., 2017;

Yoo et al., 2017; Kim et al., 2019; Supplementary Table 1). To
take into consideration the impact of XCI and genetic
background of individuals, female lines are usually compared
to their isogenic controls, which are genetically corrected iPSCs
from the same patient (Kim et al., 2011; Cheung et al., 2012;
Andoh-Noda et al., 2015; Djuric et al., 2015; Chin et al., 2016;
Landucci et al., 2018; Nguyen et al., 2018). In studies where male
lines are used, the control cell lines have been derived from the
unaffected father, acting as a surrogate isogenic control (Tang
et al., 2016; de Souza et al., 2017; Yoo et al., 2017; Kim et al., 2019).

Modeling RTT Neuronal Cells
Rett syndrome is an archetypical genetic disease and was one
of the first pediatric neurological disorders to be studied using
stem cell-based models (Xie and Tang, 2016). The phenotypes of
neuronal cells of mice and post-mortem human brains include
smaller soma size and reduced dendritic branching, spine density
and morphology, as well as axonal bouton arborization and
synapse formation (Belichenko et al., 2009; Marchetto et al.,
2010; Baj et al., 2014; Figure 1). These anatomical defects
are accompanied by an imbalance of excitatory/inhibitory (E/I)
activity, with more excitatory and less inhibitory synaptic activity
in the hippocampus and cortex (Nelson et al., 2006; Chao
et al., 2010). iPSCs from RTT patient fibroblasts have been
successfully differentiated into neuronal progenitor cells (NPCs),
neurons and glia and the modeling has recapitulated some of
the cellular and physiological phenotypes of these cell types,
including morphological and electrophysiological defects.

The distinct phenotype of post-mortem and murine RTT
neurons, characterized by a smaller soma size and reduced
dendritic branching, spine density and axonal arborization,
is well documented (Belichenko et al., 2009; Marchetto
et al., 2010; Baj et al., 2014). This robust phenotype has
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FIGURE 2 | Overview of different methodologies employed in the articles used in this review to model RTT using iPSCs. “Created with BioRender.com.”

TABLE 1 | XCI status of different cell lines used.

Group Fibroblasts reprogrammed XCI status of iPSC clones

Cheung et al., 2011 MECP2:
13–4 (g.61340_67032delinsAGTTGTGCCAC and g.67072_67200del) – female, GM11270
(R306C) – female, GM17880 (T158M) – female

Retained Xi

Ananiev et al., 2011 MECP2:
GM17880 (T158M) – female, GM07982 (V247*) – female, GM11270 (R306C) – female, RS0502
(R294*) – female

Retained Xi

Amenduni et al., 2011 CDKL5 (Q347*) – female
CDKL5 (T288I) – male

Retained Xi

Pomp et al., 2011 MECP2:
GM11272 (1155del32) – female, GM17880 (T158M) – female

Retained Xi

Marchetto et al., 2010 MECP2:
GM11270 (R306C) – female, GM11272 (1155del32) – female, GM16548 (Q244*) – female,
GM17880 (T158M) – female

Expressed Xi

Kim et al., 2011 MECP2:
GM07982 (705delG) – female, GM11270 (R306C) – female, GM16548 (Q244*) – female, GM17567
(X487*) – female, GM17880 (T158M) -female

Expressed Xi

been recapitulated in a number of patient-derived iPSCs
harboring pathogenetic mutations in MECP2. Several studies
have demonstrated that neurons differentiated from RTT-iPSCs
in 2D cultures have a distinctly smaller soma size compared
to that of controls (Marchetto et al., 2010; Cheung et al.,
2012; Djuric et al., 2015; Chin et al., 2016). The cell lines

used in these studies harbored mutations at p.R306C (Cheung
et al., 2011; Chin et al., 2016), p.L386R (Marchetto et al.,
2010), and p.T158M (Cheung et al., 2011), and deletions at
p.G16Efs∗22, g.61340_67032delinsAGTTGTGCCAC (p.?) and
g.67072_67200del (p.?) (Djuric et al., 2015). Consistent with
post-mortem and animal studies, all RTT iPSC cell lines have

Frontiers in Neuroscience | www.frontiersin.org 4 August 2021 | Volume 15 | Article 69881220

http://BioRender.com
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-698812 August 19, 2021 Time: 16:36 # 5

Haase et al. Pre-clinical Investigation of Rett Syndrome

shown a significant decrease in cell soma size, with a 14.31-
fold ± 4.38% decrease (Marchetto et al., 2010) and a 20–
25% reduction (Chin et al., 2016) compared to controls. Post-
mortem and mature murine neurons show fewer synapses and
reduced dendritic branching (Belichenko et al., 2009; Marchetto
et al., 2010; Baj et al., 2014), which has been corroborated by
recent RTT-iPSC differentiated neuron studies in both female
(Chapleau et al., 2009) and male (Yoo et al., 2017) cell lines.
Both RTT-iPSC-derived neurons from a female cell line with a
point mutation (p.∗487Trpext∗27) and a female cell line with
a frameshift mutation that results in a truncated transcript
(p.V247∗) showed significantly reduced dendritic branching.
Interestingly, a reduction in expression of the tumor suppressor
protein p53 was also observed (Ohashi et al., 2018). p53 is
known for its involvement in cellular senescence and activates
downstream pathways of DNA repair and apoptosis. Ohashi et al.
(2018) found that upon inhibition of p53, dendritic branching
in RTT-iPSC neurons was restored, suggesting a role for p53
in dendritic branching. This finding is consistent with previous
murine studies, where induced p53 expression led to defective
dendritic branching in RTT (Ferrón et al., 2009).

Interestingly, neuronal morphological traits have been
inconsistent amongst RTT iPSC studies. For instance, two
male cell lines harboring mutations at p.Q83∗ and p.N126I
showed no difference in NPC morphology compared to their
respective paternal control (Kim et al., 2011). In contrast,
another study reported that the average neurite length was
significantly higher in controls than in mutants (Yoo et al., 2017).
It was also suggested that there might be a link between the
neuronal cell adhesion molecule L1 and MeCP2 activity (Muotri
et al., 2010; Yoo et al., 2017). L1 plays crucial roles in multiple
cellular functions, including neuronal migration, adhesion,
differentiation and survival, as well as neurite outgrowth, axonal
targeting, myelination, synapse formation and synaptic plasticity
(Yoo et al., 2017) and thus may be a therapeutic target for
RTT. Indeed, upon measuring L1 protein expression, a 2.6-fold
decrease in expression was observed in RTT-NPCs compared
to wild type-NPCs. Phenotypic rescue was observed when cells
were transfected with an L1 plasmid construct, suggesting that
L1 may be a key driver in cortical development (Yoo et al.,
2017). Reduced maturation was also found in RTT-iPSC-derived
neurons, this was shown by decreased expression of the mature
neuronal markers Tuj (βIII tubulin) (Kim et al., 2011) and MAP2
(Ohashi et al., 2018) in RTT-iPSC neurons compared to controls.

Modeling the Synaptic and Electrophysiological
Phenotype of RTT Cells
Rett syndrome is known to be a disorder of neuronal plasticity
(Dani et al., 2005; Zhang et al., 2008; Maliszewska-Cyna
et al., 2010) where aberrant expression of receptors and
neurotransmitters suggest that MeCP2 is required to maintain
synaptic excitation and inhibition that are fundamental to normal
circuitry function (Blackman et al., 2012). This is supported by
evidence that RTT patients display elevated glutamate levels and
reduced GABA levels (Livide et al., 2015).

Synaptic function has been measured in neurons derived
from RTT-iPSCs harboring different mutations. Comparison of

the excitatory synapse number between RTT neurons (p.R306C,
p.L386Rfs∗, p.Q244X, p.T158M) and control iPSC-derived
neurons has demonstrated a significant reduction in synapse
number (measured according to VGLUT1 puncta), pointing to
glutamate transport defects in RTT iPSC differentiated neurons
(Marchetto et al., 2010). These electrophysiological defects have
been validated in neurons from iPSCs with different mutations
by Chin et al. (2016) and Djuric et al. (2015). Despite the
use of different measurement techniques, synaptic transmission
in female iPSC-derived neurons (p.R306C and p.L386Rfs)
(Chin et al., 2016) and g.61340_ 67032delinsAGTTGTGCCAC
(p.?) and g.67072_67200del (p.?) (Djuric et al., 2015) has
shown significantly lower postsynaptic frequency in RTT-iPSCs
compared to the controls, supporting a MECP2-dependent
synaptic dysfunction phenotype.

Delayed GABA functional switching from excitatory to
inhibitory, mediated by the membrane potassium chloride co-
transporter KCC2, has been demonstrated in male RTT-iPSCs
(p.Q83∗) (Tang et al., 2016). In addition, RNA-seq profiling
revealed a disruption of GABAergic circuits in RTT-iPSC-
derived neurons harboring the p.T158M and p.R306C mutations
(Landucci et al., 2018). Functional RTT studies using whole-
cell patch clamping revealed reduced spontaneous GABAergic
currents and amplitude as well as hyper-excitability in the RTT-
iPSC neurons, which is in line with previous mouse model studies
(Marchetto et al., 2010; Chin et al., 2016).

Synaptic function and plasticity have been studied in RTT
derived iPSCs and controls using several methods including
electrophysiology, gene expression and imaging. However, each
method has its own challenges. Whole cell electrophysiological
recordings provide high temporal and spatial localization,
but the restriction of measurements to individual neuronal
cells limits its efficacy in understanding complex network
interactions (Glasgow et al., 2019). On the other hand,
techniques including immunohistochemistry or transcriptomic
analysis provide high neuroanatomical specificity and can
allow for quantitative comparison, although they exhibit low
temporal acuity. It is known that synaptic transmission is
a complex phenomenon, but recent developments of more
accurate techniques to measure plasticity, such as the use of
optical tools alongside classical electrophysiological techniques,
are providing new insights into the traditional interpretation
of synaptic function. Moving forward, multiple experimental
techniques should be used, when possible, to evaluate all possible
sites of action.

Modeling Therapeutic Targets in RTT Cells
Currently, there are two major targets for therapy for RTT
syndrome: therapeutic targets downstream of MeCP2 and
gene therapy strategies. The iPSC model provides unique
opportunities both for gene therapy and for drug screening,
where variant-specific biochemical activities can be used as
readouts of drug action. Given the reversibility of the RTT
phenotype in mice (Guy et al., 2007), the possibility of rescuing
the phenotype in vitro by treatment with candidate drugs has
been an obvious area of exploration (Marchetto et al., 2010).
The read-through drug gentamicin has been tested on iPSCs
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harboring the nonsense p.Q244∗ mutation to determine whether
a read-through of the premature stop codon could be elicited
(Marchetto et al., 2010). Treatment with gentamicin resulted
in increased MeCP2 protein levels and a concomitant number
of glutamatergic synapses in iPSC-derived neurons in culture
(Marchetto et al., 2010).

A deficiency in the expression of potassium chloride
cotransporter 2 (KCC2) in RTT iPSC-derived neurons has been
demonstrated to result in a delayed GABA functional switch
from excitation to inhibition (Tang et al., 2016). MeCP2 regulates
KCC2 through REST, hence controlling GABA functions in
neurons. Recent studies have shown that inhibiting NKCC1
(chloride transporter with opposite functions to KCC2) can be
used to treat autism and fragile X syndrome (Tang et al., 2016).
Given the critical role of IGF1 in neurodevelopment and its
capacity to rescue glutamatergic deficits, the effects of insulin
like growth factor (IGF1) were tested in neuronally differentiated
RTT-iPSCs. Although MeCP2 expression did not change, KCC2
was increased significantly, suggesting that IGF1 may upregulate
KCC2 independently of MeCP2 activity (Tang et al., 2016). The
effects of IGF1 treatment have been investigated by another
group (de Souza et al., 2017) in RTT (p.Q83∗) and control iPSCs
(HUES6) by measuring the global gene expression profiles of
RTT-iPSCs and control lines at different stages of differentiation.
This in vitro study showed that the thyroid hormone receptor
alpha 3 gene (TRalpha3), which encodes a hormone receptor
critical for brain development, displayed a different expression
profile in the mutant cells. It was demonstrated that treatment
with IGF1, mediated by TRalpha3, was able to enhance neurite
growth in MeCP2-deficient cells, suggesting IGF1 as a treatment
option (de Souza et al., 2017, 2019).

Motor and cognitive impairments in RTT mouse models may
be related to abnormalities in the cholinergic system (Nag and
Berger-Sweeney, 2007) and thus RTT-iPSC-derived neurons have
been used to test whether choline could rescue RTT-associated
defects. From these studies, choline supplementation was shown
to alleviate the synaptic defects in RTT-iPSC-derived neurons in
culture (Chin et al., 2016). The action of histone deacetylase 6
(HDAC6) inhibitors has also been tested in RTT-iPSCs. HDAC6
is a cytoplasmic microtubule-associated deacetylase that catalyzes
the deacetylation of alpha-tubulin. Disruptions in acetylated
α-tubulin and over-expression of HDAC6 have been reported in
murine models and RTT fibroblasts (Gold et al., 2015). Recently,
the administration of multiple HDAC6 inhibitors (for instance,
ACY-1215) was shown to induce a marked increase in acetylated
α-tubulin in RTT iPSC-derived neurons (Landucci et al., 2018).

These studies demonstrate the capability of iPSC models to
recapitulate the molecular abnormalities of RTT and the utility
of HDAC6 inhibitors for RTT therapy.

The development of therapeutic strategies like the ones listed
in this review (Table 2) needs to take into account the cell type,
time of dosing and target; iPSCs demonstrate to be a useful tool to
do preliminary studies on treatment strategies. In addition, other
therapeutic targets currently being tested include: BRD4 targeting
(Xiang et al., 2020); reactivation of the inactive X chromosome
[Reviewed in Good et al. (2021)]; and other histone deacetylase
inhibitors (including HDAC3) (Nott et al., 2016).

Modeling RTT Glial Cells
Glia cells, including astrocytes and microglia, play a critical
role in mediating dendritic growth, synapse formation, synaptic
function and immune responses in the neuropathology of RTT
(Lioy et al., 2011). Despite being expressed at lower levels
in astrocytes than in neuronal cells, MeCP2 is critical for
astrocyte differentiation and function where MeCP2-deficient
astrocytes have abnormal BDNF regulation, cytokine production,
and neuronal dendritic formation and maturation (Maezawa
et al., 2009). Several RTT studies have demonstrated that
astrocytes negatively impact neurons in a non-cell autonomous
manner (Ballas et al., 2009; Maezawa et al., 2009; Lioy et al.,
2011), revealing distinct roles for astrocytes and neurons in
disease progression, where mutant neurons primarily initiate
the disease state and mutant astrocytes influence disease
progression. Early in vitro studies demonstrated that co-
cultured mutant mouse astrocytes, and the supplementation of
mutant astrocyte conditioned medium, failed to support normal
dendritic morphology of wild type and mutant hippocampal
neurons (Ballas et al., 2009). Further in vivo studies show
that re-expression of MeCP2 in astrocytes reverted RTT-specific
phenotypic behaviors. Re-expression also restored aberrant
dendritic morphology and increased the levels of the excitatory
glutamate transporter VGLUT1 in a non-cell autonomous
manner (Lioy et al., 2011).

More recently, RTT patient-derived iPSCs have been
successfully differentiated into glial cells including astrocytes and
microglia in three different patient cell lines (p.V247∗, p.R294∗,
and p.R306C) (Williams et al., 2014). To understand whether
human MeCP2-deficient astrocytes have a non-cell-autonomous
effect on mouse neurons, RTT patient iPSC-derived astrocytes
differentiated from late-phase isogenic astroglia progenitors
were co-cultured with either wild type or mutant murine P0
primary hippocampal neurons. In agreement with previous

TABLE 2 | Summary of therapeutic targets and outcomes.

Study Therapeutic targets Outcome

Marchetto et al., 2010 Gentamicin Increased levels of MeCP2 and increased number of glutamatergic synapsis in neuron cultures.

de Souza et al., 2017 IGF1 Showed possible link between IGF1/IGF1R and TRalpha3, overexpression of IGF1R caused neurite
improvement and RTT derived neurons

Tang et al., 2016 KCC2 Restoration of KCC2 levels rescues GABA functional deficits in RTT neurons

Chin et al., 2016 Choline Choline supplementation was shown to alleviate the synaptic defects in RTT-iPSC-derived neurons in culture

Landucci et al., 2018 HDAC6 inhibitor Increase in acetylated α-tubulin in RTT derived neurons, improving synaptic function.
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studies, the mutant astrocytes adversely affected the morphology
and function of the murine neurons in a non-cell-autonomous
manner (Williams et al., 2014). Neuronal deficits caused by
mutant RTT astrocytes were partially rescued by introduction of
insulin-like growth factor 1 (IGF-1) and its truncated derivative
glycine-proline-glutamate (GPE) (Williams et al., 2014). Short-
term treatment with IGF-1 or GPE in co-culture combinations
of mutant and wild type interneuron/astrocyte demonstrated
an indirect effect of IGF-1 treatment on neurons with a direct
impact on astrocytes (Williams et al., 2014).

Induced pluripotent stem cell studies generated from
female monozygotic twins harboring a frameshift mutation
(p.G269Afs∗) in MECP2 revealed abnormal growth patterns and
gene expression in differentiated mutant astrocyte cells compared
to their isogenic controls. In particular, the glial marker GFAP
(glial fibrillary acidic protein) was shown to be dysregulated in
MeCP2-deficient neural cells, suggesting that abnormal astrocytic
differentiation is involved in the pathogenesis of disease and a
likely therapeutic target for RTT (Andoh-Noda et al., 2015).

Astrocytes have also been generated from male RTT-
iPSC lines harboring loss of function mutations (p.Q83∗,
p.N126I). In comparison to iPSC lines from unaffected
fathers (WT83, WT126), mutant lines showed significantly
reduced levels of expression of astrocytic markers (Kim et al.,
2019), suggesting that RTT-NPCs can differentiate into GFAP-
positive glia, albeit at a reduced capacity. In this study,
proteomic analyses of molecular pathways identified abnormal
upregulation of LIN28, a driver of neural differentiation
essential for cell-fate regulation and developmental timing in
MECP2 mutant-expressing NPCs compared to controls. From
these studies, LIN28 expression was found to be inversely
correlated with GFAP-positive glia generation, indicating that
high LIN28 expression in mutant NPCs hampers astrocytic
differentiation by reducing neuronal synapse density (Kim
et al., 2019). Knockdown of LIN28 allowed for a partial
reversal of synaptic deficiencies in MECP2 mutant lines
(Kim et al., 2019).

It has been shown that restoration of MeCP2 in neurons
alone was not able to recover the phenotype in mouse brains,
suggesting the involvement of other CNS cell types such as glia
(Alvarez-Saavedra et al., 2007). The above-mentioned studies
have successfully used iPSC-derived astrocytes and microglia to
investigate the effects of these cell types in RTT pathophysiology,
but the exploration of potential therapeutic candidates targeting
glia remains largely unexplored and continued investigation is
needed to understand the involvement of glia in RTT.

Modeling the Impact of X-Chromosome
Inactivation
X-chromosome inactivation (XCI) is a phenomenon of female
(XX) somatic cells, where one X chromosome undergoes
inactivation in a stochastic manner such that genes of only one
X-chromosome are expressed in each cell, thus balancing the
dosage of X-linked genes with the male (XY) cells. This is critical
to RTT as MECP2 is located on the X chromosome and subjected
to random silencing that can result in mosaic expression of

MECP2 with some cells expressing the mutant MECP2 allele and
others the wild type allele.

Female iPSCs have been shown to retain the inactive
X-chromosome (Tchieu et al., 2010), in contrast to murine
pluripotent stem cells, which can express both X-chromosomes
(Maherali et al., 2007). However, it has been demonstrated that
despite the X chromosome status at the iPSC stage, iPSCs that
have two active X chromosomes will inactivate an X chromosome
upon neuronal differentiation (Marchetto et al., 2010), thus
regaining the XCI status found in somatic cells.

The activation status of the X chromosome is critical when
using iPSCs as cellular models for RTT research and thus
warrants careful investigation. The XCI status has been studied in
RTT iPSCs by several groups (Marchetto et al., 2010; Amenduni
et al., 2011; Ananiev et al., 2011; Cheung et al., 2011; Kim et al.,
2011; Pomp et al., 2011). Interestingly, the XCI status of the
different lines and clones has been inconsistent (Table 1). Some
groups observed clones that reactivate the previously inactive X
chromosome and in some cases up to 95% of the cells in the
line (Marchetto et al., 2010). In contrast, a number of groups
observed retention of the inactive X chromosome (Amenduni
et al., 2011; Ananiev et al., 2011; Cheung et al., 2011; Pomp et al.,
2011), reactivation of the inactive X (Marchetto et al., 2010) or
combinations of both (Kim et al., 2011). These findings suggest
that during reprogramming, some clones may erase the memory
of the XCI status. This erosion of the inactive X chromosome
characterized by loss of XIST coating or DNA methylation, has
been observed in many X-linked iPSC studies (Luo et al., 2014;
Geens et al., 2016; Vallot et al., 2017). Although this phenomenon
is not completely understood, it is speculated to be an artifact of
culture conditions. Derivation and cell culture conditions have
been shown to have a significant impact on the XCI status,
and include oxygen percentage and supplementation with small
molecules like sodium butyrate and 3-deazaneplanocin A or
antioxidants (Lengner et al., 2010). Obviously, the use of male
iPSC would avoid the issue of XCI, however, as most Rett patients
are female, this is not relevant for most cell lines. Clearly the
optimization of culture methods is warranted in order to obtain
the natural XCI state of the iPSC line.

There is much speculation regarding the cause of the
differences in the XCI status of these iPSC cell lines. XCI status
may be influenced by physiological stress, as in hESCs where
changes in CO2 levels result in the expression of both alleles
of the X-linked gene (Lengner et al., 2010). However, iPSCs
can maintain their XCI status through many culture passages
and freeze-thaw events (Kim et al., 2011). Despite the origin
of each cell line, the culturing conditions of the lines and
the reprogramming methods used have been broadly similar,
although subtle variations in reprogramming protocols cannot
be completely ruled out. Indeed, while similar programming
methods were used to generate the iPSCs (Ananiev et al., 2011;
Cheung et al., 2011; Kim et al., 2011; Pomp et al., 2011),
reactivation of the previously inactive X indicates that the stability
of the XCI status is not always assured and other unknown factors
may be at play. Thus, the programming methods may affect the
XCI status of the iPSCs and should be carefully considered when
using these cell lines. Regular assessment of the XCI status, in
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particular the skewed pattern, should be undertaken during the
differentiation process to validate the XCI status of the cell line.

As observed in RTT patients, skewed XCI has also been
reported in neuronally differentiated iPSCs (p.R294∗, p.T158M,
and p.V247∗) (Ananiev et al., 2011). A drastic skewing was
found in iPSC-derived neurons harboring a p.L386Rfs∗ mutation
(6:4 to 98:2), despite the originating fibroblasts showing equal
expression of both alleles (55:45) (Marchetto et al., 2010).
Extreme XCI skewing was also found in the 13–4 iPSC (96:4 to
99:1), p.T158M iPSC (91:9 to 99:1) and p.R306C iPSC (84:16 to
81:19) lines, with the originating fibroblasts exhibiting a balanced
pattern of XCI. In addition, some clones from the 13–4 iPSC
line were skewed toward the same parental X chromosome,
and others toward the other parental X chromosome, whereas
the skewed pattern in the p.T158M and p.R306C lines retained
the inactive parental chromosome. This demonstrates that
inactivation of the X chromosome in iPSCs derived from the
fibroblasts of these patients seems to be non-random. Despite
this, the XCI pattern of MECP2 is retained during neuronal
differentiation, allowing the generation of isogenic controls
(expressing wild type MECP2) and experimental iPSC lines
(expressing mutant MECP2). Recommendations to ensure that
the iPSCs and derived cells retain the XCI status of the parental
patient cell lines, whether they originate from fibroblasts, urine
or blood, require validation by mRNA expression of which X
chromosome is being expressed, and selection of iPSC clones
that only express the same X chromosome and skewing as the
parental line.

MODELING RTT USING BRAIN
ORGANOIDS

Despite their simplicity and utility, 2D cell cultures do not
completely recapitulate the complex functional interaction
between different cell types and the 3D dimensional architecture
of neural tissue in the brain. Capitalizing on the capacity
of iPSC-derived neural cells to differentiate in response to
mechanical and chemical stimuli, and the ability of stem-
cell derivatives to self-organize into organotypic structures that
resemble the brain, enables the production of 3D organoids
in vitro. The discovery that neural rosettes (neural progenitors)
can be generated from embryonic stem cells has powered
the development of cerebral organoids (Lancaster et al., 2013;
Lancaster and Knoblich, 2014). Subsequent culture methods
facilitated “self-patterning” of cells (Lancaster et al., 2013) and
“direct patterning” toward defined brain regions such as the
cortex, forebrain (Qian et al., 2016) and midbrain (Paşca, 2019).
Single-cell RNA-sequencing analysis has shown that whole-brain
organoids generated by “self-patterning” display a high degree of
variability and low reproducibility of cell types in comparison
to “direct patterning” (Velasco et al., 2019). Direct patterning
protocols use morphogenetic factors and inhibitors to drive the
patterning of specific brain regions to allow complex assembly of
different brain regions (the assembloid) as well as the inclusion
of other cell types such as microglia, endothelial cells and even
brain blood barrier-like structures. Brain organoid models have

facilitated investigations into the intricate cellular interaction
during neurodevelopment and the disease process, providing
a human-like model for screening therapeutics and preclinical
testing of potential therapies. Different human brain organoid
culturing methods have been reviewed in more detail elsewhere
(Wang, 2018).

Two recent studies using RTT patient iPSC-derived brain
organoids have characterized the morphology and synaptic
function of mutant neurons (Trujillo et al., 2018) and the
dysregulation of signaling pathways (Mellios et al., 2018). Despite
differences between the two methods, their impacts on the field
have been significant. Trujillo et al. (2018) developed cortical
brain organoids by culturing male patient-derived iPSCs (p.Q83∗

and p.N126I) and the paternal controls in the presence of dual
SMAD inhibition and Y-27 (ROCK inhibitor) in a spinning
orbital shaker. To enhance the growth of the organoids and
initiate neuroepithelium differentiation, the culture was initially
supplemented with fibroblast growth factor (FGF), epidermal
growth factor (EGF) and then BDNF, GDNF, NT-3, L-ascorbic
acid, and dibutyryl cAMP. Organoids were then matured in
an orbital shaker for 10 months (Trujillo et al., 2018). In
contrast, Mellios et al. (2018) generated spheroids from two
female RTT patient cell lines carrying a missense mutation
(p.R106W) and a frameshift deletion (p.E235fs), respectively, and
the corresponding isogenic controls, and two wild type control
lines (male GM08330 and female GM23279). Spheroids were
made by generating embryo bodies in ultra-low attachment well
plates with neural induction media, using iPSCs previously grown
on mouse embryonic cells (MEFs). Spheroid differentiation
occurred in B-27 supplemented media followed by dual SMAD
inhibition (SB-431542 and LDN-193189) at the induction phase.
The spheroids were embedded in Matrigel for maturation in a
bioreactor for 5 weeks (Mellios et al., 2018).

Mellios et al. (2018) explored the role of miRNAs in
neurogenesis by electroporating the organoids with a MeCP2
short hairpin RNA (shRNA) construct. Novel MeCP2-regulated
miRNAs were identified, such as miR-199 and miR-214 that can
differentially regulate the extracellular signal-regulated kinase
(EKR/MAPK) and protein kinase B (PKB/AKT) signaling
pathways. By inhibiting miR-199 and miR-214 expression at
the neural progenitor stage, AKT and ERK activation was
restored, leading to amelioration of the RTT-like phenotype
(Mellios et al., 2018). Trujillo et al. (2018) used the organoid
models to investigate the electrophysiological activity of RTT
neurons. To deduce whether the organoids could recapitulate the
synaptic function of the human brain, synaptic maturation was
measured using microelectrode arrays (MEAs) and compared
to electroencephalogram data of preterm infants by machine
learning. Neurons in the MECP2-deficient organoids showed
significant reductions in cell size, neural protrusions, spine-like
density and synaptic puncta. In addition, reduced neural activity
indicated an absence of network oscillations, which was not
found in the isogenic controls at the same age in vitro. Not only
were significant differences in neuronal morphology and function
observed between RTT and wild type organoids, but this work
also provides a cortical organoid model that recapitulates the
synaptic function of the in vivo prenatal brain, the incremental
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emergence of glial cells, and the formation of inhibitory neurons
by 6 months in culture (Trujillo et al., 2018). As RTT post-
mortem brain tissue is not easily accessible, 3D organoid models
provide an exciting avenue to explore disease mechanisms and
potential therapies.

Human brain organoids offer the opportunity to better
understand neural circuits, enabling elucidation of the
mechanisms that underlie the properties of human circuits.
However, despite considerable progress in the field, there has
been little evidence to demonstrate the establishment of reliable
cortical circuits. One of the obvious obstacles is that brain
organoids lack critical cell types of the human cortex, including
endothelial cells, and microglia and oligodendrocytes. Recently,
efforts have been made to implement vascular structure in
human brain organoids by adjusting cultivation protocols,
introducing microfluidic devices, and transplanting organoids
into immunodeficient mice (Cakir et al., 2019; Shi et al., 2020).
Another confounding factor is that even though organoids show
some structural features of cortical layering and ventricular
zones, more complex levels of cortical organization such as
gyrification, radial glial scaffolds and neuronal connections are
still to be established. Finally, an overriding issue regarding brain
organoids as a model is their relative immaturity. Whether more
complex structures can be developed that possess improved
organization and model later stages of development, remains to
be seen.

Limitations of the Brain Organoid Model
One caveat in the utility of iPSCs is related to their variability
in lineage propensity and this has a confounding effect on the
consistency and reproducibility of the cellular composition of
the organoid. iPSC derivation and differentiation is a multi-step
processes and experimental procedure variations can produce
different outcomes (Popp et al., 2018). Often, the impact of
variation can overpower any biological differences, especially
where sample sizes are small (Ghaffari et al., 2018). Studies have
also confirmed that the individual donor’s genetic background
and differences in differentiation protocols might significantly
influence the methylation landscape, affecting pluripotency
between iPSCs from different donors (de Boni et al., 2018).
Analysis has shown that induction and differentiation can also
introduce variation themselves (Schwartzentruber et al., 2018).
Hence, measures need to be put in place to minimize variation
while differentiating iPSCs, such as consistencies in passage
number and differentiation protocols, including culture media
and matrices.

Another known and reported limitation is the inadequate
functionality of the tissue in the organoid such as the lack of
vascularization. Vascularization supports efficient transport of
oxygen and nutrients to the core of the brain organoids, which
are critical for proper growth and differentiation, because non-
vascularized organoids often display tissue necrosis. An appealing
approach is the xenograft transplantation of brain organoids into
mice, allowing the murine blood vessels to transport oxygen and
nutrients to support the growth of the transplanted organoids
(Mansour et al., 2018). Concurrently a variety of in vitro models
for vascularization are also being devised including endothelial

cells cultured on microfluidic channels made with degradable
materials to resemble the blood vessels in tissues (Bhatia and
Ingber, 2014; van Duinen et al., 2015).

The most critical limitation is related to the ability to mimic
the normal development trajectory of the human brain. iPSC-
derived patient neurons and brain organoids are imperfect in
that they are highly heterogenous, only replicate a specific
brain region, and are not connected to the peripheral nervous
system, amongst other shortcomings. Directed patterned and
self-patterned models have been developed to replicate the
anatomically relevant spatial organization found in vivo. A single
cell RNA sequencing study has shown that directed patterned
organoids have a higher rate of reproducibility over self-patterned
whole brain organoids (Velasco et al., 2019). However, the former
approach only allows for specific regions of the brain to be
generated including cerebral cortex, hippocampus (Sakaguchi
et al., 2015) midbrain (Jo et al., 2016; Qian et al., 2016) forebrain
(Velasco et al., 2019) and cerebellum (Muguruma et al., 2015)
with no studies yet having combined these regions, nor has the
establishment of functional neuronal connectivity or neuron-glia
interactions been demonstrated.

CHALLENGES AND FUTURE
DIRECTIONS

Currently, brain organoids do not reproduce the requisite
tissue complexity of the human brain, and models have
yet to recapitulate the developmental stages of the brain of
a young child for studying the postnatal manifestation of
neurodevelopmental disorders. RTT patients develop normally
from 6 to 18 months after birth, which is followed by a
developmental trajectory regression where they lose their ability
to control their hand movements, they stop walking and
talking, and they develop phenotypes such as microcephaly,
seizures, autism, prolonged QT intervals, and breathing problems
including apneas. Symptoms range in severity with limited
phenotype-genotype correlations. The expression of MECP2
is tightly regulated both temporally during development and
spatially throughout the brain. AsMECP2 is an X-linked disorder,
it is subjected to X-chromosome inactivation, resulting in the
skewing of either the wildtype or mutant allele. All these
unusual characteristics make it very challenging to study the
pathophysiology of disease in in vitro cellular expression systems
and in mouse models as they do not completely recapitulate the
disease that is observed in human subjects.

Rett syndrome patient iPSC-derived neurons and brain
organoids are effective models to address several specific
phenotypes such as synaptic dysfunction, glutamatergic neuron
morphology, electrophysiological and synaptic dysfunction,
GABA-ergic dysregulation, non-cell autonomous effects of
astrocytes, transcriptional dysregulation, neurogenesis, and
miRNA target sites. In addition to this, therapeutic molecules
have also been tested, broadening our understanding of iPSC-
derived models as well as the pathophysiology of RTT. However,
one of the critical questions in the field is how developmental
delay and regression can be interrogated using these models,
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and whether they can inform us about how to reverse RTT in
humans. The contributions by Guy et al. (2007), demonstrating
phenotypic reversal in mice, provided much hope to the RTT
community that the disorder was indeed reversable, albeit in
murine models. 3D brain organoids that more closely resemble
the human brain than the widely used mouse models, may be
able to address this question. Cortical organoid studies have
recapitulated the features of cortical development including
temporal neurogenesis and functional cortical neurons, as well as
the appearance of spontaneous glial cell populations (Kadoshima
et al., 2013; Qian et al., 2016; Paşca, 2019; Xiang et al.,
2020). Further, forebrain organoid development has allowed
for the modeling of tangential migration of interneurons into
the cortex by fusing dorsal forebrain organoids with ventral
forebrain organoids (Kim et al., 2019; Xiang et al., 2020),
which has enabled the study of human-specific features of brain
development. Studies such as these that address the development
of the brain in RTT-iPSC-derived neurons and organoids,
together with the refinement of brain organoid technologies, will
overcome the existing shortcomings and provide more insight
into the developmental delay associated with MeCP2 deficiency.
The organoid model has untapped potential for developing
personalized therapeutic strategies for RTT and other monogenic
neurodevelopmental disorders.

Both the cellular model and the organoid model have their
specific utility and limitations. There may be no ideal models,
but rather appropriate models that fulfill the requirements of
the research question. This review outlines the major phenotypes
that have been modeled in RTT-iPSC-derived cells and organoids
and their application for drug screening. Impending optimization
in modeling technology will enable the creation of high-fidelity
disease models for the human brain, which in addition to
modeling pediatric neurodevelopmental disorders, will allow

the characterization of normal and abnormal neurogenic
differentiation and tracking of the disease trajectory through pre
and postnatal development.
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Paşca, S. P. (2019). Assembling human brain organoids. Science 363, 126–127.
doi: 10.1126/science.aau5729

Pomp, O., Dreesen, O., Leong, D. F., Meller-Pomp, O., Tan, T. T., Zhou,
F., et al. (2011). Unexpected X chromosome skewing during culture
and reprogramming of human somatic cells can be alleviated by
exogenous telomerase. Cell Stem Cell 9, 156–165. doi: 10.1016/j.stem.2011.
06.004

Popp, B., Krumbiegel, M., Grosch, J., Sommer, A., Uebe, S., Kohl, Z., et al. (2018).
Need for high-resolution genetic analysis in iPSC: results and lessons from the
ForIPS consortium. Sci. Rep. 8:17201.

Qian, X., Nguyen, H. N., Song, M. M., Hadiono, C., Ogden, S. C., Hammack,
C., et al. (2016). Brain-region-specific organoids using mini-bioreactors for
modeling ZIKV exposure. Cell 165, 1238–1254. doi: 10.1016/j.cell.2016.
04.032

Sakaguchi, H., Kadoshima, T., Soen, M., Narii, N., Ishida, Y., Ohgushi, M., et al.
(2015). Generation of functional hippocampal neurons from self-organizing
human embryonic stem cell-derived dorsomedial telencephalic tissue. Nat.
Commun. 6:8896.

Samaco, R. C., Mandel-Brehm, C., Chao, H. T., Ward, C. S., Fyffe-Maricich,
S. L., Ren, J., et al. (2009). Loss of MeCP2 in aminergic neurons causes
cell-autonomous defects in neurotransmitter synthesis and specific behavioral
abnormalities. Proc. Natl. Acad. Sci. U.S.A. 106, 21966–21971. doi: 10.1073/
pnas.0912257106

Schwartzentruber, J., Foskolou, S., Kilpinen, H., Rodrigues, J., Alasoo, K., Knights,
A. J., et al. (2018). Molecular and functional variation in iPSC-derived sensory
neurons. Nat. Genet. 50, 54–61.

Shi, Y., Sun, L., Wang, M., Liu, J., Zhong, S., Li, R., et al. (2020). Vascularized human
cortical organoids (vOrganoids) model cortical development in vivo. PLoS Biol.
18:e3000705.

Sinnett, S. E., Hector, R. D., Gadalla, K. K. E., Heindel, C., Chen, D., Zaric, V., et al.
(2017). Improved MECP2 gene therapy extends the survival of MeCP2-Null
mice without apparent toxicity after intracisternal delivery. Mol. Ther. Methods
Clin. Dev. 5, 106–115. doi: 10.1016/j.omtm.2017.04.006

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126,
663–676. doi: 10.1016/j.cell.2006.07.024

Tang, X., Kim, J., Zhou, L., Wengert, E., Zhang, L., Wu, Z., et al. (2016). KCC2
rescues functional deficits in human neurons derived from patients with Rett
syndrome. Proc. Natl. Acad. Sci. U.S.A. 113, 751–756. doi: 10.1073/pnas.
1524013113

Tchieu, J., Kuoy, E., Chin, M. H., Trinh, H., Patterson, M., Sherman, S. P., et al.
(2010). Female human iPSCs retain an inactive X chromosome. Cell Stem Cell
7, 329–342. doi: 10.1016/j.stem.2010.06.024

Tillotson, R., and Bird, A. (2020). The molecular basis of MeCP2 function in the
brain. J. Mol. Biol. 432, 1602–1623. doi: 10.1016/j.jmb.2019.10.004

Tillotson, R., Selfridge, J., Koerner, M. V., Gadalla, K. K. E., Guy, J.,
De Sousa, D., et al. (2017). Radically truncated MeCP2 rescues Rett
syndrome-like neurological defects. Nature 550, 398–401. doi: 10.1038/nature
24058

Trujillo, C., Gao, R., Negraes, P., Chaim, I., Domissy, A., Vandenberghe, M., et al.
(2018). Nested oscillatory dynamics in cortical organoids model early human
brain network development. BioRxiv doi: 10.1101/358622

van Duinen, V., Trietsch, S. J., Joore, J., Vulto, P., and Hankemeier, T. (2015).
Microfluidic 3D cell culture: from tools to tissue models. Curr. Opin. Biotechnol.
35, 118–126. doi: 10.1016/j.copbio.2015.05.002

Vallot, C., Patrat, C., Collier, A. J., Huret, C., Casanova, M., Liyakat Ali, T. M.,
et al. (2017). XACT noncoding RNA competes with XIST in the control of
X chromosome activity during human early development. Cell Stem Cell 20,
102–111.

Velasco, S., Kedaigle, A. J., Simmons, S. K., Nash, A., Rocha, M., Quadrato, G.,
et al. (2019). Individual brain organoids reproducibly form cell diversity of the
human cerebral cortex. Nature 570, 523–527. doi: 10.1038/s41586-019-1289-x

Volpato, V., and Webber, C. (2020). Addressing variability in iPSC-derived models
of human disease: guidelines to promote reproducibility. Dis. Models Mech.
13:dmm042317.

Frontiers in Neuroscience | www.frontiersin.org 12 August 2021 | Volume 15 | Article 69881228

https://doi.org/10.1038/ejhg.2014.81
https://doi.org/10.1523/jneurosci.0324-09.2009
https://doi.org/10.1016/j.stem.2007.05.014
https://doi.org/10.1016/j.stem.2007.05.014
https://doi.org/10.1016/j.neuroscience.2010.03.065
https://doi.org/10.1038/nbt.4127
https://doi.org/10.1016/j.cell.2010.10.016
https://doi.org/10.1016/j.cell.2010.10.016
https://doi.org/10.1007/s12265-009-9150-5
https://doi.org/10.1007/s12265-009-9150-5
https://doi.org/10.1016/j.tcb.2019.11.004
https://doi.org/10.1038/mp.2017.86
https://doi.org/10.1016/j.celrep.2014.12.051
https://doi.org/10.1016/j.celrep.2014.12.051
https://doi.org/10.1038/nature09544
https://doi.org/10.1016/j.nbd.2007.02.003
https://doi.org/10.1016/j.cub.2006.02.062
https://doi.org/10.1002/ana.22124
https://doi.org/10.1002/ana.22124
https://doi.org/10.1088/1748-605x/aaaf2b
https://doi.org/10.1088/1748-605x/aaaf2b
https://doi.org/10.1016/j.stemcr.2018.04.001
https://doi.org/10.1126/science.aau5729
https://doi.org/10.1016/j.stem.2011.06.004
https://doi.org/10.1016/j.stem.2011.06.004
https://doi.org/10.1016/j.cell.2016.04.032
https://doi.org/10.1016/j.cell.2016.04.032
https://doi.org/10.1073/pnas.0912257106
https://doi.org/10.1073/pnas.0912257106
https://doi.org/10.1016/j.omtm.2017.04.006
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1073/pnas.1524013113
https://doi.org/10.1073/pnas.1524013113
https://doi.org/10.1016/j.stem.2010.06.024
https://doi.org/10.1016/j.jmb.2019.10.004
https://doi.org/10.1038/nature24058
https://doi.org/10.1038/nature24058
https://doi.org/10.1101/358622
https://doi.org/10.1016/j.copbio.2015.05.002
https://doi.org/10.1038/s41586-019-1289-x
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-698812 August 19, 2021 Time: 16:36 # 13

Haase et al. Pre-clinical Investigation of Rett Syndrome

Wan, M., Lee, S. S. J., Zhang, X., Houwink-Manville, I., Song, H.-R., Amir, R. E.,
et al. (1999). Rett syndrome and beyond: recurrent spontaneous and familial
MECP2 mutations at CpG hotspots. Am. J. Hum. Genet. 65, 1520–1529. doi:
10.1086/302690

Wang, H. (2018). Modeling neurological diseases with human brain organoids.
Front. Synaptic Neurosci. 10:15. doi: 10.3389/fnsyn.2018.00015

Williams, E. C., Zhong, X., Mohamed, A., Li, R., Liu, Y., Dong, Q., et al. (2014).
Mutant astrocytes differentiated from Rett syndrome patients-specific iPSCs
have adverse effects on wild-type neurons. Hum. Mol. Genet. 23, 2968–2980.
doi: 10.1093/hmg/ddu008

Xiang, Y., Tanaka, Y., Patterson, B., Hwang, S.-M., Hysolli, E., Cakir, B., et al.
(2020). Dysregulation of BRD4 function underlies the functional abnormalities
of MeCP2 mutant neurons. Mol. Cell 79, 84–98.e89.

Xie, N., and Tang, B. (2016). The application of human iPSCs in
neurological diseases: from bench to bedside. Stem Cells Int. 2016:
6484713.

Yamanaka, S. (2012). Induced pluripotent stem cells: past, present, and future. Cell
Stem Cell 10, 678–684. doi: 10.1016/j.stem.2012.05.005

Yoo, M., Carromeu, C., Kwon, O., Muotri, A., and Schachner, M. (2017). The L1
adhesion molecule normalizes neuritogenesis in Rett syndrome-derived neural
precursor cells. Biochem. Biophys. Res. Commun. 494, 504–510. doi: 10.1016/j.
bbrc.2017.10.073

Zhang, L., He, J., Jugloff, D. G., and Eubanks, J. H. (2008). The MeCP2−null
mouse hippocampus displays altered basal inhibitory rhythms and is

prone to hyperexcitability. Hippocampus 18, 294–309. doi: 10.1002/hipo.
20389

Zhang, Z. N., Freitas, B. C., Qian, H., Lux, J., Acab, A., Trujillo, C. A., et al.
(2016). Layered hydrogels accelerate iPSC-derived neuronal maturation and
reveal migration defects caused by MeCP2 dysfunction. Proc. Natl. Acad. Sci.
U.S.A. 113, 3185–3190. doi: 10.1073/pnas.1521255113

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Haase, Coorey, Riley, Cantrill, Tam and Gold. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neuroscience | www.frontiersin.org 13 August 2021 | Volume 15 | Article 69881229

https://doi.org/10.1086/302690
https://doi.org/10.1086/302690
https://doi.org/10.3389/fnsyn.2018.00015
https://doi.org/10.1093/hmg/ddu008
https://doi.org/10.1016/j.stem.2012.05.005
https://doi.org/10.1016/j.bbrc.2017.10.073
https://doi.org/10.1016/j.bbrc.2017.10.073
https://doi.org/10.1002/hipo.20389
https://doi.org/10.1002/hipo.20389
https://doi.org/10.1073/pnas.1521255113
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-682054 September 9, 2021 Time: 12:39 # 1

ORIGINAL RESEARCH
published: 10 September 2021

doi: 10.3389/fnins.2021.682054

Edited by:
Xiaoyan Ke,

Nanjing Brain Hospital Affiliated to
Nanjing Medical University, China

Reviewed by:
Sofia Lizarraga,

University of South Carolina,
United States

Jessica L. MacDonald,
Syracuse University, United States

*Correspondence:
Qiang Li

liq@fudan.edu.cn
Xiu Xu

xuxiu@shmu.edu.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Neurodevelopment,
a section of the journal

Frontiers in Neuroscience

Received: 17 March 2021
Accepted: 11 August 2021

Published: 10 September 2021

Citation:
Liu C, Wang Y, Deng J, Lin J,

Hu C, Li Q and Xu X (2021) Social
Deficits and Repetitive Behaviors Are

Improved by Early Postnatal
Low-Dose VPA Intervention in a Novel

shank3-Deficient Zebrafish Model.
Front. Neurosci. 15:682054.

doi: 10.3389/fnins.2021.682054

Social Deficits and Repetitive
Behaviors Are Improved by Early
Postnatal Low-Dose VPA
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Mutations of the SHANK3 gene are found in some autism spectrum disorder (ASD)
patients, and animal models harboring SHANK3 mutations exhibit a variety of ASD-like
behaviors, presenting a unique opportunity to explore the underlying neuropathological
mechanisms and potential pharmacological treatments. The histone deacetylase
(HDAC) valproic acid (VPA) has demonstrated neuroprotective and neuroregenerative
properties, suggesting possible therapeutic utility for ASD. Therefore, SHANK3-
associated ASD-like symptoms present a convenient model to evaluate the potential
benefits, therapeutic window, and optimal dose of VPA. We constructed a novel shank3-
deficient (shank3ab−/−) zebrafish model through CRISPR/Cas9 editing and conducted
comprehensive morphological and neurobehavioral evaluations, including of core ASD-
like behaviors, as well as molecular analyses of synaptic proteins expression levels.
Furthermore, different VPA doses and treatment durations were examined for effects on
ASD-like phenotypes. Compared to wild types (WTs), shank3ab−/− zebrafish exhibited
greater developmental mortality, more frequent abnormal tail bending, pervasive
developmental delay, impaired social preference, repetitive swimming behaviors, and
generally reduced locomotor activity. The expression levels of synaptic proteins were
also dramatically reduced in shank3ab−/− zebrafish. These ASD-like behaviors were
attenuated by low-dose (5 µM) VPA administered from 4 to 8 days post-fertilization
(dpf), and the effects persisted to adulthood. In addition, the observed underexpression
of grm5, encoding glutamate metabotropic receptor 5, was significantly improved in
VPA-treated shank3ab−/− zebrafish. We report for the first time that low-dose VPA
administered after neural tube closure has lasting beneficial effects on the social deficits
and repetitive behavioral patterns in shank3-deficient ASD model zebrafish. These
findings provide a promising strategy for ASD clinical drug development.
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INTRODUCTION

Autism spectrum disorder (ASD) encompasses a group of
neurodevelopmental syndromes characterized by deficits in
social interaction and communication as well as repetitive
behaviors and restricted interests (American Psychiatric
Association, 2013). There is strong evidence for the involvement
of inherited genetic factors in ASD (accounting for at least 80%
of the variation in disease risk) (Jutla et al., 2019; Liu et al.,
2021). Furthermore, mutations in numerous genes encoding
synaptic proteins have been identified in patients with ASD
and intellectual disability (Verpelli and Sala, 2012; Lai et al.,
2014). According to a meta-analysis, monogenic mutations in
SHANK3, which encodes the major postsynaptic density (PSD)
scaffolding protein at excitatory glutamatergic synapses, are
found in approximately 0.69% of ASD cases and up to 2.12% of
all moderate to profound intellectual disability cases (Leblond
et al., 2014). De novo mutations, interstitial deletions, and
terminal deletions have been identified in ASD (Durand et al.,
2007; Moessner et al., 2007; Gauthier et al., 2009; Boccuto et al.,
2013; Leblond et al., 2014). Additionally, SHANK3 mutations
underlie Phelan–McDermid syndrome (PMS, also known
as 22q13.3 deletion syndrome), a rare autosomal dominant
neurodevelopmental disorder characterized by autistic-like
behaviors, absent to severely delayed speech, developmental
delay, and moderate to profound intellectual disability as well
as neonatal hypotonia and minor dysmorphic facial features
(Phelan et al., 1993; Wilson et al., 2003; Phelan, 2008; Bonaglia
et al., 2011; Phelan and McDermid, 2012). The genomic
rearrangements in PMS are diverse, ranging from simple 22q13
deletions (72%), ring chromosomes (14%), and unbalanced
translocations (7%) to interstitial deletions (9%), all leading to
SHANK3 haploinsufficiency (Bonaglia et al., 2011). Although the
severity of the developmental delay tends to vary with deletion
size (Sarasua et al., 2011; Zwanenburg et al., 2016), individuals
with the same size deletion may exhibit vastly different degrees
of disability (Dhar et al., 2010). Thus, SHANK3 deficits appear
to profoundly disrupt the neural circuitry required for social
behavior, communication, and cognition.

The SHANK3 gene (also known as ProSAP2, at 22q13.33)
is the best studied of the three SHANK family members,
which encoding an extensive number of mRNA and protein
isoforms via multiple intragenic promoters and alternative
splicing (Durand et al., 2007; Wang et al., 2014b). In the
brain, Shank3 mRNA is enriched in the cortex, thalamus,
striatum, hippocampus, dentate gyrus, and cerebellar granule
cells (Peca et al., 2011; Wang et al., 2016; Monteiro and Feng,
2017), suggesting important functions in synaptic plasticity
underlying cortical organization, sensory processing, behavioral
control, and cognition.

Owing to the strong genetic association between SHANK3
deficiency and ASD, many studies have focused on the
neurodevelopmental functions of this particular gene. Numerous
animal models of SHANK3 deficiency, including zebrafish,
Drosophila, rat, mouse, and monkey models, demonstrate ASD-
like behaviors, suggesting a causative role of SHANK3 deficiency
in ASD (Peca et al., 2011; Wang et al., 2016; Monteiro and

Feng, 2017). Wang et al. (2016) reported that homozygous
Shank3 knockout mice displayed core behavioral features of ASD
as well as impaired mGluR5–Homer association at the PSD,
resulting in corticostriatal circuit abnormalities that may underlie
learning deficits and ASD-like behaviors. In addition, monkey
models also displayed core ASD features including impaired
social interactions, repetitive behaviors, delayed vocalization,
and reduced brain network activities (Tu et al., 2019; Zhou
et al., 2019). The zebrafish genome harbors two homologs
of human SHANK3, shank3a, and shank3b. In our previous
studies, we generated the first shank3b loss-of-function mutation
in zebrafish and reported prominent ASD-like behaviors (Liu
et al., 2018). However, we did not examine the effects of
shank3a and shank3b double mutant combinations, which would
be more analogous to mammalian models harboring a single
SHANK3 mutation, or assess potential pharmacological strategies
to mitigate behavioral deficits.

Current treatment options for ASD are limited, especially
pharmacotherapies (Wang et al., 2014a; Penagarikano et al.,
2015). Evidence-based treatments for ASD children are restricted
mainly to educational practices, and intensive behavioral
interventions such as Treatment and Education of Autistic
and Related Communication-Handicapped Children (TEACCH)
and the Early Start Denver Model (ESDM) (Dawson et al.,
2010; Hyman et al., 2020). Outcomes of these behavioral
therapies vary markedly according to intervention intensity,
disease severity, and a variety of other factors (Sandbank et al.,
2020). Further, education and behavioral interventions do not
target the underlying neurobiological mechanisms (Wang et al.,
2014a; Weitlauf et al., 2014) and are costly both for educational
institutions and primary caregivers (Lord et al., 2018, 2020).
Similarly, current pharmacologic treatments address only the
associated symptoms or comorbidities, including agitation and
hyperactivity, rather than the core symptoms and underlying
causes (Fung et al., 2016; Lord et al., 2018, 2020; Muhle
et al., 2018). Risperidone and aripiprazole are approved by
the United States Food and Drug Administration (FDA) to
treat comorbidities common in ASD, including irritability, and
agitation (Lord et al., 2018, 2020), but similar to behavioral
interventions, these evidence-based pharmacologic treatments
lack sufficient biological support.

Based on available evidence, behavioral interventions should
be implemented as early and intensively as possible following
ASD diagnosis to improve the cognitive and adaptive outcomes
of preschoolers (Weitlauf et al., 2014; Muhle et al., 2018).
The preschool years are critical for acquiring language and
social skills, key areas of difficulty in ASD, as this period
coincides with the temporal window of enhanced plasticity in
relevant neural circuits (Franz and Dawson, 2019). Similar to
early intervention, pharmaceutical treatments appear effective
in animal models when administered early, and Muhle et al.
(2018) even suggested greater emphasis on early drug treatment
rather than strict adherence to the standard timeline of efficacy
based on studies in adults and adolescents. For instance, early
postnatal treatment improves social deficits in adult mice with
mutations in the ASD risk gene cntnap2 (Franz and Dawson,
2019). Pharmacological inhibitors of histone deacetylase (HDAC)
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have garnered interest as possible ASD therapeutics due to
demonstrated neuroprotective efficacy (Fischer et al., 2010).
The class I HDAC inhibitor valproic acid (VPA) was found to
reduce repetitive behaviors in a small randomized controlled trial
involving 13 ASD children (Hollander et al., 2006). In addition,
several studies have reported that VPA can attenuate irritability
in young ASD patients (Hellings et al., 2005; DeFilippis and
Wagner, 2016). Further, three daily VPA treatments transiently
restored social preference deficits in adult Shank3-deficient mice,
although the effect disappeared within a few days following
treatment (Qin et al., 2018). Therefore, the effects of VPA on
shank3 mutant models warrant further study.

Here we investigated the developmental characteristics of
shank3-deficient zebrafish, neurobehavioral features relevant to
ASD, and the effects of various VPA treatment regimens. We
speculated that VPA administration in the early postnatal period
would be more effective at reversing the core ASD-like deficits in
shank3-deficient zebrafish than juvenile or adult treatment.

MATERIALS AND METHODS

Zebrafish and Embryo Maintenance
Wild-type (WT) zebrafish of Tu strains were acquired from
Children’s Hospital of Fudan University. They were raised and
maintained under standard laboratory conditions at 28.5◦C
in “system water” under a 14 h light/10 h dark cycle
according to standard protocols (Kalueff et al., 2014; Evans
and Erickson, 2019). Freshly fertilized eggs were collected
from multiple breeding tanks containing 25 females and 25
males. All animal experimental procedures were in compliance
with local and international regulations, and approved by the
institutional animal care committee of Children’s Hospital of
Fudan University.

Generation of shank3a and shank3b
Double Deficient Zebrafish Model
Zebrafish shank3a and shank3b genes and their exon/intron
boundaries were identified by searching the NCBI database (gene
ID: shank3b, NC_007115.7; shank3a, NC_007129.7). Mutations
in shank3a and shank3b were generated using CRISPR/Cas9
editing as previously reported (Hwang et al., 2013; Mali
et al., 2013). The CRISPR/Cas9 target of shank3a was 5′-
GGACCCCAGCCCTCCTCCCGTGG-3′ and that of shank3b
was 5′-GGGCGTGTTGTTGCCACGGCCGG-3′ (Liu et al., 2018;
Supplementary Table 1). In vitro-transcribed RNA of the guide
RNA (120 ng each) and Cas9 mRNA (500 pg) were microinjected
into WT zebrafish embryos (F0) at the one-cell stage. The
progeny were propagated via a series of out-crossings with WT
zebrafish and genotyping of each generation. Eventually, these
animals were in-crossed to obtain the homozygous knockouts
shank3a−/− and shank3b−/−. The shank3ab−/− homozygous
line was obtained by mutant crossing and subsequent genotyping.

Behavior Tests for Adult Zebrafish
All behavioral experiments were conducted on 2–3.5 month
old male zebrafish between 10 a.m. and 4 p.m. Behaviors were

recorded for 30 min after 1–2 min habituation period using a
video camera (zebrabox) suspended above the test tank. Zebrafish
were returned to their home tanks immediately after completion
of the test. The raw data was analyzed using Viewpoint software.

Open Field Test
The free-swimming open field test was performed in novel
tanks as previously described (Liu et al., 2018). Each tank was
30 cm × 30 cm × 30 cm, and its walls consisted of opaque
partitions. Swim velocity was calculated as the total distance
traveled divided by the total swim time.

For the danger awareness test, the tank was virtually divided
into two equal areas, peripheral and center, and greater peripheral
swimming distance relative to central swimming distance was
measured as a metric of danger awareness.

For analyzing repetitive and stereotyped behaviors, we used
a double-blind method to score the swimming pattern within
each minute, and counted the number of the four stereotyped
swimming pattern episodes separately.

Shoaling Test
The shoaling test assesses social cohesion in homogeneous groups
of zebrafish (Figure 3A; Liu et al., 2018). A shoal refers to a
loose aggregation of individuals who swim close to one another,
whereas a school describes a group of fish exhibiting polarized,
synchronized motion (Perathoner et al., 2016). The distance
between each fish can reveal the degree of shoaling behavior
(i.e., social cohesion). Six zebrafish were placed in a novel
30 cm × 30 cm × 30 cm tank with walls consisting of opaque
partitions, and mean inter-individual distance was measured
(Kim et al., 2017).

Social Preference Test
Sociability was evaluated as the difference score between the
time spent in proximity to a conspecific sector and an empty
sector (Busnelli et al., 2016). Briefly, social testing was conducted
over 30 min in a standard mating tank of inner dimensions
21 cm × 10 cm × 7.5 cm. A transparent plexiglas divider was
placed in the middle of the tank, which allowed sufficient visual
presentation for forming a social preference, and a single shank3
mutant or WT zebrafish was placed on the left side while a
group of six conspecific zebrafish (conspecific sector) was placed
in the right side (Figure 3C). Social preference behavior was
quantified as a distance distribution or as presence in a zone
adjacent to the group of conspecifics. The distance ratio was
calculated as the distance swam in the conspecific sector divided
by the total distance.

Kin Preference Test
Another test was performed to assess preference for kinship
using various colored variants. The duration and frequency of
contact was compared between conspecifics and a phenotypically
distinct strain (Figure 3E) in mating tanks with dimensions and
configuration the same as those used in the “social preference
test.” Briefly, two transparent separators divided the tank into
three compartments, with a single test fish placed in the middle
and Kin zebrafish placed on the right and non-Kin (red color)
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zebrafish placed on the left. Kin preference was represented by
the ratio of the time spent in the Kin-sector to the total time.

VPA Treatment and Phenotypic
Assessments
To assess the extent to which VPA exposure affects morphology,
4 dpf WT or shank3ab−/− larvae were reared in Petri dishes
containing blue egg water alone or blue egg water containing
5, 10, 20, or 50 µM sodium valproate (Cat No. 4543-
10G, Sigma-Aldrich). The egg water with or without VPA
was changed daily. At 8 dpf, larvae were observed under a
microscope for mortality and any morphologic abnormalities,
including distended abdominal and thoracic regions, lordosis,
yolk sac edema, and pericardial edema. Adverse effects including
mortality and malformation rates were calculated to determine
the optimal VPA concentration for subsequent experiments
(Supplementary Figure 1).

To examine the effects of early postnatal low-dose VPA
exposure on autism-like behaviors, WT or shank3ab−/− larvae
were exposed to blue egg water with or without 5 µM VPA from
4 to 8 dpf. At 8 dpf, each larva was pipetted into fresh paramecium
liquid, and raised to 2.5 months old (juvenile) or 3.5 months old
(adult). The juveniles were then examined for 30 min using the
1 versus 6 social preference assay, while adults were subjected
to social preference, repetitive behavior, locomotor activity, and
thigmotaxis tests to comprehensively evaluate the effects of VPA
on autism-like behaviors.

Real-Time Quantitative PCR
Total RNA was extracted from 15 WT, shank3a−/−, shank3b−/−,
and shank3ab−/− larvae each at 3.5–4.5 months post-fertilization
(mpf) using the RNA Extraction Kit from Takara, and reverse
transcribed to cDNA using the PrimeScriptTM reagent Kit
with gDNA Eraser (Takara) according to the manufacturer’s
recommendations. The Cas9 target region of shank3a and
shank3b were amplified in duplicate samples from shank3ab−/−

zebrafish by real-time quantitative PCR (RT-qPCR) to confirm
genotype (Figures 1C,D and Supplementary Table 1).

To assess the effect of VPA exposure on synaptic genes and
class I hdac genes (as VPA belongs to class I HDAC inhibitor),
groups of ∼15 WT and shank3ab−/− zebrafish larvae were
exposed to vehicle or VPA from 4 to 8 dpf, reared under
normal conditions, then sacrificed for whole-brain total RNA
isolation. The expression levels of the following genes analyzed
by RT-qPCR: NMDAR subunits (grin1a, grin1b, grin2bb, grin2ca,
grin2da, grin2aa), AMPAR subunits (gria1a, gria1b, gria2b),
mGluR subunits (grm1a, grm1b, grm5a), and class I hdacs (hdac1,
hdac3, hdac8). We selected β-actin or Rpl13α as internal controls
because both are expressed in the brain throughout development.
Primer sequence are shown in Supplementary Table 1.

Western Blotting
Proteins (50 µg per sample) were separated by SDS-PAGE
and transferred on polyvinylidene difluoride membranes. After
blocking the membrane at room temperature for 2 h with
5% BSA or 7% skim milk, and incubated with primary

antibodies at 4◦C overnight at the following concentrations:
NeuN (Abcam, ab177487, 1:1500), homer1 (Aviva systems
biology, ARP40181_P050, 1:1000), and synaptophysin (Abcam,
ab32594, 1:1500). The blots were washed in TBS containing
0.1% Tween-20 (TBST) and incubated with HRP-conjugated
secondary antibodies (1:5000) for 1.5 h at room temperature.
Following six washes in TBST, the blots were incubated with ECL
reagent (BeyoECL Plus, P0018M) and exposed to Kodak X-ray
film (Tanon 5200). The gray values of proteins were analyzed
by ImageJ software (NIH, Bethesda, MD, United States1), and
normalized to that of corresponding internal controls, β-actin
(1:2000) or Vinculin (1:5000).

Statistical Analysis
Values are presented as mean ± SEM. All data were analyzed
using SPSS 20.0. In all experiments, WT and shank3-deficient
zebrafish were compared by two-sided unpaired Student’s t-tests,
while three or more groups were compared by analysis of
variance (ANOVA). Genotypes within treatment groups were
compared by one-way ANOVA. All experiments were conducted
in triplicate using independently treated animals. A P < 0.05 was
considered statistically significant for all tests.

RESULTS

Generation of shank3a−/− and
shank3ab−/− Zebrafish
To model shank3 deficiency in zebrafish, we generated a loss-
of-function mutant using CRISPR/Cas9 mutagenesis technology
(Hwang et al., 2013; Mali et al., 2013; Liu et al., 2018). Generation
of the shank3b−/− line was described in our previous study (Liu
et al., 2018). Briefly, shank3b−/− harbors an early stop codon
(p. 17Lfs∗54) due to a deletion of 5 bases and insertion of 13
bases, resulting in a frameshift mutation and a 90-amino acid
truncated protein (Figure 1B). The shank3a−/− line carries a
deletion of five bases leading to protein truncation (p. 555Rfs∗82),
including most of the shank3 domain (Figure 1A). The
shank3ab−/− line was generated by crossing shank3b−/− and
shank3a−/−, and individuals were selected by genotyping. RT-
qPCR confirmed that shank3a and shank3b mRNA expression
levels were significantly reduced in shank3a−/− and shank3b−/−

zebrafish, respectively, and that both genes were downregulated
in shank3ab−/− zebrafish (Figures 1C,D).

Aberrant Morphology and Swimming
Patterns of shank3-Deficient Zebrafish
The developmental progression and morphological
characteristics of shank3 mutants were evaluated on 1 day
post-fertilization (1 dpf). All mutants demonstrated a higher
rate of mortality compared to WTs (shank3a−/−: 6%, 15/266;
shank3b−/−: 7%, 19/270; shank3ab−/−: 15%, 18/118; WT:
3%, 10/340) (Figure 2A). In addition, the rate of severe
developmental delay was significantly greater in the shank3ab−/−

1http://rsb.info.nih.gov/ij/
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FIGURE 1 | Generation of shank3a and shank3ab mutants in zebrafish by CRISPR-Cas9 gene editing. (A) Structures of zebrafish shank3a and shank3b (Liu et al.,
2018) gene and protein domains (ANK, ankyrin repeat domain; SH3, Src homology 3 domain; PDZ, PSD-95/discs large/ZO-1 domain; SAM, sterile alpha motif
domain). Exon 9 is the target for CRISPR/Cas9 gene editing in zebrafish shank3a and exon 2 is the target for shank3b. The CRISPR/Cas9 induced frameshift
mutations in shank3a (5-base deletion) and in shank3b (5-base deletion and 13-base insertion) which led to the truncation of the protein (Liu et al., 2018). (B) The
mutations of shank3a and shank3b (Liu et al., 2018) were verified by Sanger sequencing. The predictions of protein spatial structures were both suggested that
shank3a and shank3b proteins were likely to turn into truncated proteins (https://www.swissmodel.expasy.org/interactive/wUdwQQ/models/). (C) Reduced
expression level of shank3a mRNA in the brain of shank3a-/- and shank3ab-/- adult (4 mpf) male zebrafish analyzed by RT-qPCR, while shank3b-/- was not
affected. (D) Reduced expression level of shank3b mRNA in the brain of shank3b-/- and shank3ab-/- adult (4 mpf) male zebrafish analyzed by RT-qPCR, while
shank3a-/- was not affected. Data are shown as mean ± SEM; **P < 0.01. ****P < 0.0001.
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FIGURE 2 | Morphological characteristics and locomotion activity alteration in shank3-deficient zebrafish. (A) Abnormal morphological changes in shank3a-/-,
shank3b-/-, and shank3ab-/- larvae at ∼1 dpf, including death (WT, N = 340; shank3a-/-, N = 266; shank3b-/-, N = 270; shank3ab-/-, N = 118, severe
developmental delay and tail bending (N = 60 each group). (B) Schematic diagram of the open field test and thigmotaxis test of adult male zebrafish (3.5 mpf). In the
analysis of thigmotaxis test, the area of the peripheral zone is equal to the center zone (dotted line). (C) Compared with WT zebrafish (N = 12, 8.8 ± 2.4 cm/min), all
shank3-deficient zebrafish displayed significantly decreased swimming velocity (shank3a-/-, N = 14, 6.1 ± 1.6 cm/min; shank3b-/-, N = 14, 6.4 ± 1.4 cm/min;
shank3ab-/- zebrafish, N = 16, 4.6 ± 1.1 cm/min, respectively). (D) Representative traces of individual WT or shank3-deficient zebrafish in the thigmotaxis test. (E)
Ratio for the distance traveled (periphery divided by the total zone) over 30 min in adult male zebrafish (3.5 mpf). WT, N = 8; shank3a-/-, N = 16; shank3b-/-, N = 24;
shank3ab-/- zebrafish, N = 15. Data are shown as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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group compared to all other genotypes (shank3ab−/−: 13%,
8/60; shank3a−/−: 7%, 4/60; shank3b−/−: 12%, 7/60; WT:
3%, 2/60). Abnormal tail bending was more frequent in
shank3a−/− zebrafish than other genotypes (shank3a−/−: 35%,
21/60; shank3b−/−: 17%, 10/60; shank3ab−/−: 23%, 14/60;
WT: 13%, 7/60).

The remaining shank3a−/−, shank3b−/−, and shank3ab−/−

zebrafish were viable and fertile into adulthood. The locomotor
activities of adult shank3a−/−, shank3b−/−, and shank3ab−/−

zebrafish were examined in the open home tank as previously
described (Liu et al., 2018; Figure 2B). Compared to WT
zebrafish, all shank3-deficient zebrafish displayed significantly
decreased swimming velocity, with shank3ab−/− zebrafish
demonstrating the slowest swimming speed (shank3ab−/−:
4.6 ± 1.1 cm/min; WT: 8.8 ± 2.4 cm/min; shank3a−/−:
6.1± 1.6 cm/min; shank3b−/−: 6.4± 1.4 cm/min) (Figure 2C).

Adult WT zebrafish typically avoid open areas near the
water surface for protection against predation. To examine
whether shank3 deficiency modulates these avoidance behaviors,
the relative proportions of swim time and distance in the
pool periphery (thigmotaxis) versus the center (dotted line in
Figure 2B) were calculated in a novel square tank with opaque
walls. All shank3-deficient genotypes spent a significantly greater
proportion of total swim time and traveled longer distances in the
center of the tank compared to WT zebrafish, and shank3ab−/−

zebrafish exhibited the greatest peripheral to center distance ratio
of the three mutant genotypes (Figures 2D,E). This behavior can
be interpreted as reduced alertness or reduced danger awareness
(Mathur and Guo, 2010).

Core ASD-Like Behaviors of
shank3-Deficient Adult Zebrafish
Since ASD diagnosis is based on behavioral criteria, a valid
zebrafish model should exhibit core behavioral symptoms,
including impaired social interactions and repetitive and
stereotyped behaviors. The shoaling test showed that adult WT
zebrafish spent the majority of swimming time in compact
schools, while all three shank3-deficient genotypes swam in
looser and larger schools with more frequent deviation (leaving
the group), resulting in a greater average inter-fish distance
compared to WT zebrafish (Figure 3B). This social deficit was
particularly strong among the shank3ab−/− zebrafish group.

Social preference was further assessed by measuring
conspecific proximity. WT zebrafish (3.5 mpf) maintain closer
proximity with a conspecific group members on the right side
(Figure 3C). In contrast, all shank3-deficient genotypes showed
reduced frequency and duration of conspecific proximity, again
with the shank3ab−/− genotype demonstrating the greatest
average inter-conspecific distance (Figure 3D).

Wild type zebrafish also typically spend more time with
a Kin group (conspecific and same color) than a non-Kin
group in mixed populations. However, this Kin recognition
and preference was markedly reduced in all shank3-deficient
genotypes as measured by the proportion of time spent in close
proximity with non-Kin (red-skinned) zebrafish among a mixed
population (Figure 3F). Consistent with other social behavior

tests, shank3ab−/− zebrafish spent the least amount of time in
proximity to other conspecifics.

Repetitive and stereotyped behavior is another core symptom
of ASD. Compared to adult WTs, shank3ab−/− zebrafish
demonstrated greater behavioral perseveration, including
repetitive stereotypic “figure 8” swimming, cycling behavior
(swimming in circles), and other locomotor changes and
patterns such as stereotyped “corner” or “wall” swimming
(Figures 3G,H).

Dysregulation of Synapse-Related
Protein Expression in shank3-Deficient
Zebrafish
These behavioral abnormalities in shank3-deficient zebrafish
suggest possible disruption of normal synaptic function, so we
compared the expression levels of several important synaptic
proteins among genotypes. Expression of the neuronal marker
NeuN was reduced by 50% in the brains of adult shank3ab−/−

zebrafish compared to age-matched WTs (Figures 4A,B). As
SHANK3 is a major synaptic scaffolding protein enriched at the
PSD of excitatory synapses (Jiang and Ehlers, 2013; Monteiro and
Feng, 2017), we also examined expression of the postsynaptic
marker homer1 and found an approximately 90% reduction in
shank3ab−/− zebrafish relative to WTs (Figures 4C,D). It was
reported that Shank3 deficiency in mice disrupts the presynaptic
neurexin-neuroligin-mediated signaling pathway required for
synapse targeting and development (Arons et al., 2012), so
we further compared the expression levels of presynaptic
proteins among genotypes, including the ubiquitous synaptic
vesicle protein synaptophysin (Kwon and Chapman, 2011).
Indeed, synaptophysin expression level was reduced by ∼64%
in shank3ab−/− zebrafish compared to WTs (Figures 4E,F).
Thus, shank3 deficiency reduced the expressions of several pre-
and postsynaptic proteins which are likely important to protein
transmitter signaling.

Improved ASD Core Symptoms and grm5
Receptor Expression by Early VPA
Treatment
We then examined the efficacy of VPA to mitigate autism-
like symptoms in these zebrafish models. In WT zebrafish,
both shank3a and shank3b expression levels increased gradually
from 3 to 7 dpf, a period of intense synaptogenesis (Liu et al.,
2016). Exposure regimens of 3–7 and 4–8 dpf were thus judged
as potentially suitable for optimal therapeutic effect. Based on
preliminary observations, 4–8 dpf was chosen as the optimal
exposure regimen (Supplementary Figure 1), and exposure
concentrations (5, 20, and 50 µM) were then evaluated to identify
the safety. We found that 5 µM completely eliminated mortality
of shank3ab−/− larvae at 8 dpf and almost completely eliminated
morphological dysgenesis (1.04%, 1/96) with no adverse effects
on WT larvae (Supplementary Figure 1).

Once-daily administration of 5 µM VPA from 4 to 8 dpf
(Figure 5A) significantly improved the social preference behavior
of shank3ab−/− zebrafish both in juvenile and adulthood. In
addition, VPA-treated shank3ab−/− juvenile (2.5 mpf) zebrafish
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FIGURE 3 | Core behavioral features of ASD-like displayed in shank3-deficient zebrafish. (A,B) The shoaling test showed significantly increased average inter-fish
distance of adult male shank3-deficient zebrafish (3.5 mpf). WT, N = 18; shank3a-/-, N = 14; shank3b-/-, N = 13; shank3ab-/- zebrafish, N = 21. (C,D) The social
preference test showed distance ratio in the conspecific sector were significantly reduced in shank3-deficient zebrafish compared to WT adult male zebrafish
(3.5 mpf). WT, N = 16; shank3a-/-, N = 14; shank3b-/-, N = 16; shank3ab-/- zebrafish, N = 15. (E,F) The Kin recognition and preference test showed significantly
reduced ratio of Kin zone entering in shank3-deficient zebrafish compared to WT adult male zebrafish (3.5 mpf). WT, N = 9; shank3a-/-, N = 10; shank3b-/-, N = 12;
shank3ab-/- zebrafish, N = 16. (G) Representative trace of different types of stereotyped behaviors of shank3-deficient adult male zebrafish (3.5 mpf). (H)
shank3-deficient zebrafish had a significantly higher proportion of stereotyped movements than WT zebrafish. WT, N = 12; shank3a-/-, N = 14; shank3b-/-, N = 14;
shank3ab-/- zebrafish, N = 16. Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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FIGURE 4 | shank3 deficiency resulted in the reduction of synapse-related proteins in adult zebrafish brain. (A,B) Quantitative immunoblot blot analysis showed that
the neuron protein NeuN was significantly decreased (50% of WT) in the shank3ab-/- male zebrafish brain relative to WT zebrafish (3.5 mpf). (C,D) The expression of
post-synaptic homer1 protein was markedly reduced in shank3ab-/- male zebrafish brain compared with that of WT zebrafish (3.5 mpf, 10% of WT). (E,F) The
expression of presynaptic synaptophysin protein was significantly reduced in shank3ab-/- male zebrafish brain compared with that of WT zebrafish (3.5 mpf, 36% of
WT). N = 3 for each group. Data are presented as mean ± SEM; *P < 0.05, **P < 0.01.

spent significantly more time exploring a tank section containing
conspecifics compared to an empty zone as measured by the
distance ratio (shank3ab−/−: 0.84 ± 0.02; shank3ab−/− + VPA:
0.91 ± 0.02; P = 0.013) (Figure 5B). Moreover, VPA had no
statistically significant effect on the social preference of WT
zebrafish as measured by distance ratio (WT: 0.94 ± 0.02;
WT + VPA: 0.95 ± 0.01; P = 0.558). This improvement was
also observed in adult shank3-deficient zebrafish (3.5 mpf)
(shank3ab−/−: 0.79 ± 0.03; shank3ab−/− + VPA: 0.91 ± 0.02;
P = 0.006) (Figure 5C). In fact, the deficit in social preference
relative to WTs was completely reversed by postnatal VPA (WT:
0.94± 0.02; shank3ab−/− + VPA: 0.91± 0.02).

Compared to untreated shank3ab−/− zebrafish, those
receiving early postnatal VPA treatment also showed reduced
frequencies of stereotypic “figure 8” swim patterns (P = 0.035)
(Figure 5D) and “wall” swimming (P < 0.0001) (Figure 5E).
Taken together, these results suggest that early low-dose
VPA treatment can induce sustained reversal of core ASD-like
symptoms in shank3-deficient zebrafish. Conversely, VPA-treated
WT zebrafish showed a greater frequency of stereotypic “figure
8” swimming (P = 0.018) (Figure 5D). Moreover, postnatal
VPA treatment rescued the deficient avoidance behavior of
shank3ab−/− adult zebrafish as evidenced by a significant

increase in peripheral to central distance ratio (shank3ab−/−:
0.77 ± 0.02; shank3ab−/− + VPA: 0.85 ± 0.02; P = 0.032;
Supplementary Figure 2A). In contrast, VPA had no effect on
the distance ratio of WT zebrafish (WT: 0.91± 0.02; WT + VPA:
0.88 ± 0.03) or the slower swim velocity of shank3ab−/−

zebrafish (shank3ab−/−: 6.38 ± 0.20 cm/s; shank3ab−/− + VPA:
5.71± 0.25 cm/s; P = 0.890) (Supplementary Figure 2B).

We also tested the effects of VPA treatment on synaptic
proteins in shank3ab−/− zebrafish. As shown in Figures 6A–F,
the expression levels of synaptic proteins (NeuN, homer1,
and synaptophysin) were not significantly restored between
WT and shank3ab−/− fish after exposed to VPA. To identify
potential mechanisms underlying the amelioration of autism-
like behaviors by early postnatal VPA, we first examined the
expression levels of class I hdac genes (hdac1, hdac2, hdac3, and
hdac8), as HDACs are the major known targets of this agent.
Given the absence of hdac2 gene in the zebrafish genome (Ko
et al., 2019), we detected the expression levels of the rest three
genes. However, RT-qPCR analysis revealed no changes in mRNA
expression levels of hdac1, hdac3, and hdac8 (Supplementary
Figure 2C). We then examined the expression levels of glutamate
receptors after cessation of treatment and found that VPA
reversed the underexpression of grm5a observed in shank3ab−/−
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FIGURE 5 | Improved ASD core symptoms in shank3-deficient zebrafish upon early VPA treatment. (A) Schematic overview of the protocol used for the VPA
exposure period, the evaluation of behavioral tests at juvenile (2.5 mpf) and adult (3.5 mpf), and RT-qPCR analysis at 4.5 mpf. Red color indicates the VPA exposure
phases. (B) Social preference index (distance ratio) of social test on juvenile zebrafish, WT, n = 15; WT-VPA, n = 16; shank3ab-/-, n = 16; shank3ab-/--VPA, n = 16.
(C) Social preference index (distance ratio) of social test on adult zebrafish, WT, n = 12; WT-VPA, n = 14; shank3ab-/-, n = 13; shank3ab-/--VPA, n = 18. (D) The
VPA treatment reduced abnormal proportion of stereotypic figure “8” swimming and (E) back and forth swimming (walling) in shank3ab-/- zebrafish, WT, n = 15;
WT-VPA, n = 13; shank3ab-/-, n = 16; shank3ab-/--VPA, n = 15. Data are shown as mean ± SEM. Statistical analyses: (B) one-way ANOVA with LSD correction for
multiple testing. (C–E) One-way ANOVA with Bonferroni correction for multiple testing. Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ****P < 0.0001.

zebrafish (P < 0.05) (Figure 6G) but had no effects on
the mRNA levels of AMPAR subunits (gria1a, gria1b, gria2b)
(Supplementary Figure 2D), and NMDAR subunits (grin1a,
grin1b, grin2bb, grin2ca, grin2da, grin2aa) (Supplementary
Figure 2E) compared to untreated zebrafish.

DISCUSSION

We described a novel shank3-deficient zebrafish, shank3ab−/−,
demonstrating stable autism-like behaviors from the juvenile

stage through adulthood, including social deficits and stereotyped
behaviors. These deficits were generally more severe than
exhibited by either shank3a or shank3b mutants. All three
mutants also exhibited higher postnatal mortality and rates of
morphological dysgenesis than WTs, but adults were fertile. We
also found there were decreases in several pre- and postsynaptic
proteins in shank3ab−/− mutants. Low-dose VPA reversed some
of these autism-like behaviors, consistent with the potential
efficacy of this treatment strategy for ASD patients (Hellings
et al., 2005; Hollander et al., 2006; DeFilippis and Wagner, 2016).
Therefore, the shank3ab−/− zebrafish line is a robust model to
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FIGURE 6 | Increased grm5 expression level in shank3-deficient zebrafish upon early VPA treatment. (A,B) Quantitative immunoblot blot analysis showed that the
expression level of neuron protein NeuN was not significantly restored in the brain of shank3ab-/- zebrafish treated with VPA relative to WT zebrafish (2 mpf).
Similarly, the expressions of post-synaptic homer1 protein (C,D) and presynaptic synaptophysin protein (E,F) were not significantly increased in in the brain of
shank3ab-/- zebrafish treated with VPA relative to WT zebrafish (2 mpf). (G) The relative mRNA expression levels of grm1a, grm1b, and grm5a at 4.5 mpf were
detected. Each group n = 3. Data are shown as mean ± SEM. *P < 0.05, **P < 0.01.

explore the neurological mechanisms underlying ASD as well as
potential pharmacological treatments.

Among molecular alterations, these shank3-deficient zebrafish
exhibited a significant reduction in the expression levels of several
synaptic proteins, including pre- and postsynaptic markers,
which were consistent with previous mouse or Drosophila
models. As a postsynaptic protein, change in postsynaptic
homer1 protein was prominent in shank3ab−/− zebrafish, which
was consistent with findings from other ASD mouse models (Tu
et al., 1999; Wang et al., 2016). In addition, we also demonstrate
reduced expression of the presynaptic protein synaptophysin,
which was not previously detected in Shank3 deficient mouse
models. This finding suggests that shank3 deficiency alters

presynaptic formation and neurotransmission through direct
or trans-synaptic mechanisms in zebrafish. The presynaptic
functions of SHANK3 are not well characterized in comparison to
postsynaptic functions. Several recent studies have suggested that
SHANK3 is expressed in presynaptic terminals of rodent brain
and dorsal root ganglion (DRG) neurons (Han et al., 2016). In
a Drosophila Shank mutant (analogous to a SHANK3 mutation
in humans), Shank was found in both axons and the presynaptic
sites of neuromuscular junctions (NMJs) (Wu et al., 2017).
Moreover, ultrastructural analysis of synaptic boutons at Shank
mutant calyces showed disorganization of both presynaptic and
postsynaptic components, and lack of synaptic clefts (Wu et al.,
2017). This first demonstration of reduced synaptophysin in a
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vertebrate ASD model supports a presynaptic function for shank3
protein. The contribution of shank3-associated presynaptic
deficits to ASD warrant further investigation. Generally, the
overall morphology of the brain tissues were relatively normal
in KO group as compared to WT group (Supplementary
Figure 3). Moreover, the expression levels of synaptic proteins
were not significantly restored between WT and shank3ab−/−

fish after exposed to VPA (Figure 6). Similarly, in mouse
model, neuronal morphology and density were not changed
between WT and Shank3-deficient mice and also not altered by
romidepsin (a highly potent class I inhibitor) treatment (Qin
et al., 2018). Additionally, there were no apparent morphological
changes in neurons treated with VPA compared with controls
(Fujiki et al., 2013).

Postnatal low-dose VPA treatment profoundly and
persistently improved social preference deficits, abnormal
repetitive behaviors, and impaired thigmotaxis, suggesting
activation of a compensatory mechanism under shank3
deficiency. Shank3 facilitates both synaptogenesis and the
synaptic plasticity processes underlying social learning and
cognition (Duffney et al., 2015). In addition, the behavioral
abnormalities exhibited by Shank3-deficient animal models
have been attributed to altered glutamatergic signaling (Peca
et al., 2011; Wang et al., 2011; Bozdagi et al., 2013; Jiang and
Ehlers, 2013), and VPA has been reported to increase synaptic
transmission (Rinaldi et al., 2007; Akhtar et al., 2009).

We also found that postnatal low-dose VPA significantly
reduced stereotyped swimming patterns (“figure 8” and
“walling”). One possible explanation for this effect is improved
transcription of grm5a, as Wang et al. (2016) demonstrated that
disrupted mGluR5 scaffolding and abnormal mGluR5 signaling
contribute to the excessive self-grooming and other behavioral
and functional abnormalities of Shank3-defcient mice. Moreover,
pharmacological enhancement of mGluR5 receptors rescued
behavioral deficits, including repetitive behaviors and social
deficits, in Shank3 knockout mice (Vicidomini et al., 2017).
Collectively, an important inference from this study is that
early VPA treatment can have long-lasting benefits on repetitive
behaviors in shank3-deficient zebrafish, possibly by improving
grm5a expression.

Valproic acid has anticonvulsant and mood stabilizing
activities and are used to treat epilepsy and bipolar disorder.
Generally, VPA is a HDAC inhibitor (Phiel et al., 2001), a
GABA transaminase inhibitor, and a sodium channel blocker
(Johannessen, 2000; Löscher, 2002; Owens and Nemeroff, 2003;
Zanatta et al., 2019). Several studies confirmed the role of
HDAC inhibitor of VPA. Fujiki et al. (2013) have reported
that VPA, trichostatin A and sodium butyrate (all are HDAC
inhibitors), but not valpromide, which is a structural analog of
VPA having the same antiepileptic effect as VPA but lacking
the HDAC inhibitor activity, have proapoptotic effects on neural
progenitor cells (NPCs) of embryonic stem (ES) cell-derived
glutamatergic neurons. In this study, we also have added a
positive control – romidepsin, a highly potent class I HDAC
inhibitor, to treat fish (Supplementary Table 2 and Figure 4).
WT or shank3ab−/− larvae were exposed to blue egg water
with or without 0.05 or 0.1 µM romidepsin from 4 to 8 dpf.

At 8 dpf, each larva was pipetted into fresh paramecium
liquid, and raised to 2 months old (juvenile). Compared to
shank3ab−/− zebrafish, romidepsin treated (0.05 or 0.1 µM)
juvenile shank3ab−/− zebrafish exhibited significantly elevated
social preference behaviors, which was consistent with Shank3-
deficient mice model (Qin et al., 2018).

Valproic acid is a broad-spectrum inhibitor against class I
(HDAC1, HDAC2, HDAC3, and HDAC8) HDAC (Chelladurai
et al., 2020). Qin et al. (2018) reported that Shank3-deficient
mice exhibited an abnormally low level of histone acetylation
resulting from HDAC2 upregulation in the prefrontal cortex
(PFC) and β-catenin/HDAC2 played a causal role in social deficits
of Shank3-deficiency mouse model and the therapeutic effect of
romidepsin. While the levels of HDAC1, HDAC3, and HDAC8
mRNA were largely unchanged. Given the absence of hdac2
gene in the zebrafish genome (Ko et al., 2019), we detected the
expression levels of the rest three genes. Similarly, RT-qPCR
analysis revealed no changes in mRNA expression levels of hdac1,
hdac3, and hdac8 (Supplementary Figure 2C). In the further
study, a VPA analog that does not have the HDAC inhibitory
activity should be used as a control to detect the effects of the
HDAC inhibitory activity of VPA.

This study also supports previous studies demonstrating that
the early postnatal period is a critical therapeutic time window
for long-lasting effects on core autistic symptoms (Dinstein et al.,
2011). Hensch (2005) reported that novel interventions should
be applied before irreversible neural function changes coinciding
with the end of these critical periods. However, clinical studies
have demonstrated that VPA exposure before the neural tube
is closed (20–24 days of gestation in humans) increases the
incidence of neurodevelopmental disorders including ASD (Rice
and Barone, 2000; Jentink et al., 2010; Meador et al., 2013).
Moreover, prenatal VPA exposure is actually used to establish
rodent ASD models. Animals exposed to VPA during neural
tube closure [E12.5 in rats according to Kim et al. (2011)
and E10.5 in mice according to Kim et al. (2014)] showed an
increased incidence of autism-like symptoms. When VPA was
administered earlier than this critical time point, embryonic
malformation was very likely to occur (Kim et al., 2019). In
contrast, VPA administered after neural tube closure did not
cause embryonic lethality or autism-like phenotypes (Kim et al.,
2019). Furthermore, long-term VPA therapy had no noticeable
noxious effect on cognition and learning in school children
(Calandre et al., 1990). Thus, the optimal postnatal time window
appears essential for VPA treatment efficacy against ASD.

Dose was the other key factor for effective VPA treatment. In
animal models, fetal VPA exposure impairs cognitive outcome
and increases malformation rate in a dose-dependent manner
(Meador et al., 2013; Kaplan et al., 2015). Nicolini and Fahnestock
(2018) reported ASD-like deficits following exposure of rat
embryos to 350-600 mg/kg or of mouse embryos to 300-
800 mg/kg VPA, while exposure to 25 µM from 10 to 24 hpf
elicited social deficits in zebrafish (Baronio et al., 2018). VPA
can also induce neuronal apoptosis (Ikonomidou et al., 1999).
Conversely, low-dose VPA induced a dramatic rescue of core
autistic deficits in shank3-deficient zebrafish, and this dose had
no detectable effects on WT animals.
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This study provides a new genetic zebrafish model of shank3
deficiency which displayed distinctly abnormal social behaviors
and increased stereotyped behaviors. Importantly, the autism-
like behaviors could be improved by postnatal low-dose VPA
treatment. These findings may suggest a path for further research
to identify medicinal development and allow for more in-depth
understandings of future clinical drug research.
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Disorder
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Objective: This study investigates whether the dynamic functional connectivity (dFC)
of the amygdala subregions is altered in children with attention-deficit/hyperactivity
disorder (ADHD).

Methods: The dFC of the amygdala subregions was systematically calculated
using a sliding time window method, for 75 children with ADHD and 20 healthy
control (HC) children.

Results: Compared with the HC group, the right superficial amygdala exhibited
significantly higher dFC with the right prefrontal cortex, the left precuneus, and the left
post-central gyrus for children in the ADHD group. The dFC of the amygdala subregions
showed a negative association with the cognitive functions of children in the ADHD
group.

Conclusion: Functional connectivity of the amygdala subregions is more unstable
among children with ADHD. In demonstrating an association between the
stability of functional connectivity of the amygdala and cognitive functions, this
study may contribute by providing a new direction for investigating the internal
mechanism of ADHD.

Keywords: ADHD, dynamic functional connectivity, anxiety, amygdala, rs-fMRI

INTRODUCTION

Globally, nearly 1 in 20 youth suffers from attention-deficit/hyperactivity disorder (ADHD),
making it one of the most prevalent psychiatric disorders among children (Polanczyk et al., 2007;
Polanczyk et al., 2014). Inattention, hyperactivity, and impulsivity are the three recognized core
symptoms of ADHD (American Psychiatric Association, 2013); however, research deems these

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; BLA, basolateral amygdala; BOLD, blood oxygen level-
dependent; CMA; centromedial amygdala; dFC, dynamic functional connectivity; DPABI, Data Processing and Analysis of
Brain Imaging; FC, functional connectivity; FD, framewise displacement; FSIQ, full-scale intelligence quotient; HC, health
control; K-SADS-PL, Schizophrenia for School-Aged Children Present and Lifetime Version; IS, interference score; PFC,
prefrontal cortex; ROIs, regions of interest; rs-fMRI, Resting-state functional magnetic resonance imaging; SFA, superficial
amygdala; TR, repetition time.
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symptoms inadequate to explain the functional impairment of
children (Anastopoulos et al., 2011; Skirrow and Asherson, 2013;
Szuromi et al., 2013). Research on school-age children revealed
that most children with ADHD have psychiatric comorbidities
that worsen functional impairments (Cuffe et al., 2020). This
condition includes markedly elevated rates of anxiety disorders,
with common features such as excessive fear, anxiety, and
avoidance behavior.

Studies on anxiety over the last few decades have further
clarified the impairment associated with ADHD (Prevatt et al.,
2015; Overgaard et al., 2016; D’Agati et al., 2019). Abundant
evidence suggests that people with ADHD have elevated levels
of anxiety. For instance, researchers found that up to 25% of
children with ADHD have comorbid anxiety disorders (Wolraich
et al., 2005). O’Rourke et al. (2020) believe that people with
ADHD are at a greater risk of having anxiety symptoms and
its associated features than people without ADHD. Similarly,
Gau et al. (2010) noticed that children and adolescents with
persistent ADHD have a higher risk of developing anxiety
disorders than those without persistent ADHD. People suffering
from ADHD and with high levels of anxiety have demonstrated
significantly different performances than individuals with pure
ADHD in terms of working memory deficits, symptoms of
impulsivity, and cognitive efficiency (Schatz and Rostain, 2006;
Sorensen et al., 2011; Prevatt et al., 2015). For example, a recent
meta-analysis suggested that patients with both ADHD and
an anxiety disorder had better response inhibition, compared
with individuals afflicted only with ADHD (Maric et al., 2018).
March et al. (2000) found that children with ADHD and anxiety
exhibited more symptoms of inattentiveness than impulsivity. In
a recent study, the researchers found that adolescents with higher
trait anxiety performed better on indices of sustained attention,
reaction time, and motor variability among people with ADHD
but not among those without ADHD (Ruf et al., 2017).

It is important to study the complex mechanisms underlying
ADHD, together with the functional impairments of the diseased
brain, to ensure effective diagnosis, treatment, and prevention.
Resting-state functional magnetic resonance imaging (rs-fMRI)
is a safe and non-invasive tool that can detect spontaneous
activity in the brain (Bin et al., 2018).The amygdala, which
can respond to a wide range of emotional stimuli in time,
has long been considered a critical component of emotional
processing (Aghajani et al., 2014; Fox et al., 2015). In the
study of pediatric anxiety, the amygdala is also the most
frequently examined region of interest (ROI) (Hamm et al.,
2014). The association between the functional connectivity (FC)
of the amygdala and elevated anxiety levels has been identified
in numerous clinical populations via this technology (Gold
et al., 2016; Jalbrzikowski et al., 2017; Porta-Casteras et al.,
2020). For example, Jalbrzikowski et al. (2017) specified that
increased FC based on the centromedial amygdala (CMA)–
rostral anterior cingulate cortex is associated with greater anxiety
symptoms during early adulthood, whereas increased structural
connectivity in the CMA–anterior ventromedial prefrontal cortex
(PFC) white matter is associated with greater anxiety during
late childhood (Jalbrzikowski et al., 2017). In another study
involving children aged 7 to 9 years, researchers found that

high childhood anxiety is associated with abnormal function
and volume of the amygdala (Qin et al., 2014). The amygdala
has also been found to contribute to cognitive functions such
as working memory and executive functions (Schaefer et al.,
2006; Schaefer and Gray, 2007). Previous studies have proven
that the amygdala of patients with ADHD is significantly
abnormal in terms of function and volume compared with
those of normal people (Yu et al., 2016; Tajima-Pozo et al.,
2018). Hence, the relationship among the amygdala, anxiety,
and cognitive functions may provide essential insights into the
psychopathology of ADHD. However, the amygdala is a complex
structure and may functionally segregate into several subregions
(Han et al., 2014). According to an rs-fMRI study, the FC
patterns of each of the amygdala subregions in healthy humans is
distinctive (Roy et al., 2009). Thus far, there have been few similar
studies on children with ADHD.

Reliance on the implicit assumption that participants’ brain
activity remained static throughout the rs-fMRI scan was
a common feature of many previously mentioned studies.
However, a growing body of research confirms that brain activity
changes dynamically over time (Yao et al., 2017; Liao et al.,
2019; Li et al., 2019). Most rs-fMRI studies in the ADHD
domain currently focus on the characteristics of the static state
of brain activity but fail to demonstrate the dynamic temporal
changes in spontaneous brain activity among humans. Using
the sliding window approach, researchers have inspected the
dynamic mechanisms of voluntary brain activity in humans
(Voytek and Knight, 2015) and non-human primates (Hutchison
et al., 2013). The abnormalities concerning the variance of
dynamic FC (dFC) in patients with common neuropsychiatric
diseases, such as schizophrenia (Guo et al., 2018), Alzheimer’s
disease (Gu et al., 2020), major depressive disorders (Yao et al.,
2019), and autism spectrum disorder (Li et al., 2020), have
been effectively revealed by the sliding window method. These
studies suggest that changes in dFC may be biological markers of
specific diseases. In this approach, a fixed-length time window
is selected and used to calculate the FC metric. The window
then slides to the next time window after a predetermined
duration, leading to many FC metrics that can elucidate the
temporal features of FC over the entire duration of the scan
(Yue et al., 2018). By calculating the time-varying covariance
of interregional neural signals, dFC can describe precisely the
collaboration of brain regions; that is, the higher the value of
the dFC, the more unstable the FC (Yao et al., 2017). Therefore,
further investigation of the overall dFC between brain regions
may be necessary. In this regard, several studies have found
abnormal dFC in ADHD patients. For example, a recent study
found that patients with ADHD had significantly changed dFC of
the cingulo-opercular network and sensorimotor network (Sun
et al., 2021). Another research reported that the default-mode
and task-positive networks in people with ADHD exhibit a quasi-
periodic clustering recurrence pattern during the entire rs-fMRI
scan, suggesting that dFC alterations in people with ADHD may
be a neuroimaging marker for ADHD (Kaboodvand et al., 2020).
However, no systematic study on the dynamic characteristics
of abnormal amygdala-related neural networks in people with
ADHD has emerged thus far.
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To address this gap, we first used the sliding window method
to study the abnormal dFC of the amygdala subregions of
children with ADHD, specifically focusing on anxiety symptoms
and cognitive functions, and further studied the relationship
between the dFC of the amygdala subregions and anxiety
symptoms and cognitive functions. Based on previous studies, we
hypothesized that (1) higher dFCs of the amygdala subregions
can be observed in children with ADHD; (2) higher dFC is
positively associated with anxiety symptoms among children with
ADHD; and (3) higher dFC is negatively associated with the
cognitive functions of children with ADHD.

MATERIALS AND METHODS

Participants
In total, 76 drug-naive ADHD boys aged 8 to 10 years
were recruited from Shenzhen Children’s Hospital. All patients
were interviewed by two experienced psychiatrists, fulfilling
the diagnostic criteria for ADHD based on clinical interviews
that follow the Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition. The Schedule for Affective Disorder
and Schizophrenia for School-Aged Children Present and
Lifetime Version (K-SADS-PL) was used to interview the
participants and their parents (Kaufman et al., 1997). Meanwhile,
20 boys aged 8 to 10 years were recruited from the Children’s
Health Care Department of the same hospital for the healthy
control (HC) group. Children in this group, together with
their parents, were also interviewed using the K-SADS-PL
to ensure that they did not meet the diagnosis of ADHD
or any other mental disorders. Notably, all participants
were Han Chinese.

The inclusion criteria also included normal vision and hearing
and a Full-Scale Intelligence Quotient (FSIQ) ≥ 70 estimated
by the Wechsler Intelligence Scale for Children, Fourth Edition.
Participants who currently or previously had psychological
disorders or who had serious physical disorders, neurological
disorders, or brain injuries were excluded from this study.
This study was approved by the Medical Research Ethics
Committee of the Shenzhen Children’s Hospital. All children
agreed to participate, and written informed consent was obtained
from their parents.

Measures of Anxiety Symptoms
Conner’s Parent Rating Scale (Conners et al., 1998) is a
widely used scale for screening children’s behavioral problems,
especially ADHD, and comprises items that assess anxiety.
The scale’s Chinese version has good reliability and validity
and is used to evaluate children between 3 and 16 years old
(Conners et al., 1998). This scale constitutes five factors:
behavioral problems, learning problems, psychosomatic
disorders, hyperactivity impulse, and anxiety. This study chose
four items to assess the anxiety symptoms of children, namely,
“fear of new environments, places, new people, and going to
school,” being “more afraid of loneliness, illness, or death than
others,” “bashfulness,” and having a “feeling that he or she is
threatened frequently.” The questionnaire, which was completed

by the parents according to their observations of their child,
adopted a four-level scoring method (0, 1, 2, and 3).

Cognitive Measures
The neuropsychological test battery consisted of the Stroop
color-word and N-back tests. The two tests were considered
representative of two areas of cognitive function: response
inhibition and working memory.

The Stroop test, translated from the Victorian version (Lee
and Chan, 2010), consists of three cards printed with colors,
representing color, word, and color–word tasks. The color task
consists of colored dots; the word task comprises ordinary words
that are unrelated to the meaning of color; the color–word task
consists of words written in color that indicate the meaning of
the color, but the color of these words differ from the meaning
of the word itself. All these tasks require participants to read the
color of dots or words and the researcher to record the time it
takes participants to read through each card and the number of
mistakes they make. Interference control ability is represented by
the interference score (IS), that is, the time taken to complete
the color–word task minus the time taken to complete the word–
word task, or the number of errors made in the color–word task
minus the number of errors made in the word–word task.

The N-back task consists of three subtasks, namely, 0-back, 1-
back, and 2-back tasks. The 0-back task requires participants to
press the left mouse button when a gray square appears at the top
left of the central fixation (“ + ”) and to press the right mouse
button when the square appears at the top right or right bottom
of central fixation (“ + ”). The 1-back (2-back) task requires
participants to identify whether the orientation of the X square
displayed on the screen is the same as that of the X-1 (X-2) square.
If the orientation is the same, they press the right mouse button;
otherwise, they press the left button.

rs-fMRI Data Acquisition
The rs-fMRI data for all participants were obtained using a 3.0-T
system scanner (Siemens Magnetom Skyra), and all participants
were instructed to close their eyes, relax, stay awake, and try not
to move their head during the scan. Participants were checked
after the scan to ensure that they remained awake during the
procedure. The rs-fMRI data were obtained using an echo-planar
imaging sequence with the following parameters: repetition time
(TR) = 2,000 ms; echo time = 30 ms; flip angle = 90◦; field of
view = 220 × 220 mm2; matrix size = 94 × 94; 32 axial slices;
and slice thickness = 3 mm and 130 volumes.

Preprocessing
rs-fMRI data preprocessing was performed using the Data
Processing and Analysis of Brain Imaging (DPABI) toolbox
(http://rfmri.org/dpabi; Yan et al., 2016). The first 10 volumes
were discarded to allow the machine to reach magnetization
equilibrium and enable participants to adapt to the MRI scanning
environment. The remaining volumes were processed based
on the following steps: slice timing, head motion correction,
normalization to a Montreal Neurological Institute template via
the gray matter segment, and resampling to isotropic 3-mm
voxels. Multiple nuisance covariates (i.e., the estimated motion
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parameters based on the Friston-24 model (Friston et al., 1996),
the linear drift, the white matter signal, and the cerebrospinal
fluid signal) were regressed out from the data. Finally, the rs-fMRI
time series were temporal bandpass filtered (0.01 < f < 0.10 Hz).

Head Motion
Following Jenkinson’s relative root-mean-square algorithm
(Jenkinson et al., 2002), the mean framewise displacement (FD)
generated during the scanning process was excluded. Notably, the
participant was excluded if the mean FD exceeded 0.2 mm. Based
on this criterion, one participant was excluded, and the study had
a final total sample of 75 ADHD and 20 HC children. We used
mean FD as a covariable in the subsequent statistical analysis to
further reduce the impact of head movement on the findings.

Dynamic Functional Connectivity
Analysis
To examine whole-brain dFC, using a seed method based on
the anatomical ROIs, we used six previously validated seed
ROIs in the bilateral amygdala (Zimmermann et al., 2018).
These regions were divided into the basolateral amygdala (BLA),
CMA, and superficial amygdala (SFA; radius = 6 mm; the
detailed coordinates of each seed are provided in Supplementary
Table S1). The mean blood oxygen level–dependent (BOLD) time
series of each seed region was extracted from the rs-fMRI data of
each participant (Chao-Gan and Yu-Feng, 2010) and correlated
with the BOLD time series of each voxel in the brain to generate
six three-dimensional dFC maps.

A sliding window method was used in this study to formulate
dFC maps for each participant. This method can elucidate the
temporal features of FC over the entire duration of the scan
and calculate the time-varying covariance of interregional neural
signals, which is the variance of dFC. The window length is a key
parameter based on the sliding window method. According to
Leonardi and van de Ville (2015), the minimum window length
should not be less than 1/f min because a very short window length
may cause spurious fluctuations. Additionally, the f min denotes
the minimum frequency of the time courses. Conversely, if a
window length is too long, the dynamic characteristics of the time
series would be rendered unobservable. Hence, we decided to use
a Hamming window with a width of 50 TRs (100S) and a step of 1
TR. Moreover, the entire rs-fMRI time series was segmented into
71 windows for each participant. The resting-state r value matrix
was obtained by computing the partial correlation coefficients,
and the z value matrix was obtained via Fisher-z transformation.
Before the statistical analyses, the result maps were smoothed out
with a 4-mm full-width at the half-maximum Gaussian kernel.
Furthermore, to exclude the influence of window width on the
results, the window width was set as 32/64 TR to repeat the
calculations. The results were similar with the results of the 50TR
and are detailed in the Supplementary Materials Figure S1.

Statistical Analyses
The Statistical Package for the Social Sciences 21.0 was used to
analyze the demographic and clinical data. A two-sample t test
was used to evaluate differences in age, grade, FSIQ, mean FD,

anxiety scores, and cognitive scores between the ADHD and
HC groups. Moreover, dFC maps were analyzed using the two-
sample t test based on DPABI to distinguish dynamic changes in
FC between the two groups. Previous studies based on rs-fMRI
have shown that FC in the brain is significantly associated with
intelligence (Song et al., 2008; Pamplona et al., 2015). Therefore,
we included the FSIQ as a covariate, in addition to mean FD and
age. The Gaussian random field theory was applied for multiple
comparison corrections (two-tailed, voxel p < 0.001, cluster
p < 0.05) in DPABI (Yan et al., 2016). Furthermore, we conducted
partial correlation analyses between anxiety scores/cognitive
scores and dFC, which showed significant difference between
the groups in the two-sample t test, while using mean FD, age,
and FSIQ as covariates, to examine the association between
the dFC of the amygdala subregions and the anxiety symptoms
and cognitive functions of children with ADHD. p < 0.05 was
considered statistically significant. However, the two groups had
an imbalanced number of participants, and this may have resulted
in low statistical power. To test the reproducibility of this study’s
results, we selected an equal number of children from the ADHD
group as in the control group and rematched the children by age,
grade, and FSIQ. The two-sample t tests were performed, and the
same statistical method was used.

RESULTS

Demographic Information
Altogether, 75 children with ADHD and 20 HC children were
recruited to participate in this study, and their demographic
and clinical information is provided in Table 1. A comparison
between the two groups showed no statistical difference in
age, education level, and psychosomatic disorders, whereas

TABLE 1 | The participants’ demographic and clinical information.

ADHD (n = 75) HC (n = 20) p values

Age, mean ± SD (y) 8.86 ± 0.58 8.93 ± 0.68 0.75

Grade, mean ± SD 2.88 ± 0.73 2.63 ± 0.77 0.14

FSIQ, mean ± SD 86.07 ± 8.05 95.85 ± 10.20 < 0.01

Mean FD, mean ± SD 0.07 ± 0.03 0.10 ± 0.06 0.01

Anxiety scores, mean ± SD 0.66 ± 0.54 0.14 ± 0.19 < 0.01

Behavioral problems,
mean ± SD

1.14 ± 0.51 0.41 ± 0.35 < 0.01

Learning problems,
mean ± SD

1.91 ± 0.63 0.57 ± 0.45 < 0.01

Psychosomatic disorders,
mean ± SD

0.26 ± 0.31 0.23 ± 0.30 0.71

Hyperactivity–impulse scores,
mean ± SD

1.59 ± 0.68 0.39 ± 0.43 < 0.01

IS(time), mean ± SD 19.43 ± 11.46 11.08 ± 4.00 < 0.01

IS(error), mean ± SD 2.22 ± 2.72 1.20 ± 1.61 0.04

Correct rate of working memory,
mean ± SD

0-back 0.87 ± 0.14 0.94 ± 0.08 0.01

1-back 0.63 ± 0.21 0.80 ± 0.17 < 0.01

2-back 0.41 ± 0.15 0.56 ± 0.14 < 0.01

ADHD means attention-deficit/hyperactivity disorder; FD, framewise displacement;
FSIQ, Full-Scale Intelligence Quotient; HC, health control; IS, interference score.
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significant differences were observed in the mean FD, FSIQ,
behavioral problems, learning problems, hyperactivity–impulse
scores, anxiety scores, IS, and N-back scores of the two groups.
As expected, the FSIQ and the N-back scores of the ADHD group
were significantly lower than those of the HC group, whereas
their behavioral problems, learning problems, hyperactivity–
impulse scores, IS, and anxiety scores were higher.

Group dFC Comparisons
For the patients with ADHD (vs. the HC group), the dFC of
the amygdala subregions showed significant differences in some
areas, and the right SFA exhibited a significantly higher dFC in
the right PFC, the left precuneus, and the left post-central gyrus.
However, no regional differences in dFC were found between the
children with ADHD and those in the HC group with regard to
the bilateral BLA, CMA, and the left SFA. Detailed information
is shown in Figure 1 and Table 2. After we rematched the
subjects (Supplementary Materials Table S1), the results of the
group dFC comparisons were slightly different (Supplementary
Materials Figure S2). However, the dFC between the right SFA
and the right PFC for the ADHD group was still higher than that
for the HC group.

FIGURE 1 | Compared with the HC group, the right SFA of the children in the
ADHD group exhibited significantly higher dFC with the right PFC, the left
precuneus, and the left post-central gyrus. ADHD, attention-deficit/
hyperactivity disorder; dFC, dynamic functional connectivity; HC, health
control; PFC, prefrontal cortex; SFA, superficial amygdala.

TABLE 2 | Brain areas with significant dFC differences between children in the
ADHD and HC groups.

Regions Brodmann
areas

Voxels
size

Peak MNI coordinates t value

x Y z

Right PFC 10 45 30 48 24 3.49

Left precuneus 5/7/31 42 −12 −48 45 4.01

Left post-central gyrus 2/3/4 53 −24 −36 48 4.31

ADHD means attention-deficit/hyperactivity disorder; HC, health control; MNI,
Montreal Neurological Institute; PFC, prefrontal cortex; SFA, superficial amygdala.

Correlation Analysis
For patients with ADHD, the dFC between the right SFA and the
right PFC showed a negative correlation with the 2-back scores
(r = -0.234, p = 0.043) and a positive correlation with the IS
(error) (r =−0.247, p = 0.041) (Figure 2). However, no significant
results were found regarding the anxiety symptoms.

DISCUSSION

To our knowledge, this study is the first to use the dFC method
to explore the amygdala subregion network of children with
ADHD. We observed that compared with the HC group, the right
SFA of the ADHD group showed a higher dFC; this highlights
greater temporal variability in FC with the right PFC, the left
precuneus, and the left postcentral gyrus. Another key finding
is the correlation between the subregion of the amygdala and
cognitive functions of patients with ADHD. The dFC of the
amygdala subregions showed a specific association with working
memory and response inhibition among patients with ADHD.
These outcomes suggest that the FC of the amygdala is more
unstable among children with ADHD, and the dFC of the
amygdala subregion network is related to the cognitive functions
of children with ADHD.

Unlike the resting-state FC, the stability of the FC is reflected
by the dFC. The findings of this study may provide new
insights into the abnormal brain activity of children with
ADHD. Previous studies that analyzed the amygdala as a whole
failed to recognize its structural complexity. Instead, research
demonstrated that different subregions of the amygdala perform
different functions (Han et al., 2014). Primarily, BLA is involved
in associative learning processes as it receives incoming signals
from the cortex and subcortical regions, including the PFC,
thalamus, and hippocampus (Roy et al., 2009; Bzdok et al.,
2013). Meanwhile, CMA is involved in attention regulation,
motor generation, and autonomous emotional responses (Pessoa,
2011; Bzdok et al., 2013), whereas SFA addresses olfactory and
reward-related information (Heimer and Van Hoesen, 2006;
Bzdok et al., 2013).

In this study, the right SFA of the ADHD group showed
a significantly higher FC variability in the right PFC, the left
precuneus, and the left post-central gyrus. Previous studies
suggested that the PFC is fundamentally involved in mechanisms
underlying anxiety (Bishop, 2007; Hare et al., 2008). In the
brain, the PFC and amygdala are interconnected and work in
concert to control the expression of emotions, such as fear and
anxiety (Likhtik et al., 2014). The PFC exerts inhibitory top-down
control over amygdala activities under physiological conditions,
preventing inappropriate emotional expressions (Rosenkranz
et al., 2003). Several studies have shown that the PFC is necessary
for the neurobiology of ADHD (Cheng et al., 2017; Chen et al.,
2020; Liu et al., 2020). Posner et al. (2011) detected a stronger
FC between the amygdala and PFC in adolescents with ADHD.
In contrast to previous studies, our study further analyzed
the dFC of the amygdala subregion, taking into account its
heterogeneity. We analyzed the dFC of the amygdala, and the
elevated dFC represented poor stability of FC; this means that
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FIGURE 2 | In ADHD patients, the dFC between the right SFA and the right PFC showed (A) a negative correlation with the 2-back scores and (B) a positive
correlation with IS (error). ADHD, attention-deficit/hyperactivity disorder; dFC, dynamic functional connectivity; IS, interference score; SFA, superficial amygdala.
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the interaction between the amygdala and PFC is unstable in
children with ADHD.

Generally, the precuneus belongs to the parietal lobe, which
is involved in a variety of complex functions and is critical for
emotion processing (Cavanna and Trimble, 2006), mediation of
subjective happiness, and somatomotor processing (Sato et al.,
2015). The amygdala is involved in several of these functions,
including emotional processing. The results obtained in our
study, along with the proven psychological functions of these
regions, suggest that the unstable functional connection between
the amygdala and the parietal lobe may be a potential cause
of ADHD. A survey of adolescents with ADHD signified that
there was significantly less activation in the parietal lobe when
these adolescents were asked to perform a mental rotation
task that required spatial working memory; this may indicate
parietal dysfunction in patients with ADHD (Vance et al., 2007).
Hale et al. (2015) believe that parietal electroencephalogram
asymmetry is associated with mood and anxiety disorders.
However, in our study, we did not find a relationship between
anxiety symptoms and brain regions. This may be because (1)
in this study, the factors from Conner’s Parent Rating Scale were
used to represent anxiety symptoms, which had no correlation
with the three brain regions; and (2) the sample size of this study
is relatively small.

This study also finds a relationship between the dFC of the
amygdala subregions and the cognitive functions of patients
with ADHD. Specifically, for patients with ADHD, the dFC
between the right SFA and the right PFC showed a negative
correlation with the 2-back scores and a positive correlation with
the IS (error). This means that the more unstable the functional
connection between SFA and PFC, the worse the cognitive
function of patients with ADHD. Halperin and Schulz (2006)
believe that the structure and function of the PFC are intimately
involved in the manifestation of ADHD symptoms. A previous
study found a reduced activation in the left PFC of children with
ADHD during an inhibition task (Miao et al., 2017). Among
people with ADHD, an increasing number of studies have shown
that there are functional changes in the PFC. For example, a study
found that young people with ADHD show decreased FC of the
left dorsolateral PFC for high-load visuospatial working memory
(Bedard et al., 2014). Another study found that a higher brain
signal variability in the medial prefrontal areas is related to overall
ADHD symptom severity and inattention across children with an
ADHD diagnosis (Nomi et al., 2018), which is consistent with our
findings. However, a previous study showed that increased brain
signal variability is associated with improved task performance
(Garrett et al., 2013). This contradicts our results and might be
explained by the Yerkes–Dodson curve. There is an optimal value
for brain functioning. It is possible that the signal variability in
the PFC of people with ADHD exceeds this optimal value and
thus appears to impair cognitive performance.

This study’s outcomes should be interpreted with caution
because of the following limitations. First, the scanning time
was relatively short, which might reduce the reliability of the
rs-fMRI data. Each participant underwent an rs-fMRI scan for
260 s, whereas similar studies were typically performed for 5 to
8 min (Yu et al., 2016). Second, several methods, with unverified
consistencies, have been proposed to calculate the dFC. However,

this study used the sliding time window method only to explore
the differences in the amygdala subregion network of children
with ADHD. Various methods can be used to confirm the
results of this study in future work. Third, the number of
participants in the two groups was imbalanced, and the sample
size of this study was relatively small, resulting in low statistical
power. This disparity arose because of (1) the difficulty of
recruiting participants who were willing to provide experimental
data and (2) the use of stringent inclusion and exclusion
criteria. Randomized controlled trials with larger sample sizes are
warranted in the future to verify the findings of this study.

Despite these limitations, the following two advantages
enhance the reliability of the results. Previous studies have
outlined that stimulants can change the brain structure and
function of patients with ADHD (An et al., 2013; Querne et al.,
2017; Walhovd et al., 2020) and the dose of the stimulant
correlates with the size of the amygdala (Becker et al., 2015). The
participants selected for this study were not on any stimulants.
Furthermore, researchers confirmed differences in FC among
children with ADHD belonging to different age groups (Tang
et al., 2018). This study minimized the confounding effect of age
by including children between 8 and 10 years old and controlling
for the participants’ ages in the statistical analysis.

In summary, we investigated the dynamic variability of
amygdala-based FC and its association with anxiety symptoms
and the cognitive function of children with ADHD. The results
of this study suggest that the dFC of the amygdala subregion of
children with ADHD is significantly different from that of healthy
children, and higher dFCs are negatively associated with the
cognitive functions of children with ADHD. In demonstrating an
association between the variability of amygdala FC and cognitive
functions, this study may contribute by providing a new direction
for studying the internal mechanism of ADHD.
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Altered excitatory and inhibitory neurotransmission has been implicated in autism
spectrum disorder (ASD). Interventions using repetitive transcranial magnetic stimulation
(rTMS) to enhance or inhibit cortical excitability are under study for various targets,
though the mechanistic effects of rTMS have yet to be examined in ASD. Here, we
examined whether an excitatory rTMS treatment course modulates glutamatergic (Glx)
or γ-aminobutyric acid (GABA) metabolite levels in emerging adults with ASD. Twenty-
eight participants with ASD and executive function impairment [23.3 ± 4.69 years;
seven-female] underwent two magnetic resonance spectroscopy (MRS) scans of the
left dorsolateral prefrontal cortex (DLPFC). MRS scans were acquired before and after
participants with ASD were randomized to receive a 20-session course of active or
sham rTMS to the DLPFC. Baseline MRS data was available for 19 typically developing
controls [23.8 ± 4.47 years; six-female]. Metabolite levels for Glx and GABA+ were
compared between ASD and control groups, at baseline, and metabolite level change,
pre-to-post-rTMS treatment, was compared in ASD participants that underwent active
vs. sham rTMS. Absolute change in Glx was greater in the active vs. sham-rTMS group
[F(1,19) = 6.54, p = 0.02], though the absolute change in GABA+ did not differ between
groups. We also examined how baseline metabolite levels related to pre/post-rTMS
metabolite level change, in the active vs. sham groups. rTMS group moderated the
relation between baseline Glx and pre-to-post-rTMS Glx change, such that baseline Glx
predicted Glx change in the active-rTMS group only [b = 1.52, SE = 0.32, t(18) = 4.74,
p < 0.001]; Glx levels increased when baseline levels were lower, and decreased when
baseline levels were higher. Our results indicate that an interventional course of excitatory

Frontiers in Neuroscience | www.frontiersin.org 1 October 2021 | Volume 15 | Article 71154255

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2021.711542
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2021.711542
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2021.711542&domain=pdf&date_stamp=2021-10-06
https://www.frontiersin.org/articles/10.3389/fnins.2021.711542/full
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-711542 October 5, 2021 Time: 15:34 # 2

Moxon-Emre et al. Modulation of Glx in Autism

rTMS to the DLPFC may modulate local Glx levels in emerging adults with ASD, and
align with prior reports of glutamatergic alterations following rTMS. Interventional studies
that track glutamatergic markers may provide mechanistic insights into the therapeutic
potential of rTMS in ASD.

Clinical Trial Registration: Clinicaltrials.gov (ID: NCT02311751), https://clinicaltrials.
gov/ct2/show/NCT02311751?term=ameis&rank=1; NCT02311751.

Keywords: autism spectrum disorder, repetitive transcranial magnetic simulation, dorsolateral prefrontal cortex,
magnetic resonance spectography, Glx, GABA, MEGA-PRESS

INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental
disorder characterized by complex phenotypic and
neurobiological heterogeneity. A number of studies point to
the possible convergence of altered excitatory glutamatergic
and inhibitory γ-aminobutyric acid (GABA) mediated
neurotransmission in ASD (Ford and Crewther, 2016; Ajram
et al., 2019). Glutamate and GABA are fundamentally important
for the development of neuronal circuitry, and maintenance
of cognition and behavior (Lujan et al., 2005). Importantly,
glutamate and GABA are not independent neural chemicals;
within GABAergic interneurons, glutamine is synthesized into
glutamate, which is subsequently synthesized into GABA by the
glutamate decarboxylase (GAD) enzyme (Bak et al., 2006). The
rate-limiting GAD enzyme may be altered in ASD (Yip et al.,
2007). Thus, relative levels of glutamate and GABA may differ
among individuals with ASD, as glutamate, glutamine and GABA
are continually in flux.

Magnetic resonance spectroscopy (MRS) is one of the few
non-invasive techniques able to probe biochemistry in the
human brain through measurement of metabolites associated
with neurophysiological processes (Rae, 2014). Though findings
are mixed, a number of MRS studies report altered GABA and Glx
(glutamate + glutamine) levels, across various brain regions, in
participants with ASD compared to typically developing controls
(TDC) (Ford and Crewther, 2016; Ajram et al., 2019). Within
prefrontal regions, lower GABA and/or Glx levels have been
detected in samples of children with ASD vs. TDC (Harada et al.,
2011; Kubas et al., 2012). There are comparatively fewer studies
that evaluate GABA and Glx levels in autistic adults. Both lower
(Bernardi et al., 2011; Horder et al., 2013, 2018; Tebartz van Elst
et al., 2014) and higher Glx (Page et al., 2006; Brown et al., 2013)
levels have been reported in available studies of adults with ASD
vs. TDC, though no GABA differences have been found. Of note,
studies that include samples spanning across the child, youth and
young adult age ranges have not shown differences in GABA or
Glx levels in ASD vs. TDC (Ajram et al., 2019), suggesting that
age may have influenced prior neurometabolite findings.

Various pharmacological agents that affect glutamate/GABA
signaling are currently under study as interventions in ASD [e.g.,
Memantine, riluzole, arbaclofen (Lai et al., 2020), cannabinoid
compounds (Pretzsch et al., 2019a,b)]. Identifying non-invasive
approaches that modulate this neurotransmitter pathway,
and metrics that can track successful modulation, represent

important steps to development of biomedical interventions in
this area. Repetitive transcranial magnetic stimulation (rTMS)
is a non-invasive interventional tool that involves stimulating
the cortex with trains of magnetic pulses (George et al., 2009).
Although TMS studies implicate aberrant cortical plasticity in
ASD (Oberman et al., 2012; Oberman et al., 2016), we are
not aware of any study that has examined rTMS effects on
neurometabolite levels in this population.

Repetitive transcranial magnetic stimulation may drive
changes in excitatory and inhibitory tone through a variety
of mechanisms, such as changes to glutamatergic synapses,
GABAergic neurons, brain derived neurotrophic factor, or
promotion of neurogenesis (Dayan et al., 2013; Polania et al.,
2018). However, the neurobiological effect of rTMS may depend
upon the individual characteristics of the brain undergoing
stimulation (Silvanto et al., 2008). For example, in major
depressive disorder (MDD), rTMS is thought to restore
normative brain function through facilitating the re-emergence
of intrinsic cerebral rhythms (Leuchter et al., 2013). Further,
a study in a non-clinical sample suggested that although
rTMS paradigms can increase cortical inhibition, the extent
of change may depend on baseline inhibition (i.e., larger
increases in individuals with lower baseline inhibition found)
(Daskalakis et al., 2006).

The potential utility of rTMS in the treatment of
neuropsychiatric conditions stems, in part, from its ability
to enhance or inhibit cortical excitability in targeted brain
regions. Preliminary evidence suggests that rTMS to the
dorsolateral prefrontal cortex (DLPFC) may have value as an
interventional tool to alter repetitive or stereotyped behaviors,
social functioning (Barahona-Correa et al., 2018), depressive
symptoms (Gwynette et al., 2020), or executive functioning
(Sokhadze et al., 2014) in ASD.

Our recent randomized double-blind sham-controlled pilot
trial of 20 sessions of 20 Hz (excitatory) rTMS to bilateral
DLPFC, tested the feasibility and preliminary efficacy of rTMS
for the treatment of executive function deficits in emerging
adults with ASD. Stimulation parameters for our trial targeting
executive function impairment were chosen according to the
best available evidence for improving cognitive function in
clinical populations at the time of trial design. For example, a
systematic review that assessed the potential for rTMS to improve
cognitive outcome across various clinical populations found that
a course of high frequency stimulation to DLPFC was most
promising for improving executive function (Guse et al., 2010).
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Preliminary studies in ASD had also suggested that bilateral
DLPFC stimulation at 90% resting motor threshold (RMT) may
improve performance on cognitive domains (Sokhadze et al.,
2014) and that a course of high frequency bilateral prefrontal
cortex stimulation was feasibly implemented in an ASD sample
at 90% RMT (Enticott et al., 2014). Our pilot rTMS clinical trial
in ASD used the exact same stimulation protocol (20 sessions
of 20 Hz rTMS to bilateral DLPFC at 90% RMT) as a prior
positive clinical trial that tested the efficacy and feasibility of
rTMS to improve working memory in schizophrenia (Barr et al.,
2013). Individuals with ASD are predisposed to seizures and
often take medications similar to individuals with schizophrenia.
Therefore, we specifically chose to model our pilot clinical trial
parameters to be consistent with a protocol that had improved
working memory deficits (our main clinical outcome measure
of the trial), and that was safely and feasibly implemented in a
complex clinical population (Barr et al., 2013). Additionally, we
used target site and intensity parameters that had been safely
implemented in prior published rTMS studies in ASD samples
(Enticott et al., 2014; Sokhadze et al., 2014). Though we did not
find significant differences in executive function performance
following active versus sham treatment across our clinical trial
sample, executive functioning improved following active rTMS
in the subset of participants in our sample with more pronounced
baseline functional impairments (Ameis et al., 2020).

In the present study, we analyzed available 1H MRS data
measuring GABA+ (GABA+ macromolecules) and Glx levels
in individuals with ASD that participated in our 4-week pilot
clinical trial studying the effects of rTMS to DLPFC on executive
function deficits (Ameis et al., 2020). MRS data was collected as
part of the trial to explore changes in inhibitory and excitatory
neurotransmission following rTMS. No a priori hypotheses for
MRS data were registered prior to the clinical trial. Owing to
the mixed evidence for neurometabolite alterations in ASD, we
first examined whether GABA+ or Glx levels within the DLPFC
differed in ASD vs. age-matched TDCs, at baseline. However,
the primary objective of our study was to test the hypothesis
that GABA+ and Glx levels within the DLPFC would change
following active vs. sham rTMS in participants with ASD. Based
on the potential for state-dependent effects following rTMS
(Daskalakis et al., 2006; Kearney-Ramos et al., 2019), we also
explored whether the direction of metabolite level change was
influenced by baseline metabolite levels.

MATERIALS AND METHODS

Participants
Baseline Autism Spectrum Disorder Group
Forty participants with ASD, characterized previously (Ameis
et al., 2017, 2020), were recruited from the Centre for Addiction
and Mental Health (CAMH, Toronto, Canada), local community
clinics, and advertisements (local and online). Among the
40 participants that completed the rTMS clinical trial, 33
participants underwent MRS at least once, and 28 had useable
baseline scans (see Supplementary Table 1 and Table 1).
Characteristics of the participants with and without useable

MRS scans are provided in Supplementary Table 2. This study
was part of a pilot clinical trial designed to investigate the
potential of rTMS as an intervention for executive function
deficits in ASD. The study was approved by the CAMH research
ethics board (REB; protocol #119-2013) and registered with
Clinicaltrials.gov (ID: NCT02311751). The inclusion/exclusion
criteria for trial participants with ASD were described previously
(Ameis et al., 2017, 2020). Briefly, participants with ASD were
included if they were aged 16-35 years, fluent in English, had a
DSM-IV-TR diagnosis of autistic disorder, Asperger’s disorder,
or pervasive developmental disorder-not otherwise specified
(PDD-NOS), or a DSM-5 diagnosis of ASD. Prior clinical
diagnoses were confirmed on clinical interview and using the
Autism Diagnostic Observation Schedule-2 (ADOS-2), Module
4 (administered by a trained child and youth psychiatrist,
SHA) (Lord et al., 2000). Capacity to consent, clinical stability,
an IQ ≥ 70 on the General Abilities Index (GAI) from the
Wechsler Adult Intelligence Scale-Fourth Edition (WAIS-IV)
(Benson et al., 2010), and a T score > 65 on any subscale of
the Behavior Rating Inventory of Executive Function (BRIEF)-
self report version (Gioia et al., 2002), indicating clinically
significant impairment in executive functioning, were also
required for inclusion. Adaptive functioning was assessed with
the Vineland Adaptive Behavior Scale-II (VABS-II) (Sparrow and
Cicchetti, 1985). Co-occurring mental health conditions were
assessed using the Mini International Neuropsychiatric Interview
(MINI) (Sheehan et al., 1998). Participants were excluded if
they had prior major medical or neurological illnesses, were
taking anticonvulsants or benzodiazepines (≥2 mg lorazepam
equivalent), were pregnant or had potential for pregnancy, had
history of substance use/dependence within the last 6 months
or a positive urine toxicology screen, had history of rTMS
treatment, were unable to commit to the rTMS protocol, or
unable to consent to participation. No changes in psychotropic
medication were permitted within 4 weeks of randomization to
the end of treatment. Psychiatric comorbidities, and psychotropic
medications are detailed in Supplementary Table 3.

Baseline Comparison/Control Group
Twenty age- and sex-matched TDCs were recruited from local
and online advertisements; all participants underwent MRS once,
and 19 had useable baseline scans (Supplementary Table 1 and
Table 1). Control participants were included if they were aged
16–35 years, fluent in English, and had capacity to consent. TDC
participants were excluded if they had a history of substance
use/dependence within the last 6 months, a positive urine
toxicology screen, any major medical or neurological illness, a
diagnosed learning disorder, an IQ < 70, were pregnant, or if
they were found to have a psychiatric diagnosis during the MINI
assessment. Participant characteristics are detailed in Table 1.

Repetitive Transcranial Magnetic Stimulation
Intervention Group
Demographic and clinical characteristics for the 28 participants
with ASD with available MRS data that were treated with active
(n = 16) vs. sham (n = 12) rTMS, are provided in Table 2.
The breakdown of participants with MRS scans, within each

Frontiers in Neuroscience | www.frontiersin.org 3 October 2021 | Volume 15 | Article 71154257

http://Clinicaltrials.gov
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-711542 October 5, 2021 Time: 15:34 # 4

Moxon-Emre et al. Modulation of Glx in Autism

TABLE 1 | Characteristics of the baseline sample (TDC vs. all ASD participants).

TDC (n = 19) ASD (n = 28) Test p-value

Age

Mean (SD) 23.8 (4.47) 23.3 (4.69) t(40) = 0.40 0.69

Median [Min, Max] 23.0 [16.0, 34.0] 22.0 [16.0, 33.0]

Sex

Number of males (%) 13 (68.4%) 21 (75.0%) X2
= 0.03 0.87

Psychotropic Medicationa,*

Number of participants on (%) 0 (0%) 17 (60.7%) Fisher’s Exact <0.001

MINIa

Comorbidity

Number of participants (%) 0 (0%) 16 (57.1%) Fisher’s Exact <0.001

Depression – current (2 weeks)

Number of participants (%) 0 (0%) 7 (25.0%) Fisher’s Exact 0.03

Depression – recurrent

Number of participants (%) 0 (0%) 2 (7.1%) Fisher’s Exact 0.15

Years of Educationa

Mean (SD) 15.4 (2.31) 14.2 (3.01) t(43) = 1.56 0.13

Median [Min, Max] 16.0 [10.0, 19.0] 13.5 [10.0, 22.0]

IQ – General Abilities Indexb

Mean (SD) 111 (9.37) 112 (17.8) t(42) = –0.23 0.82

Median [Min, Max] 111 [94.0, 136] 111 [77.0, 141]

BRIEF Metacognition Indexa

Mean (SD) 45.7 (6.88) 70.6 (8.21) U = 1.5 <0.001

Median [Min, Max] 45.0 [36.0, 59.0] 68.5 [59.0, 84.0]

BRIEF Global Compositea

Mean (SD) 43.5 (5.89) 68.0 (8.18) t(43) = –11.81 <0.001

Median [Min, Max] 43.5 [35.0, 55.0] 66.5 [52.0, 86.0]

Adaptive Functioning Composite

Mean (SD) – 75.5 (9.88) – –

Median [Min, Max] – 74.5 [58.0, 104]

WM Fraction

Mean (SD) 0.415 (0.0663) 0.395 (0.0841) F(1,44) = 0.63 0.43

Median [Min, Max] 0.407 [0.311, 0.528] 0.397 [0.222, 0.585]

GM Fraction

Mean (SD) 0.459 (0.0392) 0.461 (0.0512) F(1,44) < 0.001 0.98

Median [Min, Max] 0.467 [0.373, 0.507] 0.466 [0.340, 0.557]

CSF Fraction

Mean (SD) 0.116 (0.0341) 0.129 (0.0300) F(1,44) = 1.80 0.19

Median [Min, Max] 0.123 [0.0567, 0.163] 0.128 [0.0742, 0.208]

GABA+

Mean (SD) 0.182 (0.0219) 0.175 (0.0292) F(1,44) = 0.59 0.45

Median [Min, Max] 0.181 [0.134, 0.230] 0.168 [0.133, 0.253]

Glx

Mean (SD) 0.121 (0.0172) 0.120 (0.0208) F(1,44) = 0.03 0.86

Median [Min, Max] 0.123 [0.0912, 0.157] 0.116 [0.0846, 0.166]

GABA+/Glx ratio

Mean (SD) 1.52 (0.256) 1.48 (0.198) F(1,44) = 0.44 0.51

Median [Min, Max] 1.46 [1.24, 2.37] 1.46 [1.21, 1.92]

aData was missing from 1 control participant.
bData was missing from 2 control participants.
*Psychotropic medication is detailed in Supplementary Table 3.
Age, years of education, IQ and BRIEF scores were compared between groups using Welch’s t-tests or Mann–Whitney’s U tests when data was not normally distributed.
Sex (which was determined based on participant self report) was compared with a Chi-Square Test. Fisher’s Exact tests were used when values in any cell were <5.
Statistical tests for biological measures (i.e., tissue fractions and metabolite levels) represent groups comparisons, covarying for age.
ASD, autism spectrum disorder; BRIEF, behavior rating inventory of executive function; TDC, typically developing controls; MINI, Mini International Neuropsychiatric
Interview; WM, white matter; GM, gray matter; CSF, cerebrospinal fluid. Bold values denote statistical significance at p < 0.05.
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TABLE 2 | Characteristics of the clinical trial sample (participants with ASD in the active vs. sham rTMS groups).

Active rTMS Sham rTMS

(n = 16) (n = 12) Test p-value

Age

Mean (SD) 23.1 (4.66) 23.4 (4.93) t(23) = –0.16 0.88

Median [Min, Max] 21.5 [16.0, 33.0] 23.5 [16.0, 31.0]

Sex

Number of males (%) 13 (81.2%) 8 (66.7%) Fisher’s Exact 0.42

Psychotropic Medication*

Number of participants on (%) 12 (75.0%) 5 (41.7%) Fisher’s Exact <0.001

MINI

Comorbidity

Number of participants (%) 10 (62.5%) 6 (50.0%) Fisher’s Exact 0.04

Depression – current (2 weeks)

Number of participants (%) 2 (12.5%) 5 (41.7%) Fisher’s Exact <0.001

Depression – recurrent

Number of participants (%) 0 (0%) 2 (16.7%) Fisher’s Exact 0.004

Years of Education

Mean (SD) 14.9 (3.11) 13.3 (2.70) U = 129 0.13

Median [Min, Max] 15.0 [10.0, 22.0] 12.0 [10.0, 18.0]

IQ – General Abilities Index

Mean (SD) 112 (19.5) 112 (16.1) t(26) = 0.009 0.99

Median [Min, Max] 114 [77.0, 140] 111 [92.0, 141]

BRIEF Metacognition Index

Mean (SD) 70.8 (7.63) 70.3 (9.27) t(21) = 0.15 0.89

Median [Min, Max] 69.5 [59.0, 84.0] 68.0 [59.0, 84.0]

BRIEF Global Composite

Mean (SD) 67.1 (7.99) 69.3 (8.61) U = 87.5 0.71

Median [Min, Max] 66.5 [52.0, 86.0] 65.5 [61.0, 83.0]

Adaptive Functioning Composite

Mean (SD) 75.8 (8.13) 75.2 (12.2) t(18) = 0.16 0.88

Median [Min, Max] 75.5 [61.0, 89.0] 72.0 [58.0, 104]

Pre Post Pre Post

(n = 16) (n = 12) (n = 12) (n = 12)

WM fraction

Mean (SD) 0.399 (0.0857) 0.432 (0.105) 0.390 (0.0853) 0.406 (0.102) F(1,25) = 0.25 0.62

Median [Min, Max] 0.397 [0.222, 0.534] 0.423 [0.310, 0.600] 0.389 [0.268, 0.585] 0.383 [0.270, 0.588]

GM fraction

Mean (SD) 0.460 (0.0527) 0.438 (0.0729) 0.462 (0.0515) 0.453 (0.0673) F(1,25) = 0.13 0.72

Median [Min, Max] 0.465 [0.370, 0.542] 0.450 [0.321, 0.542] 0.466 [0.340, 0.557] 0.452 [0.337, 0.546]

CSF fraction

Mean (SD) 0.128 (0.0301) 0.123 (0.0365) 0.131 (0.0311) 0.130 (0.0327) F(1,26) = 0.16 0.69

Median [Min, Max] 0.119 [0.0948, 0.208] 0.117 [0.0794, 0.209] 0.141 [0.0742, 0.166] 0.138 [0.0754, 0.168]

GABA+

Mean (SD) 0.181 (0.0315) 0.193 (0.0364) 0.168 (0.0254) 0.189 (0.0502) F(1,26) = 0.33 0.57

Median [Min, Max] 0.176 [0.141, 0.253] 0.198 [0.118, 0.239] 0.164 [0.133, 0.219] 0.170 [0.131, 0.292]

Glx

Mean (SD) 0.119 (0.0226) 0.130 (0.0281) 0.121 (0.0189) 0.121 (0.0254) F(1,25) = 0.23 0.64

Median [Min, Max] 0.112 [0.0846, 0.166] 0.130 [0.0938, 0.175] 0.120 [0.0919, 0.162] 0.123 [0.0731, 0.163]

GABA+/Glx ratio

Mean (SD) 1.54 (0.224) 1.51 (0.297) 1.39 (0.120) 1.58 (0.287) F(1,25) = 0.38 0.55

Median [Min, Max] 1.52 [1.21, 1.92] 1.45 [1.13, 2.25] 1.38 [1.21, 1.56] 1.48 [1.27, 2.21]

*Psychotropic medication is detailed in Supplementary Table 3.
Age, years of education, IQ, BRIEF, and Adaptive Functioning scores were compared between groups using Welch’s t-tests or Mann–Whitney’s U tests when data was
not normally distributed. Fisher’s Exact tests were used when values in any cell were <5.
Statistical tests for biological measures (i.e., tissue fractions and metabolite levels) represent main effects of Group, from the 2 × 2 mixed-model ANCOVAs [group (active
vs. sham rTMS) × time (pre- vs. post-rTMS)] covarying for age.
rTMS, repetitive transcranial magnetic stimulation; MINI, Mini International Neuropsychiatric Interview; WM, white matter; GM, gray matter; CSF, cerebrospinal fluid, BRIEF,
behavior rating inventory of executive function. Bold values denote statistical significance at p < 0.05.
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treatment group, is detailed in Supplementary Table 1. Of
note, the number of participants with both pre- and post-rTMS
scans was slightly smaller (active: n = 12; sham: n = 10)
(Supplementary Table 4). Both cohorts were included, for
reasons detailed in the statistical analyses section below.

Clinical Trial Design
Participants with ASD were enrolled in a double-blind, sham-
controlled trial (recruitment between November 2014 and June
2017), and were randomly allocated in a 1:1 ratio to receive active
or sham rTMS treatment. Briefly, active (20 Hz, delivered at 90%
RMT intensity) and sham rTMS were administered bilaterally to
DLPFC (Talairach [x, y, z] = [–] 50, 30, 36), 5 days per week
for 4 weeks, totaling 20 sessions, at CAMH. Stimulation was
administered at 20 Hz with 25 stimulation trains of 30 stimuli
each. The inter-train interval was 30 s, at equivalent stimulation
parameters (Barr et al., 2013) of 750 pulses/hemisphere, totaling
1500 pulses/session. The rTMS treatment sessions lasted ∼30–
45 min. 90% RMT was selected as this was the intensity used
in the pilot clinical trial that our study was modeled after (Barr
et al., 2013). Further, all published trials of rTMS to DLPFC
in ASD available at the time of study design had stimulated
at 90% RMT (Sokhadze et al., 2009, 2012, 2014; Baruth et al.,
2010; Casanova et al., 2012). TDC participants were not included
in the clinical trial, and thus did not receive rTMS. At the
beginning of the trial, each participant was randomized to receive
left or right-sided stimulation first followed by stimulation
of the contralateral hemisphere (this order was maintained
for all sessions). We implemented the same sham condition
approach used by the study we modeled our clinical trial after;
a single-wing tilt position of the coil to mimic the active
rTMS condition, as this produces scalp muscle contraction with
minimal direct effects on the brain (Barr et al., 2013). To test
the integrity of our blinding, we asked participants following the
first and last rTMS session if they believed they received active
stimulation, and responses did not differ between active/sham
groups (Ameis et al., 2020). Detailed clinical trial information,
including sample size, randomization details (Ameis et al., 2017),
and the CONSORT diagram (Ameis et al., 2020) have been
published previously. Clinical trial participants underwent MRS
within 1 week prior to commencing rTMS, and within 1 week
following the last rTMS session.

Magnetic Resonance Spectroscopy Data
Acquisition
GABA-edited proton MRS data were acquired using a MEshcher-
GArwood Point RESolved Spectroscopy (MEGA-PRESS)
sequence on a 3 Tesla GE MR750 (General Electric, Milwaukee,
WI, United States) scanner. Each spectrum was recorded from
a single 20 mm × 40 mm × 30 mm voxel, prescribed in the left
DLPFC (Figure 1A). MEGA-PRESS data acquisition is single
voxel method. Due to the low concentration of GABA in the
brain tissue (GM GABA concentration = 1.30 + –0.36 µmol/g
of brain tissue, WM GABA = 0.16 + –0.16 µmol/g tissue) (Choi
et al., 2006), a large voxel is required in order to acquire enough
metabolite signal for analysis. Due to imaging time-constraints in

our clinical trial, we were unable to acquire MRS data from both
hemispheres. Given this, we selected the left DLPFC for MRS
voxel placement as left-DLPFC stimulation is more common
across rTMS studies, including those with pre/post MRS data
which have mainly acquired a single left hemisphere voxel
(Michael et al., 2003; Luborzewski et al., 2007; Zheng et al., 2010;
Croarkin et al., 2016; Dubin et al., 2016; Baeken et al., 2017; Levitt
et al., 2019). Shimming was performed using GE’s manufacturer
automated shimming routine (AUTOSHIM). Data acquisition
parameters were: TE = 68 ms, TR = 1500 ms, 512 averages (256
editing-ON and 256 editing-OFF), ON/OFF editing RF pulses
were centered at 1.9/7.5 ppm, and editing RF width= 14.4 ms. To
facilitate internal tissue water referencing, unsuppressed water
averages were acquired prior to the water-suppressed scans.

Structural Imaging, Voxel Co-registration
and Tissue Segmentation
Structural images were acquired at 3T, using 3D fast spoiled
gradient-echo imaging (FSPGR) (Low et al., 1993) with the
following parameters: TI = 650 ms, TE = 3 ms, TR = 6.7 ms,
flip angle = 8o, FOV = 256 × 256 mm, resulting voxel
size = 0.9 mm isotropic without gap, and scan time of
∼5 min. High-resolution T1 images were acquired sagittally
and reformatted to axial and coronal oblique images parallel
to the anterior commissure - posterior commissure (AC-PC)
line. To ensure consistent voxel positioning in the left DLPFC,
guidelines were to place the voxel on a double oblique image
parallel to and between the superior and inferior frontal
gyrus; these instructions were followed for all acquired scans.
Grey matter (GM), white matter (WM), and cerebrospinal
fluid (CSF) composition within the single voxel MEGA-PRESS
data were determined using the GannetCoRegister module
in Gannet (Harris et al., 2015) and FSL-FMRIB’s Automatic
Segmentation Tool (FAST) (Zhang et al., 2001). Briefly, raw
MRS data acquisition parameters (voxel size, orientation, and
location stored in the MRS raw data headers) were determined
to create a binary mask of the voxel locations, and co-
registered to the T1-weighted images. This mask was then
applied using FSL-FAST to determine GM/WM/CSF fractions
(Figure 1B, Tables 1, 2, and Supplementary Table 4). Water-
scaled metabolite concentrations were corrected for voxel
tissue composition; observed metabolite concentrations (not
corrected for metabolite relaxation times) were obtained, relative
to the fully relaxed water concentration in tissue [M] by
accounting for the volume fractions, water relaxation times
(T1, T2) and water concentrations of the WM, GM, and CSF
compartments, as per Gasparovic et al. (2006). Equations used
for metabolite correction, and water relaxation times of the tissue
compartments, are detailed in the Supplementary Methods.

Magnetic Resonance Spectroscopy Data
Processing
The Gannet 3.0 (Edden et al., 2014) processing pipeline was used
to perform the following processing steps: frequency and phase
correction by spectral registration, exponential line broadening
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FIGURE 1 | 1H-MRS voxel position, tissue segmentation, and representative spectra from a single participant. (A) 20 mm × 40 mm × 30 mm voxel, placed in the
left dorsolateral prefrontal cortex (DLPFC). (B) Segmentation of T1-weighted MRI, used to correct water-scaled metabolite concentrations for voxel tissue
composition. Gray matter (blue), white matter (yellow), and CSF (red). (C) Sample output from the MEGA-PRESS sequence, with representative fits of GABA+ and
Glx peaks shown in the edited spectrum.

(3 Hz) and a fast Fourier transform. The full-width at half-
maximum (FWHM) of the modeled water signal was used to
obtain the linewidth of the water reference. Once the OFF
was subtracted from the ON acquisitions, a single reliable
GABA+ peak at 3.01 ppm (representing the GABA peak co-
edited with macromolecule [MM] signal), and a Glx doublet
(co-edited glutamine + glutamate) peak at ∼3.75 ppm were
fitted. Gaussian line shape fitting, with modifications to obtain
GABA+ area outputs, were performed as in prior publications
(Dubin et al., 2016; Da Silva et al., 2019). GABA+ and Glx levels
were normalized by the area of the water model peak. An example
spectra is provided in Figure 1C, and all (overlaid) spectra are
provided in Supplementary Figure 1. GABA+ /Glx ratios were
calculated to evaluate the inhibition/excitation balance within
the voxel. The editing OFF acquisition was also processed using
the FID-A toolkit (Simpson et al., 2017), which combined the
receiver coil data, removed averages with significant motion, and
performed spectral registration to frequency and phase correct
the data prior to separating and combining the editing OFF
averages. This output was then analyzed using the LCModel
(version 6.3-0E) (Provencher, 1993) over the frequency range
of 0.2–4.0 ppm. Metabolite reference spectra were generated
using GAMMA library (Smith et al., 1994). The reference basis
set consisted of 19 metabolites, as detailed in Supplementary
Methods, and the corrected metabolite pseudo concentrations
are shown in Supplementary Table 5.

Quality Control
Seventy nine MRS scans from 53 participants (33 ASD; 20
control) were assessed for quality control. Reasons and details
for scan exclusion (n = 3 baseline, n = 5 post-rTMS) are
provided in Supplementary Table 1. We note that useable MRS
data was not available for all rTMS trial participants due to

imaging time-constraints, difficulties with scanning a complex
clinical population, and due to our adherence to rigorous quality
control of MRS data.

Statistical Analysis
Analysis of Baseline Metabolite Levels in Autism
Spectrum Disorder vs. Typically Developing Controls
Demographic variables, tissue composition and metabolites
were compared between participants with ASD and TDCs.
Tissue composition (GM, WM, and CSF fraction) and baseline
metabolites (GABA+, Glx and GABA+ /Glx ratio) were
compared between the ASD and TDC groups using a series of
ANCOVAs, including age as a covariate. Group differences in
NAA, GPC, mI, Glu, and Cr were also assessed.

Analysis of Magnetic Resonance
Spectroscopy-Derived Metabolites at Pre- vs.
Post-repetitive Transcranial Magnetic Stimulation in
Clinical Trial Participants With Autism Spectrum
Disorder
The effect of rTMS (active vs. sham) on metabolites was assessed
in participants with ASD that completed the rTMS clinical trial.
Pre/post-rTMS tissue composition (GM, WM, and CSF fractions)
and metabolites (GABA+, Glx, and GABA+/Glx) were each
compared between active and sham groups using 2 × 2 mixed-
effect ANCOVAs, with rTMS group (active vs. sham rTMS)
as a between-subjects factor, time (pre- vs. post-rTMS) as a
within-subjects factor, and age as a covariate. Participants with
MRS available at a single time point were included in these
models, as single data points contribute to the overall group
mean effects (cohort detailed in Table 2). To capture change
in neurometabolite levels, irrespective of direction, the absolute
value change for each metabolite (GABA+ and Glx levels, and
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GABA+ /Glx ratio) from pre- to post-rTMS was compared
between active vs. sham groups, using ANCOVAs including age
as a covariate. Only participants with MRS data available at both
time points were included in these analyses (Supplementary
Table 4 cohort). For metabolites that demonstrated change
following rTMS, exploratory regressions were performed to test
whether rTMS group moderated the relation between metabolite
level change and baseline metabolite level. Simple effects of
this moderation were tested using Aiken and West method
(Aiken and West, 1991).

Baseline and pre/post analyses yielding significant p-values
were corrected for multiple comparisons using the Benjamini
Hochberg procedure (Benjamini and Hochberg, 1995), where
appropriate (e.g., across GABA+, Glx and GABA+/Glx ratio
analyses), and effect sizes were calculated.

RESULTS

Analysis of Baseline Metabolite Levels in
Autism Spectrum Disorder vs. Typically
Developing Controls
Autism spectrum disorder and TDC participants had comparable
demographic characteristics and voxel tissue composition, as
detailed in Table 1. We did not find a significant effect of
diagnostic group for metabolites at baseline; ASD and TDC
participants did not differ in GABA+, Glx, or the GABA+/Glx
ratio [all F(1,44) < 0.60, all p > 0.05] (Table 1). No diagnostic
group differences were observed for NAA, GPC, mI, Glu, and Cr
[all F(1,44) < 3.21, all p > 0.05] (Supplementary Table 5).

Analysis of Magnetic Resonance
Spectroscopy-Derived Metabolites Pre-
vs. Post-repetitive Transcranial Magnetic
Stimulation in Clinical Trial Participants
With Autism Spectrum Disorder
Autism spectrum disorder participants in the active vs. sham
rTMS groups with usable MRS data were found to have
comparable demographic characteristics, as detailed in Table 2.
However, participants with usable MRS data in the active group
featured increased comorbidity on the MINI (p = 0.04, Fisher’s
Exact), and were more often taking psychotropic medications
(p < 0.001, Fisher’s Exact). Tissue fractions were comparable
between active and sham rTMS groups, and over time there
was no main effect of rTMS group for WM [F(1,25) = 0.25,
p = 0.62], GM [F(1,25) = 0.13, p = 0.73] or CSF [F(1,25) = 0.16,
p = 0.69], and no interaction between group and time, for WM
[F(1,25) = 0.09, p = 0.77], GM [F(1,25) = 0.11, p = 0.75], or CSF
[F(1,25) = 0.07, p= 0.79] fractions (Table 2).

Mean GABA+ and Glx levels, and the GABA+/Glx ratio
did not differ from pre- to post-rTMS in either group; there
was no main effect of rTMS group for GABA+ [F(1,26) = 0.33,
p = 0.57], Glx [F(1,25) = 0.23, p = 0.64], or GABA+/Glx ratio
[F(1,25) = 0.38, p = 0.55], no main effect of time for GABA+
[F(1,24) = 3.37, p = 0.08], Glx [F(1,26) = 0.72, p = 0.40], or
GABA+/Glx ratio [F(1,25) = 0.84, p = 0.37], and no interaction

between rTMS group and time, for GABA+ [F(1,24) = 0.46,
p = 0.50], Glx [F(1,26) = 0.72, p = 0.40], or GABA+/Glx
ratio [F(1,25) = 3.71, p = 0.07] (Table 2 and Figures 2A–C).
Individual participant data are also shown as pre-/post-rTMS
values (Figures 2D–F).

The absolute change in Glx level was greater in the active
vs. sham rTMS group [F(1,19) = 6.54, p = 0.02 (FDRcorr
p = 0.06), Cohen’s f = 0.59], whereas rTMS groups did not
differ on change in absolute GABA+ level [F(1,19) = 0.89,
p = 0.36] or GABA+/Glx ratio [F(1,19) = 0.005, p = 0.94]
(Figures 2G–I). Given the apparent unequal variances between
our absolute value Glx change data, we performed a Levene’s
test to assess homogeneity of variance across active/sham groups,
confirming the variances differed between groups [F(1,20) = 9.68,
p < 0.05]. Welch’s t-test was then used to test for between-
group differences, as appropriate when variances differ between
groups; absolute Glx level change remained significantly different
between active/sham groups [t(16) = 16.22, p= 0.02]. To further
confirm our results, we log-transformed our absolute value Glx
change data, and confirmed the Levene’s test was not significant
for our transformed data [F(1,20) = 0.04, p = 0.85] before
proceeding. We then re-ran our original analysis using the log-
transformed data (in order to include age as a covariate as per our
original analysis), and found absolute Glx level change remained
significantly different between active/sham groups [F(1,19) = 6.2,
p= 0.02].

Repetitive transcranial magnetic stimulation group
significantly moderated the relationship between baseline
Glx and pre/post-rTMS Glx change [F(1,17) = 4.78, p = 0.04,
Cohen’s f = 0.53] (Figure 3A). Simple effects analysis (Aiken and
West, 1991) revealed that baseline Glx predicted pre/post-rTMS
Glx change in the active [b = 1.52, SE = 0.32, t(17) = 4.74,
p < 0.001] but not the sham rTMS group [b = 0.13, SE = 0.55,
t(17) = 0.24, p= 0.81].

For visualization purposes, participants were divided
according to the baseline Glx level by median split (median
Glx level across all ASD participants = 0.12), and pre/post-
rTMS Glx level for each participant was plotted. Participants
in the active rTMS group whose baseline Glx levels were
below the median had post-rTMS Glx levels that were higher,
whereas participants whose baseline Glx levels were above the
median had post-rTMS Glx levels that were similar or lower
(Figure 3B). In contrast, post-rTMS Glx levels for participants
in the sham rTMS group remained similar to their baseline Glx
levels (Figure 3B).

Given that the DLPFC was stimulated bilaterally, yet MRS
was acquired unilaterally, significant analyses were re-analyzed,
adjusting for stimulation site order instead of age. Results
remained unchanged; the absolute change in Glx level was greater
in the active vs. sham rTMS group [F(1,19) = 6.46, p = 0.02
(FDRcorr p = 0.06), Cohen’s f = 0.58]. rTMS group significantly
moderated the relationship between baseline Glx and pre/post-
rTMS Glx change [F(1,17) = 4.97, p = 0.04, Cohen’s f = 0.54],
and simple effects analysis revealed that baseline Glx predicted
pre/post-rTMS Glx change in the active [b = 1.50, SE = 0.37,
t(17) = 4.02, p < 0.001] but not the sham-rTMS group [b= 0.07,
SE= 0.56, t(17) = 0.14, p= 0.89].
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FIGURE 2 | Pre- and post-rTMS GABA+, Glx, and GABA+/Glx ratio, in the left dorsolateral prefrontal cortex (DLPFC). (A–C) Levels of pre- and post-rTMS
metabolites (GABA+, Glx) and the GABA+/Glx ratio, in the full ASD sample with MRS data; active rTMS (pre: n = 16; post: n = 12), sham rTMS (pre: n = 12; post:
n = 12). Black lines denote the group medians. (D–F) Each participant is indicated by a pre-/post-rTMS pair of points, connected by a line. Unconnected points are
from participants with MRS scans at a single time point. Active rTMS (pre: n = 16; post: n = 12), sham rTMS (pre: n = 12; post: n = 12). (G–I) The absolute value of
the change in metabolites from pre- to post-rTMS in the ASD sample with matched pre- and post-rTMS scans only; active rTMS (n = 12), sham rTMS (n = 10). Black
lines denote the group medians. *The absolute value change in Glx level was greater in the active compared to the sham rTMS group [F(1,19) = 6.54, p = 0.02].

Although no formal analyses were undertaken to assess
corresponding behavior changes with metabolite level change,
qualitative data relating pre-post rTMS Glx level change to
change in executive function outcome measures are provided in
Supplementary Figure 2.

DISCUSSION

Using MRS, we compared GABA+ and Glx levels in young
adults with ASD and clinically significant executive function
deficits, prior to (baseline) and following their participation in
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FIGURE 3 | Active rTMS modulates Glx levels. (A) Associations between Glx levels at baseline, and change in Glx from pre- to post-rTMS in the left dorsolateral
prefrontal cortex (DLPFC), in the active and sham rTMS groups; active rTMS (n = 12), sham rTMS (n = 10). Baseline Glx was associated with Glx change in the
active rTMS group only: b = 1.49, SE = 0.31, t(18) = 4.77, p < 0.001. (B) To visually demonstrate that Glx level increased in participants with lower baseline Glx
levels, and that Glx level decreased in participants with higher baseline Glx levels, in the active rTMS group only, participants were stratified according to the median
split of the baseline Glx level (median Glx level for entire ASD sample = 0.12) and their pre-/post-rTMS pair of points were plotted.

a pilot randomized, double-blind, sham-controlled rTMS trial
(20 sessions of active vs. sham rTMS to DLPFC) that tested the
feasibility and preliminary efficacy of rTMS for the treatment
of executive function deficits. Baseline metabolite levels from
the entire ASD group were also compared to a TDC group
with data available for the same baseline time-point. Our results
suggest that while levels of GABA+, Glx, and their ratio, in the
left DLPFC, may not differ in emerging adults with vs. without
ASD, active rTMS can modulate Glx levels in individuals with
ASD, and that the direction of change is associated with baseline
Glx levels. Our results build on prior evidence in non-ASD
samples that MRS appears to be sensitive to changes in cortical
metabolism following rTMS.

Our findings based on the comparison of neurometabolite
levels at baseline in ASD vs. TDC align with several studies,
particularly in adult samples, that did not detect GABA+ and/or
Glx differences between participants with ASD vs. TDCs in
prefrontal brain regions [i.e., the left DLPFC (Horder et al.,
2013; Endres et al., 2017), right DLPFC (Kirkovski et al., 2018),
dorsomedial prefrontal cortex (Ajram et al., 2017; Pretzsch et al.,
2019a), and medial prefrontal cortex (Aoki et al., 2012; Carvalho
Pereira et al., 2018)]. In contrast, our findings do not align with
two studies conducted in children, which report reduced GABA+
and/or Glx levels in the frontal lobe of ASD vs. TDC participants
(Harada et al., 2011; Kubas et al., 2012), suggesting that
alterations could be more pronounced at the diagnostic group
level earlier in development. GABA is critical for the functional

maturation of the central nervous system, and dysfunctional
GABA is thought to play a role in multiple neurodevelopmental
disorders, including ASD (Smith-Hicks, 2013). Thus, even if
GABA levels normalize by adulthood in individuals with ASD, it
remains possible that the presence of altered GABA levels during
childhood could contribute to atypical neurodevelopment.
Moreover, aberrant excitatory-inhibitory neurotransmission in
ASD may not manifest as uniformly higher or lower metabolite
levels, which could conceal group-wise ASD-TDC differences.
Interestingly, associations between GABA+ levels and scores
on the Autism Spectrum Questionnaire (Brix et al., 2015) and
Autism Diagnostic Interview–Revised (Carvalho Pereira et al.,
2018) have been reported, despite the absence of between
group (ASD vs. TDC) GABA+ level differences. Therefore, the
capacity to alter metabolite levels within the GABA/glutamate
neurotransmitter pathways may remain an important therapeutic
target in individuals with ASD, irrespective of the presence or
absence of ASD-TDC group differences.

In the current study, we found increased Glx level change
following active but not sham rTMS. Our findings align
with a number of prior MRS studies, conducted across
healthy, depressed and schizophrenia samples, that demonstrate
excitatory rTMS to left DLPFC alters the glutamatergic system
(Michael et al., 2003; Luborzewski et al., 2007; Croarkin et al.,
2016; Dlabac-de Lange et al., 2017). In our clinical trial sample
of ASD participants with executive function impairment, Glx
level change following active rTMS was associated with baseline
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Glx levels. A recent MRS study in participants with ASD also
found that Glx level change following an intervention with
cannabivarin (CBDV) (a cannabinoid compound) was associated
with baseline Glx level in the basal ganglia (Pretzsch et al.,
2019b). Moreover, neither our rTMS intervention, nor the
CBVD intervention (Pretzsch et al., 2019b) had any impact
on GABA+ levels in ASD. GABA, glutamate and glutamine
are constantly in flux, and the final conversion to GABA is
dependent upon the GAD enzyme. Within the GABA/glutamate
metabolic pathways, Glx level change may be achieved more
readily, as both glutamate and glutamine exist earlier along
the conversion chain, and the enzyme required for the final
conversion to GABA may be altered in some individuals
with ASD (Yip et al., 2007). However, our findings may not
be specific to ASD (or individuals with ASD and executive
function impairments). Namely, a study conducted in healthy
participants found that active (20 Hz) but not sham rTMS
to left DLPFC increased Glx in the cingulate cortex, and
that increases were most prominent in participants with lower
baseline Glx (Michael et al., 2003). The observed modulation of
Glx following active rTMS found here aligns with the concept of
homeostatic plasticity (Daskalakis et al., 2006). Given that rTMS
modifies brain physiology, it follows that its effect would depend
upon an individual’s unique physiology during stimulation. In
light of evidence that unilateral rTMS can alter contralateral
cortical excitability (Plewnia et al., 2003), stimulation site order
could conceivably induce different physiological effects in each
hemisphere; however, our findings remained unchanged when we
controlled for stimulation site order. Moreover, while unilateral
(left DLPFC) stimulation is more common in the literature
(Michael et al., 2003; Luborzewski et al., 2007; Zheng et al.,
2010; Croarkin et al., 2016; Dubin et al., 2016; Baeken et al.,
2017; Levitt et al., 2019), there is prior evidence that bilateral
stimulation to DLPFC increases Glx levels in the left DLPFC of
individuals with schizophrenia (Dlabac-de Lange et al., 2017).
However, as with our study, Dlabac-de Lange et al. (2017) did not
collect MRS data from the right DLPFC, despite stimulating the
DLPFC bilaterally.

Some limitations to the present study warrant mention. First,
our pilot clinical trial sample size is limited and usable MRS
data for the rTMS intervention group was available for 28/40
participants from the full clinical trial. Pre/post MRS data was
further limited to 22/40 clinical trial participants. We note
that our sample size was smaller than anticipated due to the
challenges of collecting pre/post imaging data in a complex
clinical sample and based on our adherence to rigorous quality
control of MRS data (which we consider a relative strength of
our study). The published study from our pilot clinical trial
found that participants with ASD and executive function deficits
that also had lower adaptive (everyday) functioning exhibited
improvements in spatial working memory following active rTMS
(Ameis et al., 2020). Though we had hoped to relate metabolite
change with behavior, owing to the sample size of participants
with complete pre/post MRS data, we did not undertake statistical
analyses to evaluate the relations between metabolites, cognition,
and behavior due to concerns that the sample is underpowered
to undertake such analyses and multiple testing may contribute

to spurious findings. Therefore, the clinical meaningfulness of
our presented findings remains unclear. While our findings
are promising and align with previous evidence of excitatory
rTMS effects on Glx, our results in ASD must be considered
preliminary and are in need of replication in a larger sample
with the opportunity to examine relationships with clinical
outcomes. Second, our findings may not be broadly generalizable.
Specifically, this study included emerging adults with ASD with
clinically significant executive function impairments, thus our
findings may not be generalizable to individuals across the autism
spectrum. Relatedly, as the TDC group did not receive rTMS,
we were not able to test whether rTMS-induced modulation of
Glx is unique to our ASD sample. However, rTMS effects on
Glx have been reported previously in non-ASD samples (Michael
et al., 2003). Moreover, concurrent medication in the ASD groups
may have affected GABA+ and Glx levels, though sample size
constraints precluded investigations of medication effects. It
would be valuable for future studies to compare metabolite levels
across ASD and clinical samples taking similar medications (e.g.,
stimulants, SSRIs). We chose not to covary for medication in
our analyses, as medications used were highly heterogeneous,
with potential for variable effects on the excitation-inhibition
system. Further, we did not collect race/ethnicity data as part
of our clinical trial. We primarily recruited participants from
a publicly funded mental health clinic at our Center with
specific policies in place to ensure equitable access to care
across the city of Toronto. We therefore expect our sample
would be broadly in line with the diverse composition of the
city of Toronto. Third, neurometabolites were evaluated from a
single voxel in the left DLPFC, yet rTMS was administered to
bilateral DLPFC in a sequential order throughout the clinical
trial. Future bilateral rTMS studies in ASD should acquire
MRS data bilaterally to help tease apart potential hemispheric
differences in neurophysiological effects following rTMS. Fourth,
the relative amounts of glutamine and glutamate that contribute
to the Glx signal could not be differentiated with the MEGA-
PRESS sequence used. However, it is likely that the Glx signal
predominantly reflects glutamate as glutamate is present in
higher concentrations than glutamine in the brain, and glutamine
can be below the detection limit of MRS (e.g., <1 mM) (Hancu
and Port, 2011). The stability of water-referenced GABA and
Glx using MEGA-PRESS has been demonstrated in the same
individual over a 3-month period (Ferland et al., 2019), and a
large multi-site study demonstrated that water-referenced GABA
is a viable and reliable method to quantify GABA levels in vivo
(Mikkelsen et al., 2019). Of note, GABA+ measurements reflect
GABA plus underlying macromolecules, and it is unknown
if/how macromolecules are altered in pathology. Fifth, metabolite
levels are typically assessed within 24 h post-rTMS, though Glx
levels in depressed adolescents have been shown to increase
for up to 6-months post stimulation (Croarkin et al., 2016).
Thus, we may not have captured the full extent of metabolite
level change induced by rTMS, and future studies including
a longer follow-up period will be required to clarify this.
Lastly, due to the small number of females included in our
sample, we were unable to assess how sex/gender modulate
the present findings. Notably, the active rTMS group had

Frontiers in Neuroscience | www.frontiersin.org 11 October 2021 | Volume 15 | Article 71154265

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-711542 October 5, 2021 Time: 15:34 # 12

Moxon-Emre et al. Modulation of Glx in Autism

a larger (though non-significant) proportion of females than the
sham rTMS group. The published study from this pilot clinical
trial found an interaction effect between rTMS group, time and
sex on executive functioning, such that executive functioning
improved to a greater extent in females in the active vs. sham
group (Ameis et al., 2020). Recent neuroimaging work suggests
that imbalanced excitation-inhibition within social-cognitive
brain regions may be more pronounced in males vs. females with
ASD (Trakoshis et al., 2020). Thus, future clinical trials should
consider sex/gender, when possible. Future trials should also
consider relations between neurometabolite levels and depressive
symptoms in young adults with ASD, especially given recent
preliminary evidence that rTMS to the DLPFC may improve
depressive symptoms in adults with ASD (Gwynette et al., 2020).

Given that modulation of corticospinal excitability is thought
to involve glutamatergic and/or GABAergic receptor pathways
(Huang et al., 2007; Stagg et al., 2009), it is promising
that we found rTMS to be a useful probe and modulator
of the glutamatergic system in individuals with ASD. The
current finding that rTMS yields a change in Glx that is
measurable with MRS builds on prior similar findings in non-
ASD samples and is encouraging for future studies aimed at
better understanding the mechanism of action of rTMS in the
service of harnessing its interventional potential. Uncovering
how baseline metabolite levels relate to metabolite level change
and clinical outcomes across different clinical populations
could meaningfully inform future rTMS study designs in ASD
and beyond.
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SH3 and Multiple Ankyrin Repeat Domains 3 (SHANK3)-caused autism spectrum
disorder (ASD) may present a unique opportunity to clarify the heterogeneous
neuropathological mechanisms of ASD. However, the specificity and commonality of
disrupted large-scale brain organization in SHANK3-deficient children remain largely
unknown. The present study combined genetic tests, neurobehavioral evaluations,
and magnetic resonance imaging, aiming to explore the disruptions of both local and
networked cortical structural organization in ASD children with and without SHANK3
deficiency. Multiple surface morphological parameters such as cortical thickness (CT)
and sulcus depth were estimated, and the graph theory was adopted to characterize
the topological properties of structural covariance networks (SCNs). Finally, a correlation
analysis between the alterations in brain morphological features and the neurobehavioral
evaluations was performed. Compared with typically developed children, increased CT
and reduced nodal degree were found in both ASD children with and without SHANK3
defects mainly in the lateral temporal cortex, prefrontal cortex (PFC), temporo-parietal
junction (TPJ), superior temporal gyrus (STG), and limbic/paralimbic regions. Besides
commonality, our findings showed some distinct abnormalities in ASD children with
SHANK3 defects compared to those without. Locally, more changes in the STG and
orbitofrontal cortex were exhibited in ASD children with SHANK3 defects, while more
changes in the TPJ and inferior parietal lobe (IPL) in those without SHANK3 defects
were observed. For the SCNs, a trend toward regular network topology was observed in
ASD children with SHANK3 defects, but not in those without. In addition, ASD children
with SHANK3 defects showed more alterations of nodal degrees in the anterior and
posterior cingulate cortices and right insular, while there were more disruptions in the
sensorimotor areas and the left insular and dorsomedial PFC in ASD without SHANK3
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defects. Our findings indicate dissociable disruptions of local and networked brain
morphological features in ASD children with and without SHANK3 deficiency. Moreover,
this monogenic study may provide a valuable path for parsing the heterogeneity of brain
disturbances in ASD.

Keywords: surface-based morphometry, structural covariance networks, autism spectrum disorder, SHANK3,
children

INTRODUCTION

SH3 and Multiple Ankyrin Repeat Domains 3 (SHANK3) is a
master postsynaptic density scaffolding protein that is crucial
for synaptogenesis, dendritic spine maturation, and synapse
formation (Jiang and Ehlers, 2013; Monteiro and Feng, 2017).
Mutations in genes coding for synaptic proteins consist of
the most well-characterized genetic deficits reported in autism
spectrum disorder (ASD; de la Torre-Ubieta et al., 2016).
Haploinsufficiency of the SHANK3 gene is a key contributor
of autistic features in the 22q13.3 deletion syndrome (i.e.,
Phelan–McDermid syndrome; Phelan, 2008; Bonaglia et al., 2011;
Phelan and McDermid, 2012). Supported by the fact of an
approximately 2% prevalence in ASD patients with cognitive
deficits, the SHANK3 gene is considered as one of the most
common genetic causes for ASDs (Betancur and Buxbaum, 2013;
Leblond et al., 2014).

Magnetic resonance imaging (MRI), as a noninvasive
examination tool, has been extensively applied to human ASD
to delineate the brain morphometry and connectivity (Hazlett
et al., 2005; Muller and Fishman, 2018; van Rooij et al., 2018).
Numerous neuroimaging data in literature indicated alterations
in brain morphology [e.g., cortical surface area, cortical thickness
(CT), and gray matter volume] mainly in the frontal cortex,
temporal cortex, and limbic/paralimbic regions (Hazlett et al.,
2005; Ecker et al., 2015; Li et al., 2017). However, the majority
of previous findings are inconsistent. The main reason could be
the etiological and clinical heterogeneity of ASD. To address these
caveats, one of the promising strategies is to conduct the study in
a homogenous subgroup of ASD with confirmed genetic etiology.
SHANK3-caused ASD thus presents a unique opportunity to
understand the underlying neuropathological mechanisms.

Previous MRI studies in SHANK3-deficit patients are mostly
single cases or case series with unsystematic approaches by
visual MRI inspection resulting in a variety of gray and white
matter structures found to be abnormal (Philippe et al., 2008;
Soorya et al., 2013; Srivastava et al., 2019). A latest research
from our team applying automated and unbiased whole-brain
analyses to a relatively large sample revealed changes of striatum-
centered gray matter volume in SHANK3-deficient children,
suggesting possible alterations in large-scale brain networks
(Liu et al., 2021). Although the volumetric morphometry is
widely used to assess the brain structural alterations, it may still
present some limitations that can be surpassed with surface-based
morphometry (SBM). The cerebral cortex is arranged in a highly
folded sheet with the majority of the cortical surface area buried
in folds (Fischl et al., 1999). Surface-based algorithms can account
for a better dissociation of information content and new forms

of analyses regarding measuring cortical complexity in 3D space
(Ghosh et al., 2010; Oosterhof et al., 2011). The surface measures
such as gyrification index (GI) and sulcus depth (SD) allow
the characterization of the cortical complexity, implicating the
association with neurodevelopmental disorders, schizophrenia,
and other cognitive disorders including ASD (Van Essen et al.,
2006; Yang et al., 2016; Tang et al., 2021). However, little is
known so far about the features of cortical surface morphology
in patients with SHANK3 deficit.

Beyond local morphological analysis, graph theoretical
approaches to structural covariance networks (SCNs) offer a
useful way to characterize the topological organization of the
brain structure. The basic assumption underlying SCNs is that
morphological correlations are related to axonal connectivity
between brain regions with shared trophic, genetic, and
neurodevelopmental influences (Alexander-Bloch et al., 2013b;
Seidlitz et al., 2018). Researchers recently began to study the
associations between the SCNs and the intrinsic functional
networks for salience, executive function, and default mode
in both neurotypical children and adults (Zielinski et al.,
2010; Bruno et al., 2017). In individuals with ASD, previous
investigations of SCNs have reported a decrease in various
regional or nodal topological properties mainly in the regions
of insula, hippocampus, caudate, prefrontal cortex (PFC), and
the regions related to social and sensorimotor processing as
well as speech and language (Vissers et al., 2012; Sharda
et al., 2016). To date, however, no study has uncovered how
the topological architecture of SCNs disrupted in SHANK3-
deficient ASD. This approach could help to further elucidate the
role of dysconnectivity in both of the ASD with and without
SHANK3 deficiency.

In the present study, we employed SBM as well as SCN
approaches to explore the disruptions of cortical surface
morphology (i.e., both local features and anatomical networks)
in ASD children with and without SHANK3 deficiency. We
hypothesized that there might be common as well as distinct
disruptions of both local and networked cortical structural
organization in ASD children with and without SHANK3
deficiency, which may help to parse the heterogeneity of brain
disturbances in ASD.

MATERIALS AND METHODS

Participants
All participants were recruited at the Children’s Hospital of
Fudan University [details about recruitment can be found in
Liu et al. (2021)]. In total, 69 children in three groups [SHANK3
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group, idiopathic ASD control, and typically developing (TD)
control] were scanned and eight subjects were excluded for
the analysis due to the poor quality of images. Children with
recognizable lesions or abnormalities on scans, cerebral palsy,
or other neurologic or degenerative diseases were excluded.
SHANK3 group: 12 participants were enrolled with SHANK3
deletion and/or mutation but without any other pathogenic
or likely pathogenic variations [genetic testing details can be
found in Liu et al. (2021)]. Idiopathic ASD control group: 24
ASD children without SHANK3 deficiency or known genetic
etiology were recruited. TD control group: 25 children underwent
MRI scan because of the first episode of febrile convulsion
and paroxysmal dizziness or headache, but otherwise normal
developing children were used as normal controls.

Autism spectrum disorder diagnosis was based on the
DSM-5 (Grzadzinski et al., 2013), ADOS-2 (Gotham et al.,
2007), and Autism Diagnostic Interview-Revised (Lord et al.,
1994) administrated by certified clinicians. Developmental and
cognitive levels were evaluated by Griffiths Mental Development
Scales (Griffiths; Benatti et al., 1986) conducted by licensed and
certified clinicians.

Image Acquisition and Preprocessing
T1-weighted images were acquired employing a high-resolution
3D T1-weighted BRAVO (BRA in Volume imaging) sequence
with the GE 3.0 Tesla Discovery MR750 system (GE Medical
Systems, Milwaukee, WI, United States) with a 32-channel
head coil at the Radiology Department after parental consent.
Sequence parameters were the following: repetition time
(TR) = 8.2 ms; echo time (TE) = 3.2 ms; flip angle = 12◦; voxel
size = 1 mm× 1 mm× 1 mm; gap = 0; FOV = 256 mm× 256 mm;
and matrix = 256 × 256. Participants were routinely sedated
in the “Sedation Center” under the supervision of a licensed
clinician or anesthesiologist. Children are given chloral hydrate
at a dose of 50 mg/kg orally approximately 1 h prior to the MRI
scan. Vital signs were monitored and recorded during the scan.

The images were imported in the CAT121 toolboxes
implemented in the Statistical Parametric Mapping software
package (SPM12)2 on the platform of Matlab (Version R2014b,
MathWorks Inc., Natick, MA, United States). All the T1-
weighted images were then segmented into gray matter, white
matter, and cerebrospinal fluid and spatially normalized using the
DARTEL algorithm (Ashburner, 2007). Gray matter-segmented
images were submitted to the Check Sample Homogeneity by
using the function embedded in CAT-12. Then, the segmented
images were smoothed with a 6-mm full-width at half-maximum
(FWHM) Gaussian kernel. At the end of this preprocessing,
modulated, smoothed, normalized images were obtained for
statistical analysis. Besides, the image quality rating (IQR)
generated by CAT12 served as the parameter for imaging
quality control.

This study was approved by the ethics committee of Children’s
Hospital of Fudan University, and all of the procedures were in
accordance with the Declaration of Helsinki.

1http://dbm.neuro.uni-jena.de/cat/
2http://www.fil.ion.ucl.ac.uk/spm/software/spm12/

Surface-Based Morphometry Analysis
To characterize cortical morphological features, an SBM analysis
was conducted using the CAT12 toolbox to estimate CT and
the central surface of hemispheres based on the projection-
based thickness (PBT) approach (Dahnke et al., 2013). The
left and right CT maps and the additional surface parameters,
including fractal dimension (FD), GI, and SD, were resampled
to the HCP 32k surface mesh and smoothed with a 15-
mm FWHM Gaussian kernel for the CT estimates and 20-
mm FWHM for the rest parameters as suggested by CAT
12. CT is obtained by projecting the local maxima of white
matter distance after tissue segmentation onto other gray matter
voxels, which measures the distance between the inner and
outer surfaces (Dahnke et al., 2013). FD is defined as the
slope of a logarithmic plot of surface area versus a measure
of the bandwidth of frequencies in the reconstructed surface
shape based on a spherical harmonic reconstruction approach,
measuring the surface complexity (Yotter et al., 2011). Local
GI is defined as the estimations of “smoothed absolute mean
curvature” within a spherical surface mesh, revealing the degree
of cortical convolution (Luders et al., 2006). SD is defined as the
square root-transformed Euclidean distance between the central
surface (half way between the inner and outer surfaces) and
its convex hull.

Structural Covariance Networks
Approach
Considering the popularity in previous studies, here we merely
selected the CT for structural covariance estimation (He et al.,
2007; Alexander-Bloch et al., 2013a). The effects of age, gender,
and overall mean CT were regressed from the mean thickness
of each brain region, and the residuals were used for the
subsequent steps of the analysis. Structural covariance analysis
was conducted in the regions of interest (ROIs) defined by the
HCP-MMP1.0 atlas (Glasser et al., 2016) which contains 180
regions for each hemisphere. Pearson correlations were applied
between the CT of each possible pair of ROIs to generate a
360 × 360 cortical covariance matrix for each group (Figure 1).
Considering that the network organization of the human brain
is economic and small-world, the covariance matrix was then
binarized and sparsified (i.e., 15%) according to previous studies
(Bassett et al., 2008; Yin et al., 2019). The graph theory was finally
used to characterize the topological properties of the SCNs. Here,
we employed a network efficiency measure to quantify the small-
world property of the SCNs following our previous work (Yin
et al., 2014). This efficiency metric can deal with disconnected
graphs and provides a clear physical meaning for the topological
characterization of the networks (Latora and Marchiori, 2001).
The global efficiency (GE) of graph G can be calculated as

GE =
1

N (N − 1)

∑
i6=j∈G

1
Lij

where N is the number of nodes; Lij is the shortest path length
between nodes i and j in graph G (i.e., the minimal number of
edges that has to be traveled to go from nodes i to j).
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FIGURE 1 | Illustration of calculating structural covariance connectivity between two regions (A) and structural covariance matrix for each group (B). S, SHANK3
group; A, ASD group; and T, typical developing group.

The local efficiency (LE) of graph G is measured as

LE =
1
N

∑
i∈G

GE (Gi)

where Gi denotes the subgraph composed of the nearest
neighbors of node i.

Practically, a network can be categorized as a small-world
network if GE is slightly less than and LE is much greater
than the matched random networks with the same number of
nodes, edges, and degree distribution. For comparison purposes,
we generated random networks using the random rewiring
procedure that preserves degree distribution as the real network
(Maslov and Sneppen, 2002). Thus, a small-world network should
meet the following criteria: LE (real)/LE (random) > 1 and GE
(real)/GE (random) ≈ 1 (Wang et al., 2009). To explore small-
world efficiency, we also calculated the normalized GE = GE
(real)/GE (random) and normalized LE = LE (real)/LE (random).

In addition, we calculated the nodal degree, which is
commonly used to identify network hubs. Degree is defined as
the number of immediate neighbors of a given node.

Statistical Analysis
Demographic and clinical data were analyzed using the statistical
package SPSS 20.0. The threshold for all statistical significance
was set at p < 0.05. Age, sex, developmental quotient, and total
cranial volume were included as nuisance covariates.

For SBM, analysis of covariance (ANCOVA) was applied
to the global mean values of each morphological parameter
for the three groups followed by post-hoc t-tests. Age, sex,

TABLE 1 | Summary of clinical characteristics of studying subjects.

SHANK3 group ASD group TD group p value

Number of
participants

12 24 25

Gender, n (M/F) 6:6 20:4 19:6 0.095a

Age (M + SD) 4.9 ± 3.2 4.0 ± 1.9 4.9 ± 2.4 0.322b

ADOS-2 Scale
(individuals)

ASD severity 6.5 ± 1.67 6.68 ± 1.28 NA 0.570

SA 16.3 ± 3.86 15.59 ± 4.04 NA 0.720

RRB 1.58 ± 1.50 1.63 ± 1.17 NA 0.702

ADOS total
score

17.92 ± 5.03 17.23 ± 4.46 NA 0.874

Griffith Scale
(individuals)

11 20 NA

Gross motor 50.3 ± 15.08 73.39 ± 16.87 NA <0.0001****

Social 37.16 ± 17.22 60.20 ± 17.25 NA 0.002**

Language 17.79 ± 9.11 45.81 ± 19.35 NA <0.0001b****

Fine motor 33.09 ± 18.65 57.71 ± 16.12 NA 0.0004***

Performance 33.34 ± 25.80 58.16 ± 22.47 NA 0.006**

Unpaired student’s t-test (two-tailed).
aχ 2 test.
bone-way ANOVA.
∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001.
ADOS-2, Autism Diagnostic Observation Schedule-The Second Edition; SA, social
affect; RRB, restricted and repetitive behavior; and NA, not applicable.

and total cranial volume were included as covariates. At the
vertex-wise level, one-way ANOVA was conducted among
the three groups and significant clusters with false discovery
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FIGURE 2 | Global leveled ANCOVA analysis showed significant difference of cortical thickness among the three groups. Post-hoc t-tests revealed significantly
decreased cortical thickness in the ASD group but increased cortical thickness in the SHANK3 group compared to the TD group. No significant differences were
found for the fractal dimension and sulcus depth among the three groups for ANCOVA analysis. ns, not significant; a.u., arbitrary unit.

rate (FDR) corrected were further picked up in CAT12. For
each metric, post-hoc t-tests between each two groups were
performed taking the significant result of ANOVA as the
explicit mask. Age, sex, and total intracranial volume were
included as nuisance covariates. Significance was set at p < 0.05
(FDR corrected).

For SCNs, a nonparametric permutation test was carried
out to identify statistical significance of the between-group
differences in network metrics. Briefly, we first calculated the
difference of each network metric between groups. A null
distribution of the difference for each metric was then
obtained by randomly reallocating each subject’s set of regional
CT estimates to one or the other of the two groups and
recomputing the difference of each metric between two
randomized groups. Note that we calculated the network
metrics for each randomized group using the same sparsity
threshold as in the real brain networks. This randomization
procedure was repeated 1,000 times, and the 95 percentile
points of each distribution were used as the critical values
for a one-tailed test of the null hypothesis with a probability
of type I error of 0.05 (He et al., 2008). For the between-
group comparisons of nodal degree, the FDR correction
method was applied to correct multiple comparisons for
N = 360 regions.

Spearman rank correlation analysis was conducted
between the altered brain morphological features
in SHANK3 and ASD groups and the clinical
characteristics. Significance correction for multiple
comparisons was applied using FDR correction
(p < 0.05).

RESULTS

Participant Characteristics
No significant differences in age (for the SHANK3 group,
mean ± SD: 4.9 ± 3.2 years; for the ASD group, mean ± SD:
4.0 ± 1.9 years; and for the typically developed group,
mean ± SD: 4.9 ± 2.4 years) and sex (for the SHANK3
group, 6 males and 6 females; for the ASD group, 20 males
and 4 females; and for the typically developed group, 19
males and 6 females) between groups (all p values > 0.05).
Compared to idiopathic ASD children, the SHANK3 group
achieved similar scores in each domain and severity of
ADOS-2 but exhibited a significantly worse performance in
all of the developmental domains of Griffith (gross motor:
p < 0.0001; social: p = 0.002; language: p < 0.0001; fine motor:
p = 0.0004; adaptability: p = 0.006). Detailed demographic

Frontiers in Neuroscience | www.frontiersin.org 5 October 2021 | Volume 15 | Article 75136474

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-751364 October 27, 2021 Time: 12:50 # 6

Li et al. Surface Morphology in ASD and SHANK3

FIGURE 3 | Vertex-wise ANOVA results and the overlap areas of intergroup differences. Significant differences of cortical thickness (A), fractal dimension (B), and
sulcus depth (C) among ASD, SHANK3, and TD groups; the overlap areas of intergroup differences in cortical thickness (D), fractal dimension (E), and sulcus depth
(F). dlPFC, dorsolateral prefrontal cortex; IFC, inferior frontal cortex; AUD, auditory areas; LT, lateral temporal cortex; IPG, inferior parietal gyrus; dVIS, dorsal visual
streams; TPJ, temporo-parieto-occipital junction; paraHIP, parahippocampus; OFC, orbitofrontal cortex; ACC, anterior cingulate cortex; mVIS, medial visual areas;
POS, parieto-occipital sulcus; and A1, primary auditory cortex. A, ASD; T, TD; and S, SHANK3.

information and clinical characteristics by group are presented
in Table 1.

Inter-Group Differences in
Surface-Based Morphometric Features
No group differences were found in all of the imaging quality
control parameters, including the six absolute head motion
parameters and IQR (for the SHANK3 group, mean ± SD:
0.907 ± 0.006; for the ASD group, mean ± SD: 0.906 ± 0.005;
and for the typically developed group, mean± SD: 0.908± 0.006;
p > 0.05).

At the global level, we found that the averaged CT is
2.96 ± 0.57 mm for the SHANK3 group, 2.58 ± 0.55 mm for
the ASD group, and 2.81 ± 0.5 mm for the TD group; the
averaged FD in the SHANK3 group was 2.64 ± 0.34, in the
ASD group 2.66 ± 0.35, and in the TD group 2.65 ± 0.35;
the average SD in the SHANK3 group was 2.86 ± 0.77 mm,
in the ASD group 2.89 ± 0.85 mm, and in the TD group
2.90 ± 0.85 mm; the average GI in the SHANK3 group was
27.29 ± 0.5◦, in the ASD group 27.19 ± 0.45◦, and in the TD
group 27.28 ± 0.46◦. For the individual raw values, please see
Supplementary Table 1. ANCOVA analysis revealed a significant

difference of CT among the three groups (F = 8.64, p = 0.001).
In the post-hoc analysis, the ASD group showed significantly
decreased CT than the TD group (t = 3.86, p < 0.0001)
and the SHANK3 group showed increased CT than the TD
group (t = 2.18, p = 0.036; Figure 2). No significant difference
was found between the SHANK3 group and the ASD group
for CT. In addition, no significant differences were found
for the FD and SD among the three groups with ANCOVA
analysis (Figure 2).

At the vertex level, through the vertex-wise ANOVA analysis
of CT, we found significant differences among the three groups
mainly in the regions of the dorsolateral prefrontal cortex,
inferior frontal cortex (IFC), auditory areas, lateral temporal
cortex (LT), inferior parietal gyrus, dorsal visual streams,
temporo-parieto-occipital junction (TPJ), parahippocampus
(paraHIP), orbitofrontal cortex (OFC), anterior cingulate
cortex (ACC), medial visual areas, and parieto-occipital sulcus
(p < 0.05, FDR corrected; Figure 3A). In the post-hoc analysis,
the SHANK3 and ASD groups showed significantly increased CT
mainly in the lateral temporal, prefrontal, primary auditory (part
of superior temporal gyrus, STG), and temporo-parietal junction
(TPJ) as well as limbic/paralimbic regions including the ACC,
OFC, temporal pole, and paraHIP, compared with TD controls
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(p < 0.05, FDR corrected; Figure 3D). Notably, the SHANK3
group showed more disruptions in STG than the ASD group,
while the latter showed more disruptions in the TPJ and inferior
parietal lobule (IPL; Figure 3D). No significant difference was
found between the SHANK3 group and the ASD group for CT.
For the FD, ANOVA analysis revealed significant differences
among the three groups mainly in the regions of the IPL, ACC,
and OFC (Figure 3B). In the post-hoc analysis, the ASD group
showed increased FD in a small region of the left IPL when
compared with the SHANK3 and TD groups, while the SHANK3
group showed decreased FD in the left OFC in comparison with
ASD and TD groups (Figure 3E). For the SD, the SHANK3
group showed decreased SD in the left primary auditory region
(part of STG; Figures 3C,F) when compared with the ASD and
TD groups. No group differences were found in local GI.

Inter-Group Differences in Topological
Properties of Structural Covariance
Networks
At the global level, we found that the SHANK3-deficient children
exhibited a decrease in GE (p = 0.001) and an increase in LE
(p = 0.021) compared to TD controls, while ASD children showed
no significant differences in either global or LE compared with
TD (p > 0.05). Compared with ASD children, SHANK3-deficient
children exhibited a decrease in GE (p = 0.001) and an increase
in LE (p = 0.015). In contrast, we found a significant increase in
normalized LE in SHANK3-deficient compared with ASD groups,
as well as in ASD compared with TD groups, while no significant
differences were observed in normalized GE among the three
groups (Figure 4).

For regional network analysis, group differences in nodal
degree between every two groups were detected (all p < 0.05,
FDR corrected). In contrast with TD controls, ASD without
SHANK3 deficiency showed significantly decreased nodal degrees
mainly in sensorimotor areas, the left insular, and the right ACC
and dorsomedial PFC (Figure 5A), while ASD with SHANK3
deficiency showed decreased nodal degrees mainly in the left
ACC, and the right insular cortex, posterior cingulate cortex
(PCC), and medial visual cortex (Figure 5B). To overlap the
between-group results, we observed a common reduction of the
nodal degree in the prefrontal, IPL, and insular areas in both
ASD with and without SHANK3 deficiency compared with TD
controls (Figure 5D). To compare with the ASD group, the
SHANK3 group showed an increment of nodal degree in the
ACC, premotor cortex, primary auditory cortex (part of STG),
and visual areas in contrast with the ASD group (Figure 5C).
Notably, the regions of disruptions of nodal degree in these two
groups were geometrically close but distinct in the paracentral
lobule, IFC, LT, and superior and IPL (Figure 5D).

Correlations Between Clinical
Characteristics and Cortical Morphology
Spearman rank correlation analysis was conducted to explore the
relationship between the disruptions of cortical morphological
features and clinical assessments in ASD and SHANK3 groups,
and then FDR correction was performed (corrected p < 0.05).

FIGURE 4 | Intergroup differences in global efficiency and local efficiency
between the SHANK3, ASD, and TD groups. The orange color indicates the
SHANK3 group, the yellow color indicates the ASD group, and the green color
indicates the TD group; network sparsity = 15%. ns, not significant; GE,
global efficiency; LE, local efficiency; nGE, normalized global efficiency; and
nLE, normalized local efficiency.

The disruptions of FD in a region of the left IPL in both ASD
children with and without SHANK3 deficiencies were related
to general DQ (r = 0.597, p < 0.001), gross motor (r = 0.466,
p = 0.011), social (r = 0.507, p = 0.005), language (r = 0.535,
p = 0.003), fine motor (r = 0.517, p = 0.004), and performance
(r = 0.545, p = 0.002; Figure 6). Correlations between other
cortical morphological features (incl. CT, SD, and GI) and the
clinical assessments were not significant.

DISCUSSION

Our study demonstrated some common and distinct disruptions
of both local and networked cortical structural organization
in ASD children with and without SHANK3 defects. Locally,
increased CT was found in both ASD children with and
without SHANK3 defects mainly in the LT, PFC, TPJ,
STG, and limbic/paralimbic regions. As to the networked
cortical organizations, the majority of the above regions
were observed with reduction of the nodal degree. Fitting
with the idea that SHANK3 deficiency shares some common
patterns of cortical structural alterations with ASD, SHANK3
deficiency thus provides a unique opportunity to understand
the underlying neuropathological mechanisms as a homogenous
subgroup of ASD.

The social deficits and repetitive and stereotyped behaviors
are the core symptoms of ASD (Grzadzinski et al., 2013).
It is well known that language expression is the vital part
of social interaction. The clinical manifestations of SHANK3
deficiency include ASD, global developmental delay, delayed or
absent speech, intellectual disability, and motor abnormalities
(Soorya et al., 2013; Leblond et al., 2014). The penetrance
of the ASD phenotype in patients with SHANK3 deficiency
has been reported from 84.4 to 92.8% (Soorya et al., 2013;
Liu et al., 2021). In consistency with these previous reports,
our current clinical assessment data demonstrated that both
ASD children with and without SHANK3 defects showed social
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FIGURE 5 | Differences in the group mean of nodal degree between ASD, SHANK3, and TD groups and the overlap results. Group differences in nodal degree
between ASD and TD (A), SHANK3 and TD (B), and ASD and SHANK3 (C), and overlap results between the group differences (D). Blue and light blue colors
indicate ASD < TD in (A), SHANK3 < TD in (B), and ASD < SHANK3 in (C), respectively. dlPFC, dorsolateral prefrontal cortex; PCL, paracentral lobule; SM,
somatosensory and motor cortex; IFC, inferior frontal cortex; INS, insular; IPL, inferior parietal lobule; TPJ, temporo-parieto-occipital junction; VIS, visual areas; SPL,
superior parietal lobule; M, motor cortex; preM, premotor cortex; AUD, auditory areas; LT, lateral temporal cortex; ACC, anterior cingulate cortex; PCC, posterior
cingulate cortex; PCUN, precuneus; POS, parieto-occipital sulcus; paraHIP, parahippocampus; OFC, orbitofrontal cortex; and PEC, perirhinal and ectorhinal_cortex.
A, ASD; T, TD; and S, SHANK3.

interaction impairments and repetitive behaviors (ADOS-2)
as well as language developmental delay (Griffith language
domain). Along with the clinical data, increased CT as well
as networked alterations were revealed in the PFC, TPJ, STG,
and limbic/paralimbic regions. The PFC, TPJ, and STG are the
most consistently reported neural correlates of social-cognitive
functions (Wolf et al., 2018).

Superior temporal gyrus, responsible for language
comprehension, face processing, and social cognition, has been
proved to be associated with ASD (Bigler et al., 2007; Jou et al.,
2010; Ameis and Catani, 2015). As the area where the temporal
and parietal lobes meet, the TPJ incorporated information from
the thalamus, the limbic system, and somatosensory systems
and plays an important role in social perception as well as
theory of mind (ToM; Poletti et al., 2012; Bitsch et al., 2018).
Neuropsychological studies suggested that individuals with ASD
showed ToM deficits which result in the disabilities to initiate
and sustain reciprocal social interactions (DiLalla et al., 2017;
Tordjman et al., 2019). The PFC, even in cross-species ASD

models, has been proved to be the critical hub for emotional
and social behavior, as well as executive functions (Chini and
Hanganu-Opatz, 2021; Yan and Rein, 2021). Additionally, the
limbic/paralimbic structural alterations in ASD suggested that
the paralimbic–limbic system is closely related to repetitive and
stereotyped behaviors (Catani et al., 2013; Li et al., 2018).

From the perspective of the brain network, we found that the
SHANK3 group showed a significant increase in LE compared
with ASD and TD groups. Instead, the GE in the SHANK3 group
is slightly lower than that in ASD and TD groups. No significant
differences in either local or GE were observed between ASD
and TD groups. This result suggests that the configuration of
the SCN in SHANK3 children shifts toward a topology of regular
network, which is a nonoptimal network configuration. Actually,
the trend toward a regular network topology has often been
observed in other neuropsychiatric disorders (De Vico Fallani
et al., 2007; Yin et al., 2014). In contrast, the ASD children
without SHANK3 defects appear to reserve a relatively intact
global topology in SCN.
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FIGURE 6 | Spearman rank correlation between clinical assessments and altered fractal dimension (FD) in ASD and SHANK3 groups. The Spearman rank
correlation between the altered FD and DQ scores (A), gross motor (B), social (C), language (D), fine motor (E), and performance (F). IPL, inferior parietal lobule. A,
ASD; S, SHANK3; and T, TD.

At the nodal level, our results revealed a common reduction
of the nodal degree as the networked parameter alterations in
the PFC, IPL, and insular cortex in both ASD children with and
without SHANK3 defects. These findings were consistent with
our previous assumptions that there might be possible alterations
in large-scale brain networks in ASD children with and without
SHANK3 defects (Liu et al., 2021). IPL and dorsolateral PFC
are the core components of the frontoparietal network (FPN)
or also known as central executive network (CEN) which
is crucial for attention sustenance, decision-making, working
memory, and cognitive control (Seeley et al., 2007; van Oort
et al., 2017). FPN/CEN is one of the three networks in the
“triple-network model,” along with the salience network (SN)
and the default mode network (DMN; van Oort et al., 2017;
Wei et al., 2019). Disruption of FPN may account for the
impairment in cognitive flexibility in ASD (Holiga et al., 2019),
and reshaping of FPN connectivity might improve the cognitive–
behavioral problems in ASD (De Luca et al., 2021). TPJ and
PFC are part of DMN which is implicated in self-monitoring,
ToM, and social cognition (Buckner et al., 2008; Sarasua et al.,
2014). Functional connectivity studies have provided evidence
for abnormal connectivity pattern of DMN and its subnetworks
in individuals with ASD (von dem Hagen et al., 2013; Abbott
et al., 2016). SN, which is composed of insula and ACC, orients
attention toward salient information and facilitates switching
between the FPN and DMN (Hermans et al., 2014; van Oort
et al., 2020). Children with ASD exhibited both functional “over-”

and “under-” connectivities in between the SN, DMN, and CEN
(Lawrence et al., 2020; van Oort et al., 2020). Our morphological
and network-based structural disruptions are consistent with
these prior studies which may reflect a structural basis for the
functional imbalance between these large-scale brain networks.

Interestingly, besides the common alterations, our study
revealed some distinct abnormalities in ASD children with
SHANK3 defects compared to those without. Locally, more
changes in STG and OFC were exhibited in ASD children
with SHANK3 defects, while those without SHANK3 defects
showed more changes in TPJ and IPL. On the networked level,
ASD children with SHANK3 defects showed more alterations
of nodal degrees in ACC and PCC and right insula, while
ASD without SHANK3 defects exhibited more disruptions in
the sensorimotor areas, the left insula, and dorsomedial PFC.
SHANK3 protein is expressed highest in the cortico-striatal
glutamatergic synapses (Shepherd, 2013; Monteiro and Feng,
2017). The medial orbitofrontal cortico-striatal loop originates in
the OFC then projects to the caudate, putamen, and pallidum and
then closes with projections returning to the OFC which shares
reciprocal connections with ACC, PCC, STG, hippocampus, and
parahippocampal cortex (Elliott et al., 2000; Jarbo and Verstynen,
2015). The current results supported the assumption of our
previous study which suggested dysfunction of cortico-striatal
connectivity in children with SHANK3 defects (Liu et al., 2021).

Although large-scale studies sequenced numerous patient
samples, there was only a maximum of 30% of ASD cases
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identified with genetic causes with no single gene contributing
to greater than 2% of cases (Boyle et al., 2017; Dias and Walsh,
2020). One of the major reasons for the explanation is generally
acknowledged as the etiological and clinical heterogeneity of
ASD. Our monogenetic subgroup of ASD children with SHANK3
defects exhibited both common and distinct disruptions in
local and networked structural organization compared to
those idiopathic ASD, suggesting both common and distinct
neuropathological mechanisms underlying ASD with and
without SHANK3 deficiency. Differentiating the heterogeneity in
ASD is critical to both clinicians and researchers to understand
the phenotype and pathophysiology of the syndrome (Agelink
van Rentergem et al., 2021; Ziats et al., 2021). Our study
of monogenic ASD patients may thus offer new insights
into the diverse findings of previous neuroimaging studies
of idiopathic ASD.

There were several limitations of the current study. Although
the sample size of the SHANK3 group used in the current
study is relatively large compared with previous studies
(Monteiro and Feng, 2017), it is still small due to the
rare condition of SHANK3 mutations. In particular, even
though the PBT method is better than other approaches on
the basis of root mean square error, it still represents a
thickness measurement error of 0.39 ± 0.02 mm (Dahnke
et al., 2013). This may potentially confound the observed
between-group differences in CT. Future studies with expanded
sample size need to verify the current results. Besides, the
current MRI scans were mainly structural so that future
studies of functional connectivity may allow for more in-depth
understanding of our conclusions. Despite these limitations, our
results provide some new guidance to further understand the
symptoms presented by ASD children both with and without
SHANK3 defects.

CONCLUSION

Besides commonality, our findings have revealed dissociable
patterns of alterations in both local and networked features
of brain morphology between ASD children with and
without SHANK3 defects, which suggests new insight
into the understanding of neuropathological mechanisms
underlying ASD. Moreover, this monogenic study may
provide a valuable path for parsing the heterogeneity of brain
disturbances in ASD.
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Neuroimmune interactions have been studied for decades. Several neurodevelopmental
disorders have been associated with immune dysfunction. However, the effects of
immune system on neuronal function remain unknown. Herein, based on c-Fos protein
expression, we characterized the brain areas that are activated after contextual fear
conditioning (CFC) training or retrieval in severe combined immune deficiency (SCID)
and wild-type mice. Further, we analyzed the interregional correlations of c-Fos activity
that are affected by deficiency in adaptive immunity. Results showed significantly lower
c-Fos density in learning and memory-associated brain regions of SCID mice after
memory retrieval, but not during the CFC training. Moreover, SCID mice exhibited
remarkably discordant interregional neuronal activities of learning neuron circuits after
CFC training, which could be the cause of inefficient activation of the memory circuit
after retrieval. These results provide a new perspective on how adaptive immunity
affects neuronal function. Adaptive immune deficiency impairs the coordination of neural
activity after training and retrieval, which might be a potential therapeutic target for
neurodevelopmental disorders.

Keywords: adaptive immune, c-Fos, neural activity, contextual fear conditioning, neurodevelopmental disorders

INTRODUCTION

A wide range of neurodevelopmental disorders, including autism spectrum disorder (Hughes et al.,
2018) and neurodevelopmental delay (Bodnar et al., 2020), have been associated with immune
system dysregulation. Advances in our understanding of neuroimmune interactions have led to
fundamental changes in the concepts of immunology and neuroscience. The immune system is
not self-regulated, but functions in close association with the nervous system (Dantzer, 2018). The
nervous system regulates immune factors through neuroendocrine mediators and peripheral nerve
endings innervating immune organs. Reciprocally, immune cells and mediators play a regulatory
role in the nervous system and participate in the elimination and plasticity of synapses during
development, as well as in synaptic plasticity during adulthood (Tanabe and Yamashita, 2018;
Morimoto and Nakajima, 2019).
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Studies have demonstrated that adaptive immunity is
implicated in brain functions, including learning and memory
retrieval (Brynskikh et al., 2008; Baruch and Schwartz, 2013;
Radjavi et al., 2014). The first evidence came from experiments
that examined the cognitive ability of wild-type (WT) and
severe combined immune deficiency (SCID, deficient in both
T cell and B cell responses) mice, by using the Morris water
maze, a hippocampal-dependent visuospatial learning/memory
task (Kipnis et al., 2004). SCID mice manifested significant
impairment of spatial memory compared to their WT
counterparts, and the brain function in SCID mice was
restored when adaptive immunity was enhanced. Subsequently,
researchers found that depletion of adaptive immune cells
in naive mice also impairs spatial memory, supporting the
notion that immunity plays a lifelong role in maintaining brain
functions (Wolf et al., 2009; Derecki et al., 2010). However,
the mechanism by which adaptive immunity affects memory is
poorly understood.

Memory is a complex process through which information
acquired during learning is stored. Synaptic and system changes
are involved in the memory processes. The synaptic change is
completed within hours of training and involves the stabilization
of synaptic connectivity in localized circuits (Takeuchi et al.,
2014). System changes are a more prolonged process that
involves gradual reorganization of the brain regions that support
memory (Frankland and Bontempi, 2005). Contextual fear
conditioning (CFC) behavioral tests have been well studied
as hippocampus-dependent spatial and associative learning
tasks that activate hippocampal–cortical memory networks
(Cowansage et al., 2014). Episodic memories initially require
rapid synaptic plasticity within the hippocampus for their
formation and are gradually consolidated in neocortical networks
for permanent storage (Kitamura et al., 2017). Evidence shows
that the hippocampus, amygdala, retrosplenial cortex (RSP),
and prefrontal cortex are key regions supporting memory
consolidation and retrieval processes (Tonegawa et al., 2018;
de Sousa et al., 2019).

c-Fos is one of the first transcription factors whose induction
was shown to be activity-dependent and is routinely used as an
indicator of neuronal activation (Gallo et al., 2018; Silva et al.,
2019). Fear memory paradigms have been shown to produce
changes in c-Fos expression in different structures (Maviel et al.,
2004; Lopez et al., 2012; Pignatelli et al., 2019). In this study,
using c-Fos protein expression pattern, we characterized the
brain areas that are activated in WT and SCID mice after CFC
training or retrieval and evaluated the interregional correlations
of c-Fos activity affected by adaptive immunity deficiency. Our
results helped to uncover the immunity-neuron interaction and
the potential therapy for neurodevelopmental disorders with
immune dysfunction.

MATERIALS AND METHODS

Mouse Strains and Housing
B6.CB17-Prkdcscid/SzJ (SCID, JAX 001913) and WT mice
(C57BL/6J background) purchased from the Jackson Laboratory

were maintained in the animal facility for at least 1 week prior
to the start of the experiments. Mice were maintained and
bred in-house under standard 12-h light–dark cycle conditions.
They were given standard rodent chow and sterilized tap
water ad libitum, unless stated otherwise. Male mice at 10–
20 weeks of age were used for the behavioral experiments.
Experimenters were blinded to the experimental groups during
scoring and quantification. All experiments were approved
by the Institutional Animal Care and Use Committee of the
University of Virginia.

Contextual Fear Conditioning Training
and Retrieval
The equipment used was purchased from Coulbourn Instruments
(United States). Figure 1A illustrates the experimental design.
During training, mice were introduced to a new context (test
chamber), following which a stimulus was delivered in the form
of a foot shock. The walls of the test chamber were painted white,
and the chamber was scented with 0.25% benzaldehyde. Each
mouse was placed in the test chamber for 3 min. After 3 min,
electric foot shock (2 s, 0.50 mA) was delivered thrice during
198–200, 258–260, and 318–320 s. The mice were left in the
test chamber for an additional 30 s before they were returned to
their home cages.

At 1 day or 4 weeks posttraining, CFC-trained mice were
returned to the test chamber for memory retrieval. The test at
1 day posttraining was referred to as recent retrieval. The test at
4 weeks posttraining was called remote retrieval. Mice were kept
in the test cage for 3 min and returned back to their home cage
without delivering the electric foot shock.

Immunohistochemistry
Mice were euthanized by Euthasol overdose (10% vol/vol in
saline, intraperitoneally) at 90 min (for c-Fos) and 60 min
(for Arc) after training or retrieval. The animals were
transcardially perfused with ice-cold phosphate-buffered saline
(PBS) containing heparin (10 U mL−1) followed by 4%
paraformaldehyde (PFA). Brains were dissected out and kept in
4% PFA overnight at 4◦C. The fixed brains were washed with PBS
and cryoprotected by immersing them in 30% sucrose solution
for 48 h at 4◦C. The fixed brain tissue was frozen in Tissue-Plus
OCT compound (Thermo Scientific) and sliced into 40-µm-
thick free-floating coronal sections using a cryostat (Leica). Brain
sections were stored in PBS containing 0.02% sodium azide at 4◦C
until further use.

Brain sections were blocked with 1% bovine serum albumin
(BSA), 2% normal serum (either goat or chicken), 0.2% Triton
X-100, and 0.1% Tween 20 in PBS for 1 h at room temperature
(RT). Sections were then incubated with appropriate primary
antibodies in PBS containing 5% BSA and 0.2% Triton X-
100 overnight at 4◦C. The primary antibodies used were as
follows: rabbit anti-c-Fos (1:1,000, Synaptic Systems, 226003),
mouse anti-NeuN (1:300; Millipore, MAB377, clone A60), or
rabbit anti-Arc (1:100, Santa Cruz, sc-15325). Brain sections
were then washed three times for 15 min at RT with PBS
containing 0.2% Triton X-100 and 0.1% Tween 20. This
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FIGURE 1 | Limited differences in c-Fos expression between SCID and WT mice brain after contextual fear conditioning training. (A) General scheme of contextual
fear conditioning training and retrieval. (B) Representative immunofluorescence images of the brain sections from WT (top) and SCID (bottom) mice 90 min after CFC
training. c-Fos is in green, NeuN in red, and DAPI in blue. Brain regions: medial prefrontal cortex, anterior cingulate cortex, retrosplenial cortex, hippocampus, and
amygdala. Scale bar, 500 µm. Low-power images were presented in the white solid line frames, with white dotted frames that showed the regions zoomed in. White
dotted line outlined most of the brain regions for quantification. (C) c-Fos–positive cell density in different brain regions of WT and SCID mice (n = 4, data represent
mean ± SEM, *p < 0.05).

was followed by incubation at RT for 1 or 1.5 h with
species-matched fluorescently conjugated secondary antibodies
(1:1,000, Invitrogen) diluted in PBS containing 0.2% Triton X-
100. Nuclei were stained with 4′,6-diamidino-2-phenylindole

(DAPI, 1:10,000, Sigma-Aldrich) at RT for 15 min. The
sections were washed with PBS three times for 15 min and
mounted with Aqua-Mount (Thermo Scientific TA-125-AM)
under coverslips.
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Image Acquisition and Analysis
For detecting c-Fos–positive cells, samples from the same
experiment were stained and analyzed simultaneously using
same settings on the Olympus FV1200 laser scanning confocal
microscope with a 10× objective and 0.40 NA. Quantification
of c-Fos expression was performed using the Fiji software
(NIH). The following brain regions were analyzed using specific
coordinates: infralimbic cortex (IL) and prelimbic cortex (PrL) at
+1.98 to +1.54 mm from bregma; cingulate cortex (Cg1, Cg2,
and M2) at +1.10 to +0.26 mm from bregma; hippocampus
and RSP at −1.58 to −2.06 mm from bregma; and amygdala at
−1.46 to −2.06 mm from bregma. Brain areas were manually
outlined based on the DAPI and NeuN signals following the
Allen Brain Reference Atlas and measured automatically by Fiji.
The c-Fos–positive nuclei for each brain region were counted
using the “Analyze Particles” tool in Fiji. Only the c-Fos–
positive nuclei within a specific size range were counted, and
a constant threshold level of staining was used to distinguish
c-Fos–positive cells as follows: a fluorescence area between
18.07 and 117.78 µm2 and mean intensity greater than 60
(arbitrary units) were counted. This method has been described
previously (Lopatina et al., 2014; Zhong et al., 2014). The density
of c-Fos–positive cells (c-Fos per mm2) in each brain region
was averaged from three sections per animal and at least four
mice for each group.

Statistical Analysis
Statistical analysis was performed using Prism 8.0 (GraphPad
Software, Inc.). Comparison between two groups was performed
using a two-tailed unpaired Student t-test. Pearson correlation
coefficients were calculated for pairwise comparisons of c-Fos
density among all 14 brain regions analyzed. Correlations were
displayed as a color-coded correlation matrix generated using a
custom R-code (R version 3.6.3).

RESULTS

c-Fos Expression in Severe Combined
Immune Deficiency and Wild-Type Mice
After Contextual Fear Conditioning
Training
Contextual fear conditioning behavioral test, a hippocampus-
dependent spatial and associative learning/memory task, was
used to compare the spatial learning/memory of SCID and WT
mice. The CFC training was performed by transferring each
mouse from the home cage to the test chamber where the animals
received an electric foot shock (Figure 1A). SCID and WT mice
were euthanized 90 min after CFC training. To investigate the
brain regions that are activated during the training, brain slices
were stained for c-Fos and NeuN. We quantified the density of
c-Fos–positive cells in 14 brain regions that are known to play
a crucial role in contextual fear learning and memory (Tovote
et al., 2015). Figure 1B shows the density of c-Fos–positive cells
in the IL, PrL, anterior cingulate cortex (Cg1, Cg2, and M2), RSP,
hippocampus (DG, CA1, and CA3), and amygdala.

Although strong c-Fos expression was observed in these 14
brain regions of SCID mice, c-Fos expression was slightly higher
in the WT mice brain. However, significant differences were
observed only in the IL and PrL (p < 0.05, Figure 1C). IL and
PrL regions have well-established roles in the fear memory circuit
(Frankland and Bontempi, 2005).

Inefficient c-Fos Expression in Severe
Combined Immune Deficiency Mice
Following Memory Retrieval
To assess brain activity during recent memory retrieval, CFC-
trained SCID and WT mice were transferred to the test cage at
1 day post-CFC training (Figure 1A). In the retrieval experiment,
no electric shock was given to the animals. The animals were
euthanized 90 min later, and c-Fos expression in the brain was
evaluated (Figure 2A). Significant differences were observed in
the hippocampus (DG, CA1, and CA3; p < 0.001, p < 0.05,
and p < 0.05, respectively) and RSP (p < 0.01) (Figure 2B).
Furthermore, the density of Acr (another immediate early gene)–
positive cells at RSP and DG regions was lower in SCID mice
than WT, which was consistent with c-Fos expression (p < 0.05)
(Figures 2C,D).

Remote memory retrieval was performed at 4 weeks post-
CFC training (Figure 1A). CFC-trained SCID and WT mice were
placed in the test cage without giving the electric shock. Results
showed significantly lower c-Fos levels in SCID mice, especially
in the medial PrL, RSP, and CA1 (Figures 3A,B).

Lack of Adaptive Immunity Impairs the
Interregional Activation of Learning and
Memory Neuron Circuits
To gain insight into the functional connections within the
learning and memory neuron circuits, we computed the
correlation between each pair of brain regions in each group.
The interregional correlation matrix for each experimental group
led to the identification of sets of regions whose c-Fos density
covaried across mice.

Results showed that in WT mice after CFC training, there
was a strong connection between the brain regions that
are important for learning and memory (Figure 4A, left).
However, SCID mice showed remarkably discordant activation
between the hippocampus–prefrontal cortex, hippocampus–
amygdala, and prefrontal cortex–amygdala (Figure 4A, right).
With the withdrawal of DG activation in memory retrieval,
the prefrontal cortex to process memories might mirror that
of the hippocampus to process recent memories. Inefficient
activation of the cortex regions during the CFC training
affected the memory retrieval, especially remote memory retrieval
(Figures 4B,C).

DISCUSSION

To assess brain function and memory processes in mice lacking
adaptive immunity, we compared c-Fos expression in 14 brain
regions of SCID and WT mice that are known to be involved
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FIGURE 2 | Inefficient neuronal activity in the hippocampus and retrosplenial cortex of SCID mice after recent memory retrieval. (A) Representative
immunofluorescence images of five brain regions from WT and SCID mice after recent memory retrieval (1 day after CFC training). c-Fos is in green, NeuN in red, and
DAPI in blue. Scale bar, 500 µm. (B) c-Fos–positive cell density in different brain regions of WT and SCID mice after recent memory retrieval (n = 6–7 per group, data
represent mean ± SEM, *p < 0.05). (C) Representative immunofluorescence images of retrosplenial cortex and dentate gyrus from WT and SCID mice 60 min after
recent memory retrieval. Arc is in green, and DAPI in blue. Scale bar, 200 µm. (D) Quantified Acr-positive cells at RSP and DG regions after recent memory retrieval
(n = 3 per group; data represent mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001).
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FIGURE 3 | Significantly lower neuronal activity in memory-associated brain regions of SCID mice after remote memory retrieval. (A) Representative
immunofluorescence images of five different brain regions from WT and SCID mice after remote memory retrieval (4 weeks after CFC training). c-Fos is in green,
NeuN in red, and DAPI in blue. Scale bar, 500 µm. (B) c-Fos–positive cell density in the brain regions of WT and SCID mice after remote memory retrieval (n = 4–5
per group; data represent mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001).

in the acquisition of contextual memories. IL and PrL showed
remarkably lower c-Fos expression during learning in SCID
mice. In recent memory retrieval test at 1 day post-CFC
training, remarkable differences in c-Fos density in the RSP and
hippocampus were observed between SCID and WT mice. In
the remote memory retrieval test at 4 weeks post-CFC training,
the prefrontal cortex, RSP, CA1, and medial nuclei of the
amygdala of the SCID mice showed significantly lower c-Fos
expression than WT mice.

Memories are thought to be initially stored within the
hippocampal–amygdala network (recent memory) and, over
time, slowly consolidate within the neocortex for permanent
storage (remote memory) (Frankland and Bontempi, 2005;
Lopez et al., 2012; Tonegawa et al., 2018; Todd et al., 2019).
Consistent with previous studies, our study found that in WT

mice, the DG-CA3 hippocampal network was active during
learning and recent memory retrieval (1 day posttraining),
whereas it was not activated by remote memory retrieval (4 weeks
posttraining). Hippocampal CA1 activity was involved in both
recent and remote memory retrieval. In our study, significantly
lower neuronal activity was observed in the hippocampus and
neocortex of the SCID mice during memory retrieval.

Furthermore, interregional activation patterns showed that
SCID mice have abnormalities in neural circuits, which might be
the cause of memory dysfunctions. The low neuronal activity in
SCID mice was limited to IL and PrL regions during the learning
stage. However, remarkable discordant activation was observed
between the hippocampus–prefrontal cortex, hippocampus–
amygdala, and prefrontal cortex–amygdala. IL and PrL, as part
of the prefrontal cortex, are highly interconnected with the
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FIGURE 4 | Variations in interregional correlation of c-Fos activation between WT and SCID mice. Pearson correlation matrices showing interregional correlations of
c-Fos activation density. Axes represent the brain regions. The different colors represent Pearson correlation coefficients (scale, right). Panel (A) is for WT and SCID
mice after the CFC training. Panel (B) represents WT and SCID mice after recent retrieval. Panel (C) represents WT and SCID mice after remote retrieval.
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hippocampus, sensory cortex, motor cortex, and limbic cortex;
therefore, they are ideally suited to integrate and synthesize
information from a large number of different sources (Euston
et al., 2012). Kitamura et al. (2017) found that neocortical
prefrontal memory engram cells are rapidly generated during
initial learning through inputs from both the hippocampus
and the basolateral amygdala and became functionally mature
with time, which is critical for remote contextual fear memory.
The insufficient activation of IL and PrL by the hippocampus–
prefrontal cortex circuitry does not affect the learning ability of
SCID mice, but could have a potential effect on memory retrieval.
The importance of interregional coactivation in neuron circuits
has been demonstrated using chemogenetic neuronal inhibition
and computational modeling (Kitamura et al., 2017; Roy et al.,
2017; Pignatelli et al., 2019).

The findings of this study have to be seen in light of
some limitations. In the CFC behavior test, SCID mice did
not show significant difference for freezing time between
genders. Considering stable behavior phenotype, we used only
male mice in the study. However, immune deficiency and
neurodevelopmental disorders affect both male and female. It
is better to include female mice in a future study. The second
limitation concerns that the study did not provide mechanistic
insights into the impairments of neural activity in SCID mice
after training and retrieval. Further studies will be aimed at
understanding the molecular basis that underlies how adaptive
immunity impairs neural activity.

Overall, our results provide new details about how adaptive
immunity affects neuronal function. Mice lacking components
of adaptive immunity have problems with neuronal activation
and interregional coordination of neuron circuits during training
and memory retrieval. Our results uncover the neural–immune
interactions and will help in developing novel therapies for
neurodevelopmental disorders due to immune dysfunction.
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Autism spectrum disorder (ASD) is characterized by deficits in social interactions and
repetitive, stereotypic behaviors. Evidence shows that bidirectional communication of
the gut-brain axis plays an important role. Here, we recruited 62 patients with ASD
in southern China, and performed a cross-sectional study to test the relationship
between repeated behavior, gut microbiome composition, and alpha diversity. We
divided all participants into two groups based on the clustering results of their microbial
compositions and found Veillonella and Ruminococcus as the seed genera in each
group. Repetitive behavior differed between clusters, and cluster 2 had milder repetitive
symptoms than Cluster 1. Alpha diversity between clusters was significantly different,
indicating that cluster 1 had lower alpha diversity and more severe repetitive, stereotypic
behaviors. Repetitive behavior had a negative correlation with alpha diversity. We
demonstrated that the difference in intestinal microbiome composition and altered alpha
diversity can be associated with repetitive, stereotypic behavior in autism. The role of
Ruminococcus and Veillonella in ASD is not yet understood.

Keywords: autism spectrum disorder, gut microbiome, repetitive behavior, microbiome composition, alpha
diversity

INTRODUCTION

Autism spectrum disorder (ASD) refers to early-onset neurodevelopmental disorders with core
deficits in social interactions and restricted repetitive behavior and interest (RRBI) (Lord et al.,
2018). Increasing evidence supports the notion that the gut-brain axis plays a non-negligible
regulatory role in autism, while intestinal microbes are critical bidirectional communication
components between the central nervous system (CNS) and our gut (Qin et al., 2010; Cryan and
O’Mahony, 2011; Dinan and Cryan, 2013). Our brain can modify gastrointestinal dynamics and
local blood flow, increasing or decreasing the secretion of gastrointestinal hormones, and thereby
affecting the local immune response (Mayer, 2011; Dinan and Cryan, 2017). Simultaneously,
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external environmental signals are also mediated by the intestinal
microbiome and interact in various ways with the CNS (De
Vadder et al., 2014; Sherwin et al., 2018).

Recent studies have shown that the intestinal flora may
directly affect our brain function by producing neuroendocrine
metabolites such as short chain fatty acids (SCFAs) and
tryptophan, or cause interference to other pathways that affect
human physiological functions and behavioral performance,
including stressful behavior, social interaction, eating, and
addiction (Cryan and Dinan, 2012; Cussotto et al., 2018).
Research has revealed that one of the gut microbes, Lactobacillus
rhamnosus, diminishes anxiety-related behavior in rodent models
depending on vagus signal transmission (Bravo et al., 2011).
Social behavior deficits in germ-free (GF) mice are also
considered critical evidence supporting the assertion that changes
in the intestinal microbiome can affect brain function as well
as behavioral changes in the individual (Desbonnet et al., 2014;
Buffington et al., 2016).

Restricted repetitive behavior and interest (RRBI) is
considered a key feature of ASDs and may be related to
compositional changes of the intestinal flora (Wolff et al., 2014;
McKinnon et al., 2019; Osadchiy et al., 2019), but few studies have
addressed this domain (Ho et al., 2020). In this cross-sectional
study, we hypothesized that the ASD gut microbiome would be
reflected by similar community groups and the severity of their
repeated, stereotypic behaviors would vary between clusters.
Previous studies on intestinal flora alpha diversity in children
with ASD have not yet reached a consensus on this (Liu et al.,
2019). Thus, we hypothesized that alpha diversity may be related
to one or more RRBI sub-domains.

MATERIALS AND METHODS

Materials
Study Population
The research team recruited 62 subjects – (non-twin, from simple
families, all skilled in Mandarin) – from southern China. All
subjects were diagnosed with ASD according to the DSM-5
criteria by two physicians with extensive clinical experience, and
their scores were further determined to be higher than the ASD
cut-off by the Autism Diagnostic Interview-Revised (ADI-R) and
Autism Diagnostic Observation Schedule (ADOS) assessment.
Subjects age ranged from 3 to 10 years, with a male to female ratio
of 3:1. The exclusion criteria for this study were genetic diseases
with known definite chromosomal disorders, Rett syndrome,
22q13 deficiency syndrome, other degenerative symptoms, other
serious neurological diseases (such as seizures, tuberous sclerosis)
or severe mental illness, as well as children with significant
congenital malformations or parents with serious illnesses. The
study was approved by the Institutional Review Committee of the
Third Affiliated Hospital of Sun Yat-sen University.

Microbiome Analysis
Parents used a clean disposable container or a non-contaminated
urine-clean diaper to collect approximately 10 g of stool sample.
Approximately 200 mg was placed in a sampling tube designed

for fecal specimen collection (patent number: US 8202693,
approved by Illumina for ensuring that the microbiota in human
feces is stably stored for more than 1 week at room temperature).
Parents returned the fecal specimens through a biological sample
transport channel within 1 week and samples were stored at
−80◦C until analysis.

The 16S ribosomal RNA amplification sequencing of the V3–
V4 gene region was performed on the Illumina Miseq X Ten
high-throughput sequencing platform to identify and quantify
bacterial taxa. Using Quantitative Insights Into Microbial Ecology
(QIIME) software (Caporaso et al., 2010), bioinformatics analysis
for the 16S ribosomal RNA amplification sequencing data was
performed including using the closed-reference algorithm for
operational taxonomic unit (OTU) classification unit screening,
taxonomic assignment as well as alpha and beta diversity analysis.

Clustering analysis was applied to the relative genus
abundance of the 62 subjects using Partitioning Around Medoids
(PAM) algorithm. The cluster scoring method was used to assess
the optimal number of clusters (Figure 1).

Genera Analysis and Co-occurrence Networks
The Wilcoxon signed-rank test was used to identify significant
differences in the relative abundance of bacterial genera among
clusters. The seeds of each cluster indicating the most significant
representative genera were selected to form the co-occurrence
networks using Spearman correlations (Figure 2) to elucidate the
bacterial community dynamics.

Autism Diagnostic Interview-Revised
Assessment for Restricted Repetitive
Behavior and Interest
The ADI-R is an appraisal-based, standardized, semi-finished,
professional-use interview scale (Hus and Lord, 2013; Zander
et al., 2017). It was used to differentiate “Autism Spectrum
Disorder” in the DSM-5 diagnostic criteria and “Classic
Autism” in DSM-4. A higher score indicates more severe
symptoms in the field (Hus and Lord, 2013). A total of
14 behavioral items were included in the ADI-R assessment
for classification and comparison of repeated stereotypies
(Cuccaro et al., 2003; Mooney et al., 2009). This study used
the ADI-R C-category scores to obtain the severity of social
communication barriers and repetitive stereotypies in the form
of parental interviews.

Association of Within-Cluster Restricted
Repetitive Behavior and Interest and
Alpha Diversity
Alpha diversity is an indicator that describes the diversity of
species within each individual (also known as local diversity).
We used chao1, observed OTUs, Shannon and Simpson index
to measure alpha-diversity for different clusters. Subsequently,
Pearson correlation analysis was used to test all four measures
of alpha-diversity for associations with repetitive, stereotypic
behavior scores in the ADR-I assessment.
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FIGURE 1 | K-means of cluster index.

FIGURE 2 | Seed-genera and co-occurrence networks between clusters (wunifrac distance). “*” means the unclassified genera, and specified in the family to which
the genera belong.

RESULTS

Autism Spectrum Disorder Microbiota
Were Clustered Into Two Groups
Based on the average silhouette width, Calinksi Harabasz
score, and prediction strength, the subjects were clustered
into two groups using the weighted-UniFrac distance
and unweighted-UniFrac distance, which yielded better
intergroup discrimination outcomes. Although k clusters of
weighted- UniFrac indicated better between-group variance
when k = 3 (Figure 1), the case number for each group
was 19, 31, and 11. The power of phenotypic analysis
was compromised because of the small sample size. After
consulting statisticians, we performed subsequent analysis
based on clustering into two groups using weighted- UniFrac
(wunifrac) distances.

Genera Analysis of the Two Groups of
Seed Genera and the Construction of
Co-occurrence Networks
To obtain a more intuitive comparison, we selected a
representative seed genera and constructed a co-occurrence
network for each cluster (Figure 2). The abundance of many
genera was different from that of Clusters 1 and 2. The seed of
each cluster refers to the one that differed the most between two
clusters, with the lowest p-values of the Wilcoxon signed-rank

test, with the maximum relative abundance in all samples
greater than 0.001 and average relative abundance higher
than the other group. The seed genus was Veillonella for
Cluster 1, and Ruminococcus for Cluster 2, with p-values of
0.026 and 0.001 between two clusters, determined using the
Wilcoxon signed-rank test, indicating statistically significant
results (Supplementary Material 1). The members in the
co-occurrence network were determined according to their
Spearman correlations with the seed genera.

Comparison of Characteristics Between
Clusters
Demographic Characteristics
Our participants were recruited from a Han population in
southern China. We used the weighted UniFrac distance
(hereinafter referred to as wunifrac) to divide clusters for
later comparisons. There was no significant difference between
the two clusters upon baseline comparison of gender, age,
breastfeeding, food allergies, frequency of probiotic or antibiotic
intake, and preference for food (meat or vegetarian diets). See
Supplementary Table 1.

Autism Repetitive Behavior Performance Difference
Between Clusters
In this study, we tested whether core phenotypes of autism
differed between clusters by analyzing three independent
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FIGURE 3 | ADI-R C score difference between clusters (wunifrac distance). ADI-R, Autism Diagnostic Interview-Revised. ADI-R C score: Restricted, Repetitive, and
Stereotyped Patterns of Behavior, adir_cl: encompassing preoccupation or circumscribed pattern of interest. adir_c2: apparently compulsive adherence to
nonfunctional routines or rituals. adir_c3: stereotyped and repetitive motor mannerism. adir_c4: Preoccupation with parts of objects or non-functional elements of
material.

domains of the ADI-R. In the RRBI (C score), our primary
analysis indicated that Cluster 1 has significantly higher score
than Cluster 2 (p < 0.01), implying that children in Cluster 1
had more severe repetitive stereotypic behaviors than the other
group (Figure 3).

Subsequent secondary analysis, separately testing whether
the RRBI sub-scale score entries of the repeated stereotypes
sub-scale were different between clusters found that C1
scores (encompassing preoccupation or circumscribed
patterns of interest) and C2 scores (apparently compulsive
adherence to non-functional routines or rituals) were
different between groups. However, there was no difference
between clusters in the domain of social interaction
(A score) and communication (B score) (p > 0.1;
Supplementary Material 2).

Alpha Diversity Between Clusters
The measurement of alpha diversity OS (observed OTUs) showed
a difference (p = 0.04) between clusters, and Chao1 indicated a
trend toward significance (p = 0.082), suggesting that Cluster 1
had less diversity and Cluster 2 had higher diversity (Figure 4).
No between-cluster differences were found using Shannon and
Simpson indices.

Alpha Diversity Related to Repetitive Behavior
We tested the association of alpha diversity measured using
Shannon and Simpson indices with RRBI (C, C1, and C2
score), which did not show any significant trend in the
previous analysis. A negative correlation with alpha diversity
(measured by Shannon and Simpson indices) was found in
the C2 score (Shannon: p = 0.021 and Simpson: p = 0.029;
Supplementary Material 3).

DISCUSSION

We used 16S rRNA high-throughput sequencing technology
to obtain the abundance of gut microbial genes with large
inter-individual variations and examined the gut microbiota
composition correlated with ASD phenotypic features
quantitatively for the Chinese population living in southeast-
China. Our data suggested that two major subgroups, which were
characterized either by the increased abundance of Veillonella or
Ruminococcus, might be correlated with RRBI symptom severity
in children with ASD. Cluster 1, with a relatively high abundance
of Veillonella and a low abundance of Ruminococcus, showed
more severe RRBI symptoms. However, Cluster 2, with a high
abundance of Ruminococcus and a low abundance of Veillonella,
presented milder symptoms of repetitive behaviors.

To our knowledge, this is the first study to show that
the composition of the intestinal microbiome is associated
with repetitive, stereotyped behaviors in children with ASD.
Participants in each group were defined based on the composition
of their gut microbiome. Although the use of clustering to analyze
the microbiome remains a controversial topic (Knights et al.,
2014), this study provides a considerably important translational
starting point to reflect the underlying mechanism of autism
symptom severity and to explore potential treatment methods.

The genus, Ruminococcus, is recognized as the core gut
microbiome and is abundant in the human intestinal system.
Compared to typically developed children, the abundance of
Ruminococcus torques is significantly elevated in stool samples
from children with autism (Williams et al., 2012; Wang et al.,
2013). However, other researchers have reported a decrease
in Ruminococcus abundance in autism stool samples (Finegold
et al., 2010). Ruminococcus plays an essential role in boosting
intestinal movement and food digestion by degrading mucus.
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FIGURE 4 | Alpha diversity between clusters (wunifrac distance).

It has been proven that mucin in the large bowel can
facilitate the growth of Ruminococcus torques, which is also
associated with gastrointestinal (GI) disturbance in patients
with inflammatory bowel disease (IBD) (Wang et al., 2013).
Groups with higher Ruminococcus abundance showed less
severe repetitive, stereotypical behaviors in our study. The
role of Ruminococcus spp. in affecting RRBI symptoms and
GI symptoms is not clear. Veillonella is known to metabolize
carbohydrates in the human digestive system and its abundance
is decreased in children with ASD in older age groups (Strati
et al., 2017). Our study found that toddlers with ASD who carry a
higher abundance of Veillonella exhibited more severe repetitive,
stereotypic behaviors. Thus, further studies are needed to explore
the underlying mechanism using metagenome sequencing to
describe species in the genera Ruminococcus and Veillonella
quantitatively.

Alpha diversity is an indicator of the richness of species
and the diversity of the gut microbiome in a single ecosystem
and it reflects local diversity. Lower α-diversity commonly
represents a less mature gut microbiome and is often related to
unhealthy conditions (Abrahamsson et al., 2014; Kostic et al.,
2015). We observed that Cluster 1 had lower alpha diversity and

more severe RRBI symptoms (measured by the observed_OTUs
method). In addition, one sub-domain of RRBI, apparently
compulsively adhering to non-functional routines or rituals, had
a negative correlation with alpha diversity in children with autism
(measured by the Shannon and Simpson indices), which is in
line with the previously obtained outcomes. Hence, the alteration
of alpha-diversity in relation to autism or other developmental
delays is still not clear. Some studies have shown that alpha-
diversity decreases in patients with ASD (Kang et al., 2013, 2017,
2018), while others show no significant changes (Gondalia et al.,
2012; Kushak et al., 2017; Strati et al., 2017), or an increase
(Finegold et al., 2010; De Angelis et al., 2013). Further research
is needed to target clinical heterogeneity, and a larger population
would provide further evidence of the relationship between
alpha-diversity and ASD phenotypes.

This is a preliminary study to explore the relationship
between composition and alpha-diversity in the gut microbiome
and repetitive behavior in ASD. Because of the nature of
the unsupervised clustering method, we need to explain the
outcomes cautiously and be aware of generalization.

In summary, we demonstrated that the difference in
intestinal microbiome composition and altered alpha diversity
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can be associated with repetitive, stereotypic behavior in
autism. The role of Ruminococcus and Veillonella in ASD is
not yet understood.

DATA AVAILABILITY STATEMENT

The data presented in the study are included in the
article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of Third Hospital of Sun Yat-
sen University. Written informed consent to participate in this
study was provided by the participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

BC contributed to sample preparation, data collection, and took
the lead in writing the manuscript. NY contributed to the
interpretation of the results. BP and XH contributed to data
analysis. XZ contributed to the leading of all research steps
and interpretation of the results. All authors provided critical
feedback and helped shape the research, analysis, and manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81873801 and 11671409), the Science
and Technology Program of Guangzhou, China (201903010040),
the Science and Technology Program of Guangzhou, China,
and the Key Area Research and Development Program
(202007030011).

ACKNOWLEDGMENTS

We would like to acknowledge the contributions of Rebecca
C. Knickmeyer and Kai Xia from the University of North
Carolina Chapel Hill for their scientific discussions during
the preparation and data analysis of this manuscript.
We are thankful for the support from all patients and
families, your participation helps us understand more
about autism.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2021.760779/full#supplementary-material

REFERENCES
Abrahamsson, T. R., Jakobsson, H. E., Andersson, A. F., Bjorksten, B., Engstrand,

L., and Jenmalm, M. C. (2014). Low gut microbiota diversity in early infancy
precedes asthma at school age. Clin. Exp. Allergy 44, 842–850. doi: 10.1111/cea.
12253

Bravo, J. A., Forsythe, P., Chew, M. V., Escaravage, E., Savignac, H. M., Dinan, T. G.,
et al. (2011). Ingestion of Lactobacillus strain regulates emotional behavior and
central GABA receptor expression in a mouse via the vagus nerve. Proc. Natl.
Acad. Sci. U.S.A. 108, 16050–16055. doi: 10.1073/pnas.1102999108

Buffington, S. A., Di Prisco, G. V., Auchtung, T. A., Ajami, N. J., Petrosino, J. F.,
and Costa-Mattioli, M. (2016). Microbial reconstitution reverses maternal diet-
induced social and synaptic deficits in offspring. Cell 165, 1762–1775. doi:
10.1016/j.cell.2016.06.001

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D.,
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods. 7, 335–336. doi: 10.1038/nmeth.
f.303

Cryan, J. F., and Dinan, T. G. (2012). Mind-altering microorganisms: the impact
of the gut microbiota on brain and behaviour. Nat. Rev. Neurosci. 13, 701–712.
doi: 10.1038/nrn3346

Cryan, J. F., and O’Mahony, S. M. (2011). The microbiome-gut-brain axis: from
bowel to behavior. Neurogastroenterol. Motil. 23, 187–192. doi: 10.1111/j.1365-
2982.2010.01664.x

Cuccaro, M. L., Shao, Y., Grubber, J., Slifer, M., Wolpert, C. M., Donnelly, S. L.,
et al. (2003). Factor analysis of restricted and repetitive behaviors in autism
using the Autism Diagnostic Interview-R. Child Psychiatry Hum. Dev. 34, 3–17.
doi: 10.1023/a:1025321707947

Cussotto, S., Sandhu, K. V., Dinan, T. G., and Cryan, J. F. (2018).
The neuroendocrinology of the microbiota-gut-brain axis: a behavioural
perspective. Front. Neuroendocrin. 51:80–101. doi: 10.1016/j.yfrne.2018.04.002

De Angelis, M., Piccolo, M., Vannini, L., Siragusa, S., De Giacomo, A.,
Serrazzanetti, D. I., et al. (2013). Fecal microbiota and metabolome of children

with autism and pervasive developmental disorder not otherwise specified.
PLoS One 8:e76993. doi: 10.1371/journal.pone.0076993

De Vadder, F., Kovatcheva-Datchary, P., Goncalves, D., Vinera, J., Zitoun,
C., Duchampt, A., et al. (2014). Microbiota-generated metabolites promote
metabolic benefits via gut-brain neural circuits. Cell 156, 84–96. doi: 10.1016/
j.cell.2013.12.016

Desbonnet, L., Clarke, G., Shanahan, F., Dinan, T. G., and Cryan, J. F. (2014).
Microbiota is essential for social development in the mouse. Mol. Psychiatr. 19,
146–148. doi: 10.1038/mp.2013.65

Dinan, T. G., and Cryan, J. F. (2013). Melancholic microbes: a link between gut
microbiota and depression? Neurogastroenterol. Motil. 25, 713–719. doi: 10.
1111/nmo.12198

Dinan, T. G., and Cryan, J. F. (2017). Brain-gut-microbiota axis and mental health.
Psychosom. Med. 79, 920–926. doi: 10.1097/PSY.0000000000000519

Finegold, S. M., Dowd, S. E., Gontcharova, V., Liu, C., Henley, K. E., Wolcott, R. D.,
et al. (2010). Pyrosequencing study of fecal microflora of autistic and control
children. Anaerobe 16, 444–453. doi: 10.1016/j.anaerobe.2010.06.008

Gondalia, S. V., Palombo, E. A., Knowles, S. R., Cox, S. B., Meyer, D., and
Austin, D. W. (2012). Molecular characterisation of gastrointestinal microbiota
of children with autism (With and Without Gastrointestinal Dysfunction)
and their neurotypical siblings. Autism Res. 5, 419–427. doi: 10.1002/aur.
1253

Ho, L. K. H., Tong, V. J. W., Syn, N., Nagarajan, N., Tham, E. H., Tay, S. K.,
et al. (2020). Gut microbiota changes in children with autism spectrum
disorder: a systematic review. Gut Pathog. 12:6. doi: 10.1186/s13099-020-
0346-1

Hus, V., and Lord, C. (2013). Effects of child characteristics on the autism
diagnostic interview-revised: implications for use of scores as a measure of ASD
severity. J. Autism Dev. Disord. 43, 371–381. doi: 10.1007/s10803-012-1576-y

Kang, D., Adams, J. B., Gregory, A. C., Borody, T., Chittick, L., Fasano, A.,
et al. (2017). Microbiota Transfer Therapy alters gut ecosystem and improves
gastrointestinal and autism symptoms: an open-label study. Microbiome 5:10.
doi: 10.1186/s40168-016-0225-7

Frontiers in Neuroscience | www.frontiersin.org 6 November 2021 | Volume 15 | Article 76077996

https://www.frontiersin.org/articles/10.3389/fnins.2021.760779/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2021.760779/full#supplementary-material
https://doi.org/10.1111/cea.12253
https://doi.org/10.1111/cea.12253
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1016/j.cell.2016.06.001
https://doi.org/10.1016/j.cell.2016.06.001
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nrn3346
https://doi.org/10.1111/j.1365-2982.2010.01664.x
https://doi.org/10.1111/j.1365-2982.2010.01664.x
https://doi.org/10.1023/a:1025321707947
https://doi.org/10.1016/j.yfrne.2018.04.002
https://doi.org/10.1371/journal.pone.0076993
https://doi.org/10.1016/j.cell.2013.12.016
https://doi.org/10.1016/j.cell.2013.12.016
https://doi.org/10.1038/mp.2013.65
https://doi.org/10.1111/nmo.12198
https://doi.org/10.1111/nmo.12198
https://doi.org/10.1097/PSY.0000000000000519
https://doi.org/10.1016/j.anaerobe.2010.06.008
https://doi.org/10.1002/aur.1253
https://doi.org/10.1002/aur.1253
https://doi.org/10.1186/s13099-020-0346-1
https://doi.org/10.1186/s13099-020-0346-1
https://doi.org/10.1007/s10803-012-1576-y
https://doi.org/10.1186/s40168-016-0225-7
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-760779 November 19, 2021 Time: 9:13 # 7

Chen et al. Autism Phenotype Associated With Microbiome

Kang, D., Ilhan, Z. E., Isern, N. G., Hoyt, D. W., Howsmon, D. P., Shaffer, M., et al.
(2018). Differences in fecal microbial metabolites and microbiota of children
with autism spectrum disorders.Anaerobe 49, 121–131. doi: 10.1016/j.anaerobe.
2017.12.007

Kang, D., Park, J. G., Ilhan, Z. E., Wallstrom, G., LaBaer, J., Adams, J. B., et al.
(2013). Reduced incidence of prevotella and other fermenters in intestinal
microflora of autistic children. PLoS One 8:e68322. doi: 10.1371/journal.pone.
0068322

Knights, D., Ward, T. L., McKinlay, C. E., Miller, H., Gonzalez, A., McDonald,
D., et al. (2014). Rethinking “Enterotypes”. Cell Host. Microbe 16, 433–437.
doi: 10.1016/j.chom.2014.09.013

Kostic, A. D., Gevers, D., Siljander, H., Vatanen, T., Hyotylainen, T., Hamalainen,
A. M., et al. (2015). The dynamics of the human infant gut microbiome in
development and in progression toward type 1 diabetes. Cell Host Microbe 17,
260–273. doi: 10.1016/j.chom.2015.01.001

Kushak, R. I., Winter, H. S., Buie, T. M., Cox, S. B., Phillips, C. D., and Ward,
N. L. (2017). Analysis of the duodenal microbiome in autistic individuals:
association with carbohydrate digestion. J. Pediatr. Gastr. Nutr. 64, E110–E116.
doi: 10.1097/MPG.0000000000001458

Liu, F., Li, J., Wu, F., Zheng, H., Peng, Q., and Zhou, H. (2019). Altered
composition and function of intestinal microbiota in autism spectrum
disorders: a systematic review. Transl. Psychiat. 9:42. doi: 10.1038/s41398-019-
0389-6

Lord, C., Elsabbagh, M., Baird, G., and Veenstra-Vanderweele, J. (2018). Autism
spectrum disorder. Lancet 392, 508–520. doi: 10.1016/S0140-6736(18)31129-2

Mayer, E. A. (2011). Gut feelings: the emerging biology of gut-brain
communication. Nat. Rev. Neurosci. 12, 453–466. doi: 10.1038/nrn3071

McKinnon, C. J., Eggebrecht, A. T., Todorov, A., Wolff, J. J., Elison, J. T., Adams,
C. M., et al. (2019). Restricted and repetitive behavior and brain functional
connectivity in infants at risk for developing autism spectrum disorder. Biol.
Psychiatry Cogn. Neurosci. Neuroimaging 4, 50–61. doi: 10.1016/j.bpsc.2018.09.
008

Mooney, E. L., Gray, K. M., Tonge, B. J., Sweeney, D. J., and Taffe, J. R. (2009).
Factor analytic study of repetitive behaviours in young children with pervasive
developmental disorders. J. Autism Dev. Disord. 39, 765–774. doi: 10.1007/
s10803-008-0680-5

Osadchiy, V., Martin, C. R., and Mayer, E. A. (2019). The Gut–Brain axis and
the microbiome: mechanisms and clinical implications. Clin. Gastroenterol.
Hepatol. 17, 322–332. doi: 10.1016/j.cgh.2018.10.002

Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., et al. (2010).
A human gut microbial gene catalogue established by metagenomic sequencing.
Nature 464, 59–65. doi: 10.1038/nature08821

Sherwin, E., Dinan, T. G., and Cryan, J. F. (2018). Recent developments in
understanding the role of the gut microbiota in brain health and disease. Ann.
N. Y. Acad. Sci. 1420, 5–25. doi: 10.1111/nyas.13416

Strati, F., Cavalieri, D., Albanese, D., De Felice, C., Donati, C., Hayek,
J., et al. (2017). New evidences on the altered gut microbiota in
autism spectrum disorders. Microbiome 5:24. doi: 10.1186/s40168-017-
0242-1

Wang, L., Christophersen, C. T., Sorich, M. J., Gerber, J. P., Angley, M. T.,
and Conlon, M. A. (2013). Increased abundance of Sutterella spp. and
Ruminococcus torques in feces of children with autism spectrum disorder. Mol.
Autism. 4:42. doi: 10.1186/2040-2392-4-42

Williams, B. L., Hornig, M., Parekh, T., and Lipkin, W. I. (2012). Application
of novel PCR-based methods for detection, quantitation, and phylogenetic
characterization of Sutterella species in intestinal biopsy samples from children
with autism and gastrointestinal disturbances. Mbio 3, e261–e211. doi: 10.1128/
mBio.00261-11

Wolff, J. J., Botteron, K. N., Dager, S. R., Elison, J. T., Estes, A. M., Gu,
H., et al. (2014). Longitudinal patterns of repetitive behavior in toddlers
with autism. J. Child Psychol. Psychiatry 55, 945–953. doi: 10.1111/jcpp.12
207

Zander, E., Willfors, C., Berggren, S., Coco, C., Holm, A., Jifält, I., et al.
(2017). The interrater reliability of the autism diagnostic interview-revised
(ADI-R) in clinical settings. Psychopathology 50, 219–227. doi: 10.1159/0004
74949

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Chen, You, Pan, He and Zou. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Neuroscience | www.frontiersin.org 7 November 2021 | Volume 15 | Article 76077997

https://doi.org/10.1016/j.anaerobe.2017.12.007
https://doi.org/10.1016/j.anaerobe.2017.12.007
https://doi.org/10.1371/journal.pone.0068322
https://doi.org/10.1371/journal.pone.0068322
https://doi.org/10.1016/j.chom.2014.09.013
https://doi.org/10.1016/j.chom.2015.01.001
https://doi.org/10.1097/MPG.0000000000001458
https://doi.org/10.1038/s41398-019-0389-6
https://doi.org/10.1038/s41398-019-0389-6
https://doi.org/10.1016/S0140-6736(18)31129-2
https://doi.org/10.1038/nrn3071
https://doi.org/10.1016/j.bpsc.2018.09.008
https://doi.org/10.1016/j.bpsc.2018.09.008
https://doi.org/10.1007/s10803-008-0680-5
https://doi.org/10.1007/s10803-008-0680-5
https://doi.org/10.1016/j.cgh.2018.10.002
https://doi.org/10.1038/nature08821
https://doi.org/10.1111/nyas.13416
https://doi.org/10.1186/s40168-017-0242-1
https://doi.org/10.1186/s40168-017-0242-1
https://doi.org/10.1186/2040-2392-4-42
https://doi.org/10.1128/mBio.00261-11
https://doi.org/10.1128/mBio.00261-11
https://doi.org/10.1111/jcpp.12207
https://doi.org/10.1111/jcpp.12207
https://doi.org/10.1159/000474949
https://doi.org/10.1159/000474949
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-761473 November 26, 2021 Time: 11:46 # 1

ORIGINAL RESEARCH
published: 02 December 2021

doi: 10.3389/fnins.2021.761473

Edited by:
Li Yang,

Peking University Sixth Hospital,
China

Reviewed by:
Hirokazu Oguni,

TMG Asaka Medical Center, Japan
Tudor Constantin Badea,

Transilvania University of Braşov,
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Objective: We aimed to explore the associated clinical phenotype and the natural
history of patients with SYNGAP1 gene variations during early childhood and to identify
their genotype–phenotype correlations.

Methods: This study used a cohort of 13 patients with epilepsy and developmental
disorder due to SYNGAP1 mutations, namely, 7 patients from Shenzhen Children’s
Hospital between September 2014 and January 2020 and 6 patients from previously
published studies. Their clinical data were studied.

Results: A total of 13 children with SYNGAP1 gene variants (eight boys and five
girls) were identified. The age of disease onset was in infancy. Mutations were located
between exons 8 and 15; most were frameshift or truncated mutations. Four mutation
sites (c.924G > A, c.1532-2_1532del, c.1747_1755dup, and c.1735_1738del) had not
been reported before. All patients had global developmental delay within the first year of
life, and intellectual impairment became gradually apparent. Some of them developed
behavioral problems. The developmental delay occurred before the onset of seizures.
All seven patients in our cohort presented with epilepsy; myoclonic seizures, absence
seizures, and epileptic spasms were the most common seizure types. Abnormal
electroencephalograms were identified from five patients before the onset of their
seizures. All patients suffered from drug-resistance seizures. However, comorbidities
such as behavioral problems were less frequently observed.

Conclusion: The most common age of disease onset in SYNGAP1 gene mutations is
in infancy, while neurodevelopmental delay and epilepsy are the major phenotypes. They
have a higher percentage of drug-resistant epilepsy and epileptic spasms than those in
previous reports. We should give attention to the patients with abnormal EEGs without
seizures and think about the suitable time of the anti-seizure medications for them. We
have not found the genotype–phenotype correlation.

Trial registration: Chinese Clinical Trial Registry, Registration number:
ChiCTR2100049289 (https://www.chictr.org.cn/listbycreater.aspx).

Keywords: SYNGAP1 gene, intellectual disability, China, epilepsy, neurodevelopmental disorder

Abbreviations: ACMG, American College of Medical Genetics and Genomics; ASMs, anti-seizure medications; ASD,
autism spectrum disorder; CT, computed tomography; DEE, developmental and epileptic encephalopathy; EEG,
electroencephalogram; GTPase, guanosine triphosphatase; ID, intellectual disability; KDT, ketogenic diet therapy; MRI,
magnetic resonance imaging; MRD5, mental retardation type 5; NDD, neurodevelopmental disorders; SD, standard
deviation; SynGAP, synaptic guanosine triphosphatase activating protein; SYNGAP1, synaptic Ras GTPase activating protein
1; WES, whole-exome sequencing.
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BACKGROUND

Previous studies have shown that the brain-specific synaptic
guanosine triphosphatase (GTPase) activating protein (SynGAP)
is important for synaptic plasticity. The synaptic Ras GTPase
activating protein 1 (SYNGAP1) gene (MIM:603384) is located
on chromosome 6p21.3. The protein encoded is SynGAP,
including Ras and Rap GTPases. The protein is enriched in
the postsynaptic membranes and plays an essential role in the
plasticity of synapses that excite them (Gamache et al., 2020).
The mutation of the SYNGAP1 gene can lead to an imbalance
of excitement and inhibition in the central nervous system,
which affects the formation of synapses during learning and
memorizing (Nakajima et al., 2019; Araki et al., 2020). SynGAP
sequence contained six various predicted functional domains:
pleckstrin homology (PH) domain (27-253AA), C2 domain
(263-362AA), RasGAP domain (392-729AA), SH3 domain (785-
815AA), coiled-coil (CC) domain (1189-1262AA), and other
C-terminal domains of unknown function (Hamdan et al., 2009;
Berryer et al., 2013; Gamache et al., 2020). The SynGAP protein
has multiple biological functions and interacts with numerous
proteins (Meili et al., 2021). The loss of function of the SYNGAP1
gene has been linked to a variety of neurodevelopmental
disorders (NDD), including autism spectrum disorder (ASD),
intellectual disability (ID), and epilepsy. Encephalopathy caused
by the variation of the SYNGAP1 gene has also been referred to as
mental retardation type 5 (MRD5) (Weldon et al., 2018; Agarwal
et al., 2019). SYNGAP1 variants accounted for 0.75% of all NDD
(Deciphering Developmental Disorders Study, 2015). MRD5 has
a reported incidence of one to four people in 10,000. It is involved
in about 0.5–1.0% of all ID patients (Mignot et al., 2016). MRD5
is believed to be the leading cause of ID.

SYNGAP1 encephalopathy is a rare disease with
approximately 200 reported cases worldwide (Agarwal et al.,
2019). Most of these patients are from Europe and only six
patients have previously been described in detail from China;
hence, the clinical and genetic characteristics regarding Chinese
patients with mutation of the SYNGAP1 gene were scarce.
In this study, we additionally identified seven patients with
SYNGAP1 gene mutations. We reviewed the phenotypes and
molecular structures of these patients in details together with
those previously reported in China and analyzed the genotype-
phenotype correlation. We reported four novel mutations of the
SYNGAP1 gene.

MATERIALS AND METHODS

Patients
We retrospectively analyzed the clinical data of seven patients
who had been diagnosed with developmental disorder comorbid
epilepsy from September 2014 to January 2020 at Shenzhen
Children’s Hospital. This study was approved by the Institutional
Review Board of Shenzhen Children’s Hospital. Written
informed consents were obtained from the patients’ parents
or legal guardians for the participation of this study and
publication of data.

Inclusion and Exclusion Criteria
Children under 18 years of age were recruited in this study. The
results of their genetic testing suggested deleterious SYNGAP1
variants, and the variants were classified as “likely pathogenic”
or “pathogenic” according to the American College of Medical
Genetics and Genomics (ACMG) guideline. Patients with
epilepsy caused by intracranial infection, congenital metabolic
disease, head trauma, structural abnormality of the brain,
and birth asphyxia were excluded. Patients with other genetic
mutations or chromosomal abnormalities were also excluded.

Gene Sequencing and Validation Analysis
Genetic tests were carried out on all recruited children. SYNGAP1
gene mutations were identified in seven children using trio-
based whole-exome sequencing (WES). The test was verified for
their probands. The pathogenicity of the variants was assessed
according to the ACMG guidelines (Richards et al., 2015).

Literature Review of Previously
Published Reports
We used the search terms “China,” “SYNGAP1,” and “mutation”
in the China Knowledge Network (in Chinese), Wanfang Data
(in Chinese), and PubMed. We also compared the mutation sites
of the present study with the database.

RESULTS

Demographic Information
Seven patients (five males and two females) were recruited in
this study. Six patients were of Han ethnicity and one patient
was of Tujia ethnicity (Patient 2). The children were aged 31
to 75 months (median, 57 months) when reported. All patients
reported no related family history related to developmental
disorder and epilepsy, and the birth history was unremarkable.
In addition, we collected data from another six patients from
previously published literature.

Clinical Symptoms
All patients showed varying degrees of growth and developmental
retardation and intellectual disability within the first year of
life (Tables 1, 2). The ability to speak was severely impaired.
One patient remained verbally disabled until the last follow-
up at 31 months. The mean age of the first spoken word
for the remaining six patients was 34 months (median age
was 37 months, range between 18 and 55 months). Motor
developments, including head control, sitting, standing, and
walking, were delayed but better than language development.
Two patients had sleep problems, manifested as the difficulties
of falling asleep and waking up at night. One presented with
aggressive behavior (Table 1). Severe, moderate, and mild
developmental delay was noted in one, five, and one patient,
respectively. In total, two patients older than 3 years old were
diagnosed with ASD, both of whom had moderate developmental
delay. Feeble verbal and non-verbal communication skills and
impaired social interactions were observed in patients with ASD.
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TABLE 1 | Clinical information of seven patients in our cohort.

ID 1 2 3 4 5 6 7

Gender Female Male Male Male Male Female Male

Age (months) 75 69 60 59 60 46 31

Developmental delay Moderate
(32 months)

Severe
(54 months)

Moderate
(38 months)

Moderate
(40 months)

Mild
(32 months)

Moderate
(29 months)

Moderate
(20 months)

Age of walking (months) 17 24 18 28 19 18 20

Age of standing (months) 15 18 / 18 / 11 18

First word spoken (months) 44 18 55 30 18 44 Verbal disability

Developmental regression − − − − − − +

ASD + − + − − − −

Sleeping problem − − + − − − +

Seizures + + + + + + +

Neuroimaging + − − − + − −

Metabolic screening − − − − − − −

All the patients with SYNGAP1 gene mutations had seizures
and these patients were prescribed anti-seizure medications
(ASMs) (Table 3). The age of onset of the seizure ranged from 0 to
4 years, while the mean age at diagnosis was 26.8 months (median
age 30 months). Types of seizures during the course of disease
consisted of myoclonic seizures, myoclonic absence, or absence
seizures, and epileptic spasms. Four children had myoclonic
seizures, two of which had falling seizures. Three children had
eyelid myoclonia, and two of them were together with absence.
Three patients had epileptic spasms. The triggers of seizures have
been identified in five patients. Eating-induced seizures were
observed in 42.8% (three of seven) of patients, and no light-
evoked seizures were observed in our cohort. None of the patients
had status epilepticus. Developmental regression occurred in
two individuals after the onset of seizures. We also found no
significant features in the physical or neurological examinations
except for one patient who developed acquired microcephaly
(Patient 1). In addition, the summary of the reported data of the
six children is shown in Table 2. All 13 patients suffering from
mild to severe developmental delay and seizures were observed
in 11 of the 13 patients.

Gene
Seven different pathogenic mutation sites were detected in this
study, and seven patients were confirmed as de novo mutations.
Three sites [c.2059C > T (Vlaskamp et al., 2019), c.2764C > T

TABLE 2 | Clinical information of six patients reported previously.

ID 8 9 10 11 12 13

Gender Male Male Female Female Female Male

Age (months) 96 69 9 34 46 48

Developmental
delay

Moderate
(96 months)

Mild
(42 months)

Mild
(9 months)

+ Profound +

ASD + − / / / +

Seizures + + + + − −

Neuroimaging − − − + + −

Metabolic
screening

− − − / − −

(Parker et al., 2015), and c.1167_1168del (Yang et al., 2014)]
had been previously reported. The other four loci had not been
reported. A total of 13 mutation sites have been identified in
Chinese children, including 6 mutations that had been observed
in previously reported cases (Lu et al., 2019; Gao et al., 2020; Tian
et al., 2020). The mutation sites of the 13 patients were located
in exons 1, 5–8, 10–13, and 15 (Supplementary Figure 1). The
mutation sites of the 13 children on the domains of SynGAP are
shown in Figure 1. Among the mutations of the seven patients
recruited in this study, three had frameshifted mutations, one
patient had splice mutation, and three patients had non-sense
mutations. These variations caused truncated proteins in six
patients and aberrant splicing proteins in one patient (Table 4).
We found that the mutations distributed PH to RasGAP domain
of SynGAP. Of 13 variations, 7 were located on the RasGAP
domain, 2 were on the PH domain, and 4 others were on
the DUF domains.

Electroencephalogram Findings, Imaging
Results, and Metabolic Screening
Screening tests of metabolic diseases in all seven children were
unremarkable. Patients 1 and 6 showed mild demyelination
and widened extracerebral interspace in the left temporal polar,
respectively, in the brain magnetic resonance imaging (MRI). No
obvious abnormality was found in the brain MRI or computed
tomography (CT) from the remaining five patients. Notably,
abnormal electroencephalograms (EEGs) were identified in
five patients before seizure was diagnosed. The EEG was
unremarkable in one patient. Another patient (Patient 5) had
not obtained EEG before the onset of the seizures. All of
our patients underwent video EEG at least once for 12 h.
Six patients had a diffuse slow background rhythm, and no
predominant background was found in one patient. Six patients
had generalized spikes and waves, single or repetitive. All patients
had multi-focal spikes and waves on EEG. Three in seven children
had hypsarrhythmia. Clinically, they had epileptic spasms, and
two of them had developmental regression. Clinical seizures were
captured by video EEG in all children. Eyelid myoclonia with
absence in three patients was reported, epileptic spasms were
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TABLE 3 | Epilepsy characteristics of seven patients.

ID 1 2 3 4 5 6 7

Age of seizure onset 37 months 30 months 30 months 10 months 26 months 25 months 30 months

Seizure type Myoclonic
seizures,

absence, falling
seizures

Eyelid myoclonia,
myoclonic seizures

with eyelid myoclonic

Myoclonic
seizures, West

syndrome

Eyelid
myoclonia with

atypical
absences

Eyelid
myoclonia,

falling seizures

Absence with eyelid myoclonia,
eyelid myoclonia

Myoclonic
seizures

Precipitating factors Weariness − Eating
(suspected)

− Eating Eating Crying

Status epilepticus − − − − − − −

Seizure frequency 6–7/day 10 + /day 20 + /day 7–8/day 7–8/day 6–7/day 10–15/day

Alterations of seizure type − + + + − − +

ASMs LEV-TPM-VPA LEV-VPA-ZNS LEV-VPA-CZP-
ACTH-

prednisone

VPA-LEV-NZP VPA-LEV-LCM OXC-VPA (OXC discontinued)
-LEV-NZP-CLB-LTG-KDT

VPA-NZP-LEV

Seizure free + + + − − − −

Seizures at last follow-up Seizure-free for
24 months

Seizure-free for
14 months

Seizure-free for
18 months

Seizure-free for
10 months

Eyelid
myoclonia

Absence with eyelid myoclonia Myoclonus

EEG before seizure onset Abnormal Abnormal Normal Abnormal / Abnormal Abnormal

EEG, generalized spike and
waves

+ + + − + + +

EEG, multi-focal spike and
waves

+ + + + + + +

EEG, hypsarrhythmia. − + + − − − +

Video-EEG Captured
seizures

Myoclonic
seizures with

absence.

Myoclonic seizures,
eyelid myoclonia,
epileptic spasms.

Epileptic
spasms.

Eyelid
myoclonia.

Epileptic
spasms,

myoclonic
seizures.

Atypical absence, eyelid
myoclonia with absence,

absence atonic seizures, focal
seizures

Epileptic
spasms.

VPA, valproate; ZNS, zonisamide; LEV, levetiracetam; NZP, nitrazepam; CZP, clonazepam; CLB, clobazam; OXC, oxcarbazepine; LTG, lamotrigine; TPM, topiramate;
ACTH, adrenocorticotropic hormone; KDT, ketogenic diet therapy; LCM, 1acosamide.

FIGURE 1 | Location of mutation sites of 13 patients in China. Localization of
the SYNGAP1 mutations identified in Amino acid positions are based on the
longest SynGAP isoform (NM_006772.3). The main phenotype was listed in
corresponding domains. ∗These variations caused truncated proteins.

observed in three, myoclonic seizures in two, atypical absence in
one, myoclonic seizures with absence in one, absence with atonic
seizures in one, and focal seizures in one. Because our patients
were young, only one patient finished the test of hyperventilation
and photic stimulation, and the result was negative.

Treatment Outcome of Seizures
All patients were receiving ASM treatments and rehabilitation
training. Three became seizure-free for more than 1 year after
6 months of anti-seizure therapy. Patient 1 was seizure-free
for 2 years with a medication regimen of sodium valproate

combined with topiramate and levetiracetam. Patient 2 was
seizure-free for 14 months with a medication regimen of sodium
valproate combined with levetiracetam and zonisamide. Patient
3 experienced recurrence after 18 months of seizure-free with a
medication regimen of ACTH, oral prednisolone, levetiracetam,
sodium valproate, and clonazepam. When the oral prednisolone
was discontinued for 3 months, recurrent seizures presented
as eyelid blinking when nervous, which was considered eating-
induced. When prednisone was administered, he did not have
episodes of seizure for more than a month until the last follow-up.
Patient 4 had been seizure-free for 10 months on medication
containing sodium valproate, levetiracetam, and nitrazepam.
The remaining three patients still suffered from seizures of
varying frequency and severity despite being given continuous
treatment with multiple anti-seizure medications. Patient 5 took
the valproate first, and the frequency was cut down to half.
However, 5 days later, he suffered more frequent seizures. When
the levetiracetam was subscribed, the same reaction process
occurred. He was intolerant of the nitrazepam, topiramate, and
perampanel. Then, the lacosamide was added to his medication
regime. It worked to reduce the frequency, but he still suffered
seizures every day. For patient 6, the oxcarbazepine was first
given and the seizures became more frequent. Then, she took
sodium valproate. Instead, the seizures were reduced. Then,
levetiracetam and nitrazepam were added. The drugs worked at
first, but then her seizures became drug-resistant. Then, she tried
clobazam and lamotrigine, and ketogenic diet therapy (KDT).
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TABLE 4 | List of 13 patients with SYNGAP1 gene molecular information in China.

ID cDNA Mutation type Changes in protein ACMG Pathogenicity Inheritance

1 c.1735_1738del Frameshift p.R579Afs*70 PVS1 + PS2 + PM2 Pathogenic De novo

2 c.924G > A Non-sense p.W308* PVS1 + PS2 + PM2 Pathogenic De novo

3 c.1167_1168del Frameshift p.G391fs*27 PVS1 + PS2 + PM2 Pathogenic De novo

4 c.2059C > T Non-sense p.R687* PVS1 + PM6 + PM2 + PP4 Pathogenic De novo

5 c.1747_1755dup Frameshift p.D586fs PVS1 + PM6PM2 Pathogenic De novo

6 c.2764C > T Non-sense p.R922* PVS1 + PS1 + PS2 + PM4 Pathogenic De novo

7 c.1532-2_1532del Splice site / PVS1 + PM2 + PM6 Pathogenic De novo

8 c.623delC (Tian et al., 2020) Frameshift p.P208Qfs*15 PVS1 + PM2 + PM6 Pathogenic De novo

9 c.67 + 1G > A (Tian et al., 2020) Splice site / PVS1 + PM2 + PM6 Pathogenic De novo

10 c.2158 G > A (Tian et al., 2020) Missense p.D720N PM2 + PM6 + PP3 + PP4 Likely pathogenic De novo

11 c.1861C > T (Gao et al., 2020) Non-sense p.R621* PVS1 + PS2 + PM2 + PP4 Pathogenic De novo

12 c.1656C > A (Lu et al., 2019) Non-sense p.C552* PVS1 + PM2 + PM6 Pathogenic De novo

13 c.509 + 1G > A (Pei et al., 2018) Splice site / PVS1 + PM2 + PM6 Pathogenic De novo

∗These variations caused truncated proteins.

The seizure frequency was halved after 1 month of KDT. Patient 7
took sodium valproate firstly with the seizure frequency reduced.
Then, the levetiracetam and nitrazepam were added, and his
seizure was reduced gradually. Although the KDT was effective
in epilepsy and could benefit mental development, the efficacy
of KDT for patients with SYNGAP1 gene mutation was not
previously reported.

DISCUSSION

SYNGAP1 encephalopathy is a genetically determined brain
disease and a significant cause of NDD and developmental and
epileptic encephalopathy (DEE) in children (Vlaskamp et al.,
2019). It is an attractive candidate for in-depth research across
multiple model systems. SYNGAP1 gene has become a high-risk
gene for neuropsychiatric disorders in the differential diagnosis
of NDD (Kilinc et al., 2018). In this study, we described
phenotypes in patients with SYNGAP1 gene mutations, which
were characterized by intellectual disability, epilepsy, ASD, and
behavioral problems. Epileptic spasms were captured in three
of the seven patients probably because our patients underwent
video-EEG examinations during infancy.

The global developmental delay was the first manifestation
in patients with SYNGAP1 gene mutations associated
encephalopathies of this study. Intellectual or developmental
disabilities (IDDs) appeared within the first year of life and
deteriorated with age. In addition, the language impairment
was more severe than the motor delay, which is similar to what
has been reported in two previously reported cohorts (Parker
et al., 2015; Mignot et al., 2016). Moreover, little improvements
were observed in all patients after specific training, particularly
for those with language impairment. However, the information
about the long-term follow-up about their adult living ability
was still lacking.

The most prominent clinical feature among seizure types in
our patient cohort was myoclonic seizures, which was consistent
with previously published literature (Parker et al., 2015; Mignot

et al., 2016). The main EEG features in our patients were
generalized bursts of spikes, poly spikes, spikes, and slow waves,
sometimes with an occipital predominance. While Vlaskamp
et al. first reported spasms in 1 of 57 children, we found
that 42.8% (three of seven) of our patients suffered epileptic
spams. In this study, fewer children were induced by eating
(von Stulpnagel et al., 2019), and the number of children with
aggressive behavioral problems combined with ASD was also
lower than that reported in the literature (Weldon et al., 2018).

Taking into account the six patients reported, all the patients
experienced a developmental delay. Moreover, according to
the limited information, we could learn that mostly moderate
developmental delay was observed among patients; 84.6% (11 out
of 13) of children experienced seizures, similar to the previous
study (Parker et al., 2015; Mignot et al., 2016).

It was consistent with the literature (Vlaskamp et al., 2019).
Most of the mutations identified in the present study were de
novo heterozygous mutations that caused losses of function of
SynGAP due to conformational defects of frameshifted, splice-
site, and truncated mutations. Only one study had so far reported
mutations in exon 1 (Tian et al., 2020), which caused the
loss of promoters for the transcription. However, the mutation
frequency of the SYNGAP1 gene in the Chinese population was
unknown due to the lack of a large multicenter prospective cohort
study. Thus, the exact function in the pathogenesis of the disease
remains uncertain. Previous studies reported that mutations in
SYNGAP1 gene caused NDD by inducing haploinsufficiency
(Berryer et al., 2013). Animal models suggested that homozygous
SynGAP-/- mice were not able to survive after 48 h (Berryer et al.,
2013). Based on the results from an animal experiment, different
mutation subtypes have different effects on neuronal activity
(Araki et al., 2020), while how different gene mutations, such
as mutation forms of mutation loci, influence phenotypes and
prognosis remained unknown (Agarwal et al., 2019). However,
we could not distinguish the difference in the clinical features
among different domains.

At the last follow-up, three children had recurrent seizures
and poor responses to the anti-seizure medications. Four children
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never achieved seizure-free effect. All the patients were taking
three or more anti-seizure medications. All patients suffered from
drug-resistance epilepsy, which was higher than what has been
reported in a large cohort of 57 patients with SYNGAP1-DEE
(Vlaskamp et al., 2019). It has been reported that epilepsy induced
by SYNGAP1 gene mutations responded better to topiramate
and cannabidiol (Kuchenbuch et al., 2020), and we found that
valproate seemed of benefit to our patients. There was no related
efficacy of the ketogenic diet in children with SYNGAP1 mutation
reported in the literature. We need more experience about the
effect of KDT on seizures and development improvement in
SYNGAP1 gene-related patients.

This study has several limitations. This study is an
observational retrospective study of a relatively small cohort
of patients, and hence, the actual frequency of the SYNGAP1
gene mutation in children is unknown. Abnormal EEG
patterns were observed in five patients before the onset
of seizures. Whether the prompt treatment for a patient
with an abnormal EEG can prevent development plateauing
or regression, even to improve growth and cognitive
development, requires further investigation. Additionally,
the limited age range and follow-up time window of the
patients could not provide the long-term prognosis. Ample
multicenter research with long-term follow-up is still needed
to see how mutation forms of mutation loci relate to
phenotypes and prognosis.

CONCLUSION

Developmental delay and epilepsy are the main clinical
manifestations in patients with SYNGAP1 gene mutations.
SYNGAP1 gene variants are mainly de novo. Almost all
patients showed varying degrees of intellectual deficiency and
developmental delay before the onset of epilepsy. The primary
seizure type in SYNGAP1-related epilepsy was myoclonic
seizures. Abnormal EEGs were observed in most patients, and
we predicted that the earlier administration of ASMs might
be beneficial to the patients due to the fact that epilepsy
was common among these patients and some experience
developmental regression after the onset of seizures. We
had not found the genotype–phenotype correlation, and
the severity of disease correlated with the level of the
protein truncation.
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Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder
characterized by deficits in social communication, social interaction, and repetitive
restricted behaviors (RRBs). It is usually detected in early childhood. RRBs are behavioral
patterns characterized by repetition, inflexibility, invariance, inappropriateness, and
frequent lack of obvious function or specific purpose. To date, the classification of
RRBs is contentious. Understanding the potential mechanisms of RRBs in children
with ASD, such as neural connectivity disorders and abnormal immune functions, will
contribute to finding new therapeutic targets. Although behavioral intervention remains
the most effective and safe strategy for RRBs treatment, some promising drugs and new
treatment options (e.g., supplementary and cell therapy) have shown positive effects
on RRBs in recent studies. In this review, we summarize the latest advances of RRBs
from mechanistic to therapeutic approaches and propose potential future directions in
research on RRBs.

Keywords: autism spectrum disorder, repetitive restricted behaviors, mechanism, therapeutics, neural circuit

INTRODUCTION

Autism spectrum disorder (ASD) is a common, heritable, and heterogeneous neurodevelopmental
disorder characterized by deficits in social communication, social interaction, and repetitive
restricted behaviors (RRBs). Kanner (1943) first described the autistic symptoms. The latest study
has shown that the prevalence of ASD among American children aged 8 years was 1/44 or 2.27%
(Maenner et al., 2021). RRBs are purposeless behavior patterns that interfere with normal behaviors
and were confirmed as the core symptom of ASD in the Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition (DSM-5) released by the American Psychiatric Association (2013).

Compared with social communication impairment, RRBs have gained less attention in ASD
studies. RRBs occur in the early developmental stage and may interfere with the acquisition of
essential life skills in the future. Furthermore, RRBs severely affect the quality of life and impose
additional burdens on the family (Leekam et al., 2011; Wolff et al., 2014). Although behavioral
intervention has achieved positive effects on RRBs (Boyd et al., 2012), the evidence of medication
for RRBs remains insufficient. In this review, we summarize the latest studies on RRBs in ASD and
suggest future directions in research on RRBs.
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REPETITIVE RESTRICTED BEHAVIORS

As an independent predictor of the prognosis of ASD (Troyb
et al., 2016), the term “RRBs” is used to describe various
behaviors and activities characterized by repetition, inflexibility,
invariance, inappropriateness and frequent lack of obvious
function and specific purpose, and highly restricted, fixated
interests distinguished from the peers (Turner, 1999; Langen
et al., 2011a). RRBs are thought pathological symptoms when
they interfere with social relationships and impede daily
activities. RRBs are non-specific symptoms observed in many
other psychiatric disorders and developmental disabilities (Moss
et al., 2009; Flores et al., 2011; Oakes et al., 2016; Evans,
2017). Moreover, RRBs also occur as common behaviors in
typically developmental (TD) children, such as ritual behavior
(Leekam et al., 2007; Arnott et al., 2010). In the section of
ASD in DSM-5 (American Psychiatric Association, 2013), RRBs
are divided into four subtypes: (a) Stereotyped or repetitive
motor movements, use of objects, or speech. (b) Insistence on
sameness, inflexible adherence to routines, or ritualized patterns
of verbal or non-verbal behavior. (c) Highly restricted, fixated
interests that are abnormal in intensity or focus. (d) Hyper- or
hyporeactivity to sensory input or unusual interests in sensory
aspects of the environment. Despite a lack of specific criteria
to define different subtypes of RRBs, we can also identify the
abnormal manifestation of repetitive behaviors depending on
their characteristics and contexts in which they occur. For
example, just turning lights and radios on or off is not considered
RRBs, yet doing these repetitively without any specific purpose
is recognized as abnormal RRBs. Because of the heterogeneity
of RRBs, there are great challenges of deep understanding and
completely assessing RRBs.

Firstly, there is rarely a consensus on the classification
of RRBs by clinicians. In 1999, Turner classified RRBs into
two types: “low-order” RRBs characterized by repetitive body
movements (dyskinesia, convulsion, motor stereotypy, repeated
manipulation of objects, and repetitive self-injury behavior)
and “high-level” RRBs characterized by procedural and ritual
behavioral patterns (insistence on sameness, resistance to change,
repetitive language, and limited interest) (Turner, 1999). More
studies divided RRBs into repetitive sensory motor (RSM)
behaviors and insistence on Sameness (IS) behaviors (Cuccaro
et al., 2003; Georgiades et al., 2010; Bishop et al., 2013). This
two-factor model was consistent with the above classification
described by Turner. However, the two-factor model has not
been adopted in all studies. To date, many factor analysis
studies have further examined the subtypes of RRBs by
questionnaires designed for RRBs. The factor analysis based on
repetitive behavior scale–revised (RBS-R) proposed a six-factor
model: stereotyped behavior, self-injurious behavior, compulsive
behavior, ritualistic behavior, sameness behavior, and restricted
behavior (Bodfish et al., 2000; Esbensen et al., 2009). At present,
based on the six-factor model of RBS-R, other researchers have
also developed five-factor and three-factor models (Lam and
Aman, 2007; Mirenda et al., 2010; He et al., 2019). The five-
factor model merged the original subscales of ritualistic behavior
and sameness behavior into one (ritualistic/sameness behavior

subscale). This model seemed reasonable because both behaviors
showed the same invariance and consistency needs and was more
stable and reproducible than the original RBS-R (Lam and Aman,
2007). The three-factor model comprised compulsive ritualistic
sameness behaviors, self-injurious behaviors, and restricted
stereotyped behaviors. Mirenda et al. suggested that five- and six-
factor models showed a better statistical fit than the three-factor
model. However, the three-factor model also had advantages
in genetic quantitative trait locus (QTL) analyses (Mirenda
et al., 2010). He et al. (2019) considered the five-factor model
preferable because the five-factor model had good psychometric
characteristics and was more concise than the six-factor model.
In addition, Leekam et al. (2007) obtained the four-factor model
via repetitive behavior questionnaire-2 (RBQ-2). In a word, the
classification criteria of RRBs are controversial. The variability
of classification of RRBs may impact the consistency of results
in different studies. That is to say, different measurement tools
may divide a certain type of RRBs into different subcategories.
For example, the item, arrange toys or other things in rows or
patterns, was loaded into the subscale of preoccupation with
restricted patterns of interest in RBQ-2, but the same-meaning
item was allocated to the compulsive behavior subscale in RBS-R.
This inconsistency may lead to the wrong conclusion regarding
the more specific RRBs classification. Thus, it is necessary to
compare various scales to confirm unified classification criteria
and develop recognized assessment tools. These ensure results are
comparable in different studies and further help to reveal more
differences of RRBs in different populations, such as more severe
self-injurious behavior in girls with ASD that cannot be found in
studies using the two-factor model (Antezana et al., 2019).

Secondly, typically developing children also manifest some
ritualistic, repetitive behaviors during early development (Evans
et al., 1997; Leekam et al., 2007; Arnott et al., 2010). Then
how can we differentiate RRBs between children with ASD
and TD children? Usually, the RRBs in children with ASD
are more excessive and diverse than those in TD children and
result in severe impairments (Bodfish et al., 2000; Richler et al.,
2007; Mandy et al., 2011; Harrop et al., 2014). Furthermore,
following up repetitive behaviors across the developmental
course is essential to determine whether it is aberrant. In TD
children, repetitive behaviors are more common in toddlers
than preschoolers (Kim and Lord, 2010). In early infancy, the
stereotyped motor is considered a developmental manifestation
of intrinsic central motor programs (Thelen, 1981). Repetitive
behaviors may weaken with age in TD children (Larkin et al.,
2017; Uljarevic et al., 2017; Sifre et al., 2021). However, the RRBs
in children with ASD remain or aggravate with age (Leekam et al.,
2007; Richler et al., 2010; Joseph et al., 2013).

ASSESSMENT OF REPETITIVE
RESTRICTED BEHAVIORS

Early specific RRB symptoms predict the severity and outcome of
ASD (Troyb et al., 2016; Miller et al., 2021). Moreover, two early
studies indicated that preschool children with ASD displaying
RRBs tended to have worse school-age language outcomes than
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those who did not exhibit RRBs (Charman et al., 2005; Paul
et al., 2008). These findings emphasize the importance of early
evaluation of all subtypes of RRBs.

There are three main methods to assess RRBs: parent
interview, observation, and questionnaire. The autism diagnostic
interview-revised (ADI-R), a semi-structured, standardized
interview, is an acknowledged diagnostic tool of ASD (Lord
et al., 1994). However, the items related to RRBs are scarce
and concentrated in the dimension of restricted interest and
behavior. Thus, some researchers contended that ADI-R was
insufficient to cover all relevant RRBs occurring in children with
ASD. The autism diagnostic observation schedule, 2nd edition
(ADOS-2) combined with ADI-R, has been regarded as the gold
standard for assessing children with ASD (Lord et al., 2012;
McCrimmon and Rostad, 2014). Although some items about
RRBs are included in the ADOS-2 algorithm, it is worth noting
that this assessment may not find children’s RRBs in a limited
time and single environment, thereby affecting the accuracy of
assessment (Hus et al., 2014).

In addition, questionnaire is an excellent supplement to
parent interview and observation. We summarize frequently
used RRBs questionnaires and their relative strengths and
weaknesses in Panel 1.

NEUROPSYCHOLOGY OF REPETITIVE
RESTRICTED BEHAVIORS

Cognition
In the early stages, executive function (EF) impairment was
thought an explanation for RRBs, starting with Turner (1997,
1999). EF first develops in the early stages of development,
approximately the end of the first year of life, and develops rapidly
at the age of 2–5, which is in line with alterations of RRBs with age
(Leekam et al., 2011). Numerous studies have supported a close
connection between elevated RRB levels and EF impairments
in children with ASD (Lopez et al., 2005) and TD children
(Iversen and Lewis, 2021), such as set-shifting (Miller et al., 2015),
inhibitory control (Mosconi et al., 2009), cognitive flexibility,
and working memory (Van Eylen et al., 2015). An alternative

view suggested that impaired EF was another manifestation
of RRBs rather than an independent causative force driving
RRBs. For example, the impairment of inhibitory control and
set shifting seemed to be more related to the “high-order” RRBs,
indicating that it might be that we were looking at the same
general phenomenon (i.e., behavioral inflexibility or cognitive
inflexibility) through different lenses (Mosconi et al., 2009;
Van Eylen et al., 2015; Schmitt et al., 2018; Faja and Nelson
Darling, 2019). Overall, RRBs can be indexed in many ways,
including direct observations of behaviors, standardized rating
scales, and neuropsychological tests of, for example, set-shifting
or cognitive flexibility.

Reinforcement and Habit
Organisms are motivated to seek reward stimuli (e.g., pleasant
experiences or positive outcomes) or achieve specific goals, which
increases the probability that specific behavior will be repeated
(Wenzel and Cheer, 2018). This process is called reinforcement.
Initially, ASD studies of reinforcement focused on social stimuli
(Dawson et al., 1998; Klin et al., 2009). However, more attention
has been given to the social motivation theory of autism in
recent years (Chevallier et al., 2012). Children with ASD show
diminished social motivation and a preference for non-social
stimuli. This imbalance of motivations between non-social and
social stimuli reflects the dysfunction of reward system (Dichter
et al., 2012; Kohls et al., 2013), which may be the neurobiological
basis of restricted interests (a subtype of RRBs) (Cascio et al.,
2014; Clements et al., 2018; Kohls et al., 2018). Imaging studies
revealed that the ventromedial prefrontal cortex (vmPFC) –
ventral striatum (VS) – amygdala circuitry related to reward
system seemed to be dysfunctional in ASD and underlay atypical
reward responsiveness in individuals with ASD in part (Kohls
et al., 2012; Langen et al., 2014). The activation of striatal regions
increased in response to restricted interests in ASD (Clements
et al., 2018). Similarly, Kohls et al. (2018) reported the stronger
responsiveness of reward system to restricted interests rather
than social rewards in children with ASD than TD children.
Generally speaking, some types of RRBs may reflect, at least to a
degree, reward-based processes (e.g., strong interest, motivation,
and pleasure in response to unusual behaviors, objects, and

Panel 1 | Currently used RRB questionnaires.

• Repetitive Behavior Scale-Revised (RBS-R): This scale is the most frequently used to measure the severity of RRBs. The 43 items were compiled into six subscales:
stereotyped behavior, self-injurious behavior, restricted behavior, compulsive behavior, ritualistic behavior, and sameness behavior (Bodfish et al., 2000). RBS-R has a
good psychometric criterion. Some researchers have also developed five- and three-factor models (Lam and Aman, 2007; Mirenda et al., 2010; He et al., 2019), but
their applicability needs to be proven in future studies. Considering comprehensive items and convenient use, RBS-R has a wide range of clinical applications (Lam
and Aman, 2007; Mirenda et al., 2010; Bishop et al., 2013; He et al., 2019).

• Aberrant Behavior Checklist (ABC): This is a caregiver rating scale used to assess behavioral problems in ASD (Aman et al., 1985; Kaat et al., 2014). Compared with
other tools, ABC includes more comprehensive behavioral problems. Besides RRBs, it also investigates other aspects, such as emotional stability, attention, and
hyperactivity. Currently, ABC applies to children and adults and is used for measuring the results of drugs and behavioral interventions in individuals with ASD (Owen
et al., 2009; Bearss et al., 2013). Nevertheless, a potential disadvantage is that the stereotypic behavior subscale contains only seven items mainly describing
stereotyped motor and limb movements.

• Repetitive Behavior Questionnaire (RBQ): The RBQ is created for the sole purpose of assessing RRBs and includes 33 items (Honey et al., 2012). Twenty-nine items
examine four subtypes of RRBs, including repetitive movements, sameness behaviors, repetitive use of language, and circumscribed interests. The four additional
items consist of a summary item, which examines children’s overall interests or hobbies, and three open questions: the earliest repetitive activity, the most marked or
noticeable behaviors, and the problematic repetitive behaviors. Based on RBQ, some researchers have developed RBQ-2 (Leekam et al., 2007) and RBQ-2A (Barrett
et al., 2015) suitable for adults and children, respectively. RBQ checks the frequency of specific RRBs. Thus, it is very suitable to study the frequency or prevalence of
RRBs. Moreover, three open questions also provide more information. So far, RBQ is not widely used in clinical practice.
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activity) (Kohls et al., 2018). However, there is a lack of studies
on the relationship between reward system and other subtypes
of RRBs. Moreover, a part of individuals with ASD described
that they felt pleasure when RRBs occurred, which urged them
to do it again (Joyce et al., 2017). On the contrary, facing
social communication, children with ASD had to confront the
changing environments and unexpected events (Dawson et al.,
1998). Thus, it is reasonable to presume that the preference for
non-social stimuli reduces unpredictability and brings pleasant
experiences to compensate for the anxiety and aversion of
social communication in individuals with ASD. However, the
contention is speculative and in need of empirical testing beyond
a subjective sense of function (e.g., feeling pleasure).

In addition, reward-guided behaviors usually start as goal-
directed actions that are controlled by the anticipation of the
outcome. However, these behaviors can become stimulus-driven
habits under certain conditions, which are not controlled by
outcome expectancy (Yin and Knowlton, 2006). After achieving
the same results via repetitive behaviors multiple times, we
may focus less on the outcomes of actions, and goal-directed
actions become automatized and habitual (Simmler and Ozawa,
2019). That is to say, goal-directed actions are controlled
by their consequences, habits by antecedent stimuli (Yin and
Knowlton, 2006). Alvares et al. (2016) found reduced goal-
directed action control in individuals with ASD, which promoted
habitual actions in an anxiety-inducing environment (e.g.,
social encounters). However, Geurts and De Wit (2014) did
not find a disruption in the balance between goal-directed
and habitual behavioral control in children with ASD. This
inconsistency may be due to the age difference in the two
studies (Alvares et al., 2016). Moreover, the corticostriatal
connectivity is the neurobiological basis of the balance between
habitual and goal-directed action control (Yin and Knowlton,
2006; Wit et al., 2012). Augustine et al. showed the reduced
functional connectivity between the prefrontal and striatal
regions (i.e., regions associated with goal-directed behaviors).
However, the functional connectivity between motor/premotor
cortex and striatal regions (i.e., regions critical for developing
and regulating habitual behaviors) had no difference in children
with motor stereotypies (a type of RRBs) compared to TD
children (Augustine et al., 2021). A speculative contention was
decreased prefrontal – striatal connectivity altered the balance
between habitual and goal-directed action control, which resulted
in enduring motor stereotypies. To sum up, it is unclear whether
RRBs can be considered persistent and habitual actions based
on a functional imbalance hypothesis referring to habitual and
goal-directed action control. The notion is largely needed to be
supported by empirical evidence.

Habituation
Habituation is defined by an increasing reduction in behaviors
and neural responses to repetitive stimuli, not caused by
adaptation of sensory receptors or motor fatigue (Thompson
and Spencer, 1966; Schmid et al., 2014). For example, repetitive
affective and facial expression stimuli resulted in the habituation
of automatic nervous systems and amygdala responses (Klorman
et al., 1977; Klorman and Ryan, 1980; Breiter et al., 1996;
Knight et al., 2005; Hare et al., 2008). In addition, habituation,

in turn, facilitates children to pay more attention to the
unknown from something acquainted, which promotes learning
and adaptive responses to environmental changes (Groves and
Thompson, 1970; Lloyd et al., 2014). Current studies supported
the abnormal habituation in ASD (Guiraud et al., 2011; Swartz
et al., 2013). Due to the abnormal habituation to normal input
of sensory signals, individuals with ASD exhibited abnormal
hyperresponsivity to environmental stimuli. Green et al. (2015)
found that youth with ASD and sensory overresponsivity had
attenuated neural habituation to stimuli in sensory cortices
and the amygdala compared to the control and showed
that this hyperresponsivity was due to failure to habituate.
Hyperresponsivity to environmental stimuli was related to
negative emotional reactions (e.g., anxiety) and highly uncertain
perception of the environment (Uljarevic, 2013; Black et al., 2017;
Vasa et al., 2018; Pickard et al., 2020). In addition, there is an
apparent correlation between anxiety and RRBs. RRBs play a
potential role in alleviating anxiety, and anxiety is an intrinsic
motivator for repetitive behaviors (Joosten et al., 2009; Leekam
et al., 2011; Rodgers et al., 2012; Spiker et al., 2012; Lidstone et al.,
2014). Thus, we speculate RRBs may diminish the unpleasant
emotional reactions due to the sensory hyperresponsivity and
environmental uncertainty by some behaviors related to escape
or avoidance in part. In conclusion, it is proposed that RRBs are
coping strategies of hyperresponsivity to sensory stimuli caused
by abnormal habituation. However, this contention is speculative
and also lacks empirical support. It is essential to conduct more
studies to explore the relationship between RRBs and habituation.

MECHANISM OF REPETITIVE
RESTRICTED BEHAVIORS

Autism spectrum disorder (ASD) is primarily caused by multiple
genetic mutations that affect the structure and function of
neural circuits. Various abnormities of brain regions and circuits
are related to repetitive behaviors. In addition, the latest
neurobiological and immunological findings suggest complex
and diverse mechanisms of RRBs. Further understanding
the mechanisms of RRBs helps to find more potential
therapeutic targets.

Cortico-Striatal-Thalamo-Cortical Circuit
Autism spectrum disorder (ASD) has been conceptualized as
a brain network connectivity disorder (Just et al., 2004). The
aberrant circuits predicted distinct RRBs in children with ASD
(Supekar et al., 2021). Many studies focused on the role of
the cortico-striatal-thalamo-cortical (CSTC) circuit in RRBs
because this circuit is closely related to the execution of goal-
oriented behavior. Interruptions or abnormalities (e.g., neuronal
alterations and aberrant projections) in the CSTC circuit caused
dysfunctional motor control (Lewis and Kim, 2009; Graybiel and
Grafton, 2015). Previous and more comprehensive reviews have
summarized neuroimaging (Wilkes and Lewis, 2018; Hiremath
et al., 2021) and neurobiological studies (Gandhi and Lee, 2020;
Vicente et al., 2020) of the role of CSTC in RRBs. In this section,
we will review new findings of RRBs.
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Neuroimaging of Cortico-Striatal-Thalamo-Cortical
Circuit
Structural magnetic resonance imaging (MRI) studies found
some abnormalities of the CSTC circuit with corresponding
changes in RRBs. The orbitofrontal cortex (OFC) gray matter
volume was positively associated with the severity of RRBs
(Hegarty et al., 2020). However, right caudal anterior cingulate
U-fiber volume was negatively associated with RRBs (Hau et al.,
2019). Interestingly, sex differences in brain structure were
associated with RRBs symptoms in autism. The female twin
with more severe RRBs had increased thickness of the right
intraparietal sulcus and decreased volume of the right orbital
gyrus. However, increased volume of the bilateral pallidum was
related to more severe RRBs in males (Van’t Westeinde et al.,
2020). In addition, structural covariance describes the anatomical
association in brain regions, which partially recapitulate networks
of synchronized brain activity and is connected with the
coordinated rates of developmental change in co-varying regions
(Alexander-Bloch et al., 2013). Aberrant structural covariance in
subcortical regions, such as thalami and basal ganglia, occurred
in children with ASD and predicted the severity of RRBs,
which suggested that abnormities of coordinating development
of subcortical regions played an essential role in RRBs (Duan
et al., 2020). Similarly, Mei et al. (2020) also reported that the
structural covariation in brain areas associated with the CSTC
circuit was significantly correlated with RRBs in individuals
with ASD. A latest preclinical neuroimaging study on RRBs
showed that reduced volume in key cortical and basal ganglia
regions, including the motor cortex, striatum, globus pallidus,
and subthalamic nucleus, was associated with repetitive behaviors
in C58/J mice (Wilkes et al., 2020).

There were some new reports of functional connectivity
changes of the CSTC circuit in recent years. For example, the
over-connectivity pattern primarily in networks involving the
fronto-temporal nodes related to RRBs occurred in individuals
with ASD (Conti et al., 2017). Ma et al. (2021) showed the
increased cortico-striatal intrinsic functional connectivities (iFC)
with age in ASD and significant correlations between ADOS-
RRB scores and iFC of the dorsal attention network-posterior
cingulate cortex/precuneus. Furthermore, Akkermans et al.
(2019) showed that increased functional connectivity between
the left nucleus accumbens (NAcc) and a cluster in the right
premotor cortex/middle frontal gyrus was correlated to more
severe RRBs in children with ASD.

Langen et al. suggested the cortico-striatal circuit could be
functionally divided into three “macro-circuits.” Each circuit was
comprised of discrete, essentially non-overlapping subcortical
structures, such as the striatum, globus pallidus, and thalamus,
and received multiple inputs from functionally related and
interconnected cortexes (Langen et al., 2011b). The CSTC circuit
mainly included the sensorimotor circuit (comprising the motor
and oculomotor loops), the associative circuit (dorsolateral
prefrontal loop), and the limbic circuit (lateral orbitofrontal
and anterior cingulate loops) (Groenewegen et al., 2003; Langen
et al., 2011a). The abnormities of any circuit could give rise to
different RRBs types. Some studies focused on these discrete
loops. For example, Abbott et al. reported that the individuals

with ASD and high RRBs showed depressed frontoparietal/limbic
and motor/limbic circuit ratios. In other words, RRBs seemed
to be linked to the imbalance of cortico-striatal connectivity,
which showed increased connectivity of limbic circuits, but
reduced connectivity of frontoparietal and motor circuits (Abbott
et al., 2018). Moreover, complex motor stereotypies (CMS) were
rhythmic, repetitive, fixed, and purposeless movements (Oakley
et al., 2015). Augustine et al. (2021) found reduced functional
connectivity between the prefrontal cortex and striatal regions
in children with CMS. However, functional connectivity between
motor/premotor cortex and striatal regions was no different from
the control group. In a word, these findings offered evidence of
the role of discrete loops in RRBs.

Neurobiology of Cortico-Striatal-Thalamo-Cortical
Circuit
How this circuit regulates repetitive behaviors, here we describe
the underlying neurobiological mechanisms of RRBs. Based on
the neurobiological studies, the CSTC circuit is composed mainly
of the direct pathway (cerebral cortex-striatum-internal segment
of the globus pallidus/substantia nigra-thalamus-cerebral cortex)
and indirect pathway (cerebral cortex-striatum-external segment
of the globus pallidus-subthalamic nucleus-internal segment of
the globus pallidus/substantia nigra-thalamus-cerebral cortex)
(Figure 1) (Kim et al., 2016). There are two major classes
of medium spiny neurons (MSNs) in the striatum [i.e., D1R-
expressing direct pathway MSNs (dMSNs) and D2R-expressing
indirect-pathway MSNs (iMSNs)], and MSNs respectively project
to different brain areas (Figure 1). The behavioral result of
activation of the direct pathway is motor activation/movements.
However, activating the indirect pathway will reduce motor
activity and movement (Calabresi et al., 2014). There was
abundant evidence of dysfunction of direct and indirect pathways
in ASD. Either of dysfunctions gave rise to the imbalance of
both pathways (Kim et al., 2016; Gandhi and Lee, 2020), which
might underlie RRBs (Lewis and Kim, 2009; Burguière et al., 2015;
Monteiro and Feng, 2016).

Recently, some studies reported abnormal activation of the
direct pathway in RRBs. In conditional knockout mice, the
overactivation of dMSNs caused excessive self-grooming (a
pathological repetitive behavior in mice), which suggested the
role of direct-pathway deficiency in RRBs (Shonesy et al., 2018).
Similarly, optogenetic activation of dMSNs also resulted in
sustained and chronic repetitive behaviors (Bouchekioua et al.,
2018). Engeln et al. (2021) found chemogenetic inhibition of
dMSN can reduce repetitive rotations. In addition, the increased
RRBs related to aberrant dMSNs have been found in Neuroligin
1 and Neuroligin-3 mutant mice (Rothwell et al., 2014; Espinosa
et al., 2015).

Other studies revealed the indirect pathway role in RRBs.
Shank3 deletion preferentially caused synaptic defects in iMSNs
in Shank3B-KO mice, which provided direct evidence that a
primary dysfunction of indirect pathway brought about the RRBs
in ASD mice (Wang et al., 2017). In addition, Brandenburg
et al. (2020) reported the increased dopamine type 2 gene
expression in the dorsal striatum in postmortem brain tissue
from an individual with ASD, which implied the alteration of
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FIGURE 1 | Schematic drawings of the direct pathway, indirect pathway, and hyperdirect pathway. GPe, external segment of the globus pallidus; GPi, internal
segment of the globus pallidus; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus; MSN, medium spiny neuron.

indirect pathway in ASD. When it comes to the indirect pathway,
STN, a vital part of the indirect pathway, has to be mentioned
(Tanimura et al., 2011; Wilkes et al., 2020). In C58/J mice,
reduced volume in STNs was associated with repetitive behaviors
(Wilkes et al., 2020). The pharmacological studies on the indirect
pathway also implied the indirect-pathway role in RRBs. For
example, sub-chronic drug treatment targeting the indirect
pathway reduced repetitive behavior in C58 mice and improved
the STN dysfunction (Muehlmann et al., 2020). Similarly,
adenosine A2A receptor agonist treatment attenuated increased
grooming behaviors in BTBR mice (Amodeo et al., 2018).
Selectively enhancing the indirect striatal pathway activation also
corrected the RRBs in Shank3B-KO mice (Wang et al., 2017).
Moreover, exposure to environmental enrichment retarded the
development of stereotypy and recovered the decreased STN
activation related to RRBs in high-stereotypy mice (Tanimura
et al., 2010). Subsequently, the same team reported that this effect
was based on the increased neuronal activation and dendritic
spine densities in STN (Bechard et al., 2016). Besides, high-
frequency stimulation at STN significantly alleviated RRBs in
rodents (Aliane et al., 2012; Chang et al., 2016) and primates
(Baup et al., 2008). However, there was a lack of neuroimaging
studies that revealed the relation between RRBs and STN in
humans. To sum up, the activations of direct and indirect
pathways determine behavioral responses, and the imbalance of
activations will give rise to RRBs.

The hyperdirect pathway, an integral component of the CSTC
circuit, may be involved in the occurrence of RRBs (Figure 1).
The STN is considered to receive fast monosynaptic projections
from motor areas of the cortex via the hyperdirect pathway
(Nambu et al., 2002). This pathway has been verified in humans

(Brunenberg et al., 2012; Kelley et al., 2018) and animal models
(Haynes and Haber, 2013; Averbeck et al., 2014). Activation
of hyperdirect pathway will inhibit ongoing motor movements
(Bahuguna et al., 2015). Increasing studies on the role of the
hyperdirect pathway in inhibitory control have been reported
in humans and animals (Eagle et al., 2008; Rae et al., 2015;
Pasquereau and Turner, 2017; Jahfari et al., 2019). Cai et al. (2019)
showed that the hyperdirect pathway predicted the inhibitory
control in children. As mentioned earlier, inhibitory control
may be another manifestation of RRBs. Thus, we suggested the
hyperdirect pathway is related to RRBs, although there is a lack of
direct evidence for the correlation between hyperdirect pathway
and RRBs in ASD.

Moreover, the CSTC circuit is modulated by endogenous
neuropeptides, including cannabinoids, opioids, and several
other neurotransmitters. Shonesy et al. (2018) found that
regulating endocannabinoid signaling in the direct pathway
influenced the level of RRBs. Endogenous opioids in the frontal
cortex (i.e., the starting site of projections in direct and indirect
pathways) were negatively correlated to RRBs (Augustine et al.,
2020). In addition, some studies have found abnormalities in the
CSTC circuit in genetically mutated mice with particular signal
transduction deficits, such as Dlg2 deletion mice (Yoo et al., 2020)
and xCT −/− mice (Bentea et al., 2020). These studies gave
support to the importance of the CSTC circuit in RRBs.

Cerebellum
The cerebellum is related to sensorimotor processing and motor
control (Bostan et al., 2010; Mosconi et al., 2015a). Increasing
evidence suggests cerebellar connection dysfunction in ASD
(Mosconi et al., 2015a,b), and these structural and functional
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alterations of the cerebellum are associated with RRBs (Rojas
et al., 2006; Cheung et al., 2009; D’Mello et al., 2015; Wolff
et al., 2017). The loss of Purkinje cells in the cerebellum may
be the biological basis of RRBs (Al Sagheer et al., 2018). In
this section, we summarize the new findings based on previous
reviews (Wilkes and Lewis, 2018; Gandhi and Lee, 2020; Vicente
et al., 2020).

Alteration of cerebellum structure related to RRBs has been
reported in ASD. Srivastava et al. (2019) showed that cerebellar
vermis volume reduced with high RRBs score and may predict
severity of RRBs in Phelan-McDermid syndrome. However, a
study of children at high risk of ASD found that high-risk infants
have larger cerebellar at 4–6 months of age, and alterations in
the volume are positively correlated with repetitive behaviors
at 36 months. The study suggests that early cerebellar and
subcortical volumes predicted repetitive behaviors in children
(Pote et al., 2019). These inconsistent results may be due to
the different ages of participants. Previous studies of younger
children with ASD found larger total cerebellum (Sparks et al.,
2002) and cerebellar white matter volume (Courchesne et al.,
2001). In addition, RRBs were related to the volume of the crus
II of the cerebellum in C58/J mice (Wilkes et al., 2020). All
above data supported the cerebellum volume to be a potential
biomarker for predicting RRBs severity.

Functional magnetic resonance imaging (fMRI) studies
indicated aberrant connectivity between the cerebellum and
cerebral cortex. Lidstone et al. collected resting-state fMRI
from 105 children with ASD and found that elevated RRBs
were associated with low right posterior cerebellum-left inferior
parietal lobule (IPL) connectivity and high right posterior
cerebellar-right IPL connectivity (Lidstone et al., 2021). Kelly
demonstrated disrupted functional connectivity between the
cerebellum and the medial prefrontal cortex (mPFC) in multiple
mouse models of ASD-linked genetic mutations and individuals
with ASD. Modulating the circuit from the right cerebellum crus1
area to the mPFC can lead to repetitive behaviors in Tsc1 mutant
mice (Kelly et al., 2020).

Recently, the connection between the basal ganglia and
cerebellum has increased attention. Two-way communication
between the basal ganglia and cerebellum has also been
proved in primates (Bostan et al., 2010). In addition, Chen
et al. found a disynaptic pathway between striatum and
cerebellum in mice. This short-latency pathway allowed rapid
communication between the cerebellum and the basal ganglia.
Thus, cerebellum can regulate the corticostriatal plasticity. Under
pathological conditions, abnormal activity from the cerebellum
was transmitted to the basal ganglia, which led to dysfunctional
behaviors (Chen et al., 2014). Other studies also provided
evidence of a powerful, short-latency pathway that connected
the cerebellar dentate nucleus with the dorsolateral striatum
(Bareš et al., 2015). The above reports were based on animal
models. This connection also appears in humans. Milardi et al.
found a direct route linking the dentate nucleus to the internal
globus pallidus and the STN in healthy people (Milardi et al.,
2016). Moreover, the basal ganglia and cerebellum were involved
in different learning systems (i.e., reward-based learning and
developing specific conditioned responses). Dasgupta et al.

suggested their complementary roles in behavioral learning and
the substantial bidirectional communication between these two
brain structures. The combination of learning systems based
on the basal ganglia and cerebellum allows for more stable
and faster learning of goal-directed behavior than individual
systems (Dasgupta et al., 2014). The imbalance between the two
systems may lead to aberrant motor and non-motor functions
(Subramanian et al., 2017). Based on these studies, the interaction
between the cerebellum and basal ganglia may play an important
role in RRBs. However, there is a lack of direct evidence to clarify
the correlation between this connectivity and RRBs.

The cerebellar Purkinje cell (PC) dysfunction in the
cerebellum may be the biological basis of RRBs (Mejias et al.,
2019; Winkler et al., 2020). For example, the Shank3 mutant
mouse exhibited significantly stereotyped behavior with fewer
PC in cerebellar sub-regions (Matas et al., 2021). PC activation
improved RRBs in PC-TSC1 mutant mice (Kelly et al., 2020).
In addition, increased oxidative stress resulted in cerebellum
dysfunction, which is associated with RRBs. Nadeem et al.
(2019a,b) found that the deficiency of an adaptive antioxidant
response in the cerebellum was related to increased repetitive
behaviors in BTBR mice, and sulforaphane can restore this
deficiency to improve the RRBs.

Abnormal Immune Functions
Abnormal immune functions are related to ASD symptoms
(Moradi et al., 2021). The immune dysfunction in ASD directly
affects various neurodevelopmental and neurological processes,
resulting in behavioral abnormality (Mead and Ashwood, 2015).
In primate models of maternal immune activation (MIA), rhesus
monkey offspring exposed to MIA in utero exhibited an increased
frequency of motor stereotypies (Bauman et al., 2014; Rose et al.,
2017). It has been demonstrated that the increased level of
maternal autoantibody was associated with more severe RRBs.
For example, exposure to endogenous maternal anti-Caspr2
antibody in utero led to robust RRBs in male mice (Bagnall-
Moreau et al., 2020). Similarly, constant exposure to the autism-
specific maternal autoantibodies throughout gestation result in
apparent RRBs in C57BL/6J mice (Jones et al., 2020). In addition,
offspring mice received a single intraventricular injection of
IgG from two mothers of children with ASD on embryonic
day 14 displayed RRBs (Camacho et al., 2014). Martin et al.
(2008) found treatment with IgG from mothers of children with
ASD induced offspring to exhibit whole-body stereotypies in
rhesus monkeys. However, Bauman et al. (2013) did not find
any alterations of repetitive behaviors in rhesus monkeys injected
with human IgG isolated from mothers of children with ASD
six times during early and mid-gestation. The inconsistency of
offspring behaviors was probably due to the route and number
of injections administered, different animal models (Watson and
Platt, 2012), the pregnancy time of the injection, the alteration of
testing circumstances (Hutt and Hutt, 1965; Runco et al., 1986),
and most importantly, the source of IgG used (Salloum-Asfar
et al., 2019). Further studies are needed to determine the influence
of these factors. However, there was no doubt that maternal
antibodies played a role in RRBs. In addition, BTBR mice
exhibited increased oxidative stress and insufficient enzymatic
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antioxidant responses associated with autistic repetitive behaviors
(Nadeem et al., 2019a). In recent years, more clinical studies
have found that higher levels of proinflammatory factors, such
as IL-1β (Ashwood et al., 2011b) and IL-10 (Meyer et al., 2008),
were related to more severe RRBs (Ashwood et al., 2011a;
Careaga et al., 2017; Rose et al., 2017). Regulating immune
pathways in BTBR mice reduced RRBs with decreased levels of
proinflammatory cytokines (Zhang et al., 2019). In summary,
proinflammatory factors may be the mediator between immune
dysfunction and RRBs. Many pharmacological studies of RRBs
were based on immune abnormalities in ASD (Ahmad et al.,
2019). For example, Mirza and Sharma (2019b) found that
pioglitazone reduced oxidative stress and nerve inflammation
in related brain regions and improved propionic acid-induced
neurobehavioral and biochemical impairments in rats. Li et al.
(2020) found that aberrant eating behaviors and high food-
specific IgG antibody concentrations were related to more severe
RRBs in children with ASD. In addition, the ketogenic diet
could improve the high levels of repetitive behavior in male
C57Bl/6 mice affected by MIA (Ruskin et al., 2017). At present,
most studies were based on animal models with ASD, and a
few measured the indicators of proinflammatory factors (Bryn
et al., 2017). Moreover, more scholars focused on the relationship
between immune dysfunction and abnormal gut microflora in
individuals with ASD (Moradi et al., 2021). Based on the above
findings, related immune pathways may become one of the
therapeutic targets of RRBs.

Other Potential Neural Mechanism
Most studies of the mechanism of RRBs were conducted in
animal models with related genetic mutations. Researchers
observed the typical core symptoms of ASD in various mutated
mice (Satterstrom et al., 2020). Neurotransmitters, such as
glutamate and γ-aminobutyric acid (GABA), regulated the
balance of excitation and inhibition (E/I) in the brain (Cai et al.,
2017). The increased excitatory signals and decreased inhibitory
interneurons would induce RRBs in ASD animals (Rinaldi et al.,
2007; Gogolla et al., 2009). Moreover, modulating the level of
transmitters could change RRBs (Rhine et al., 2019). Abnormal
neurotransmitter systems of brain areas related to RRBs would
give rise to RRBs (Peca et al., 2011; Bentea et al., 2020), such
as glutamate receptor-interacting proteins 1/2 (Grip1/2) (Mejias
et al., 2019), metabotropic glutamate receptor 5 (mGluR5)
(Silverman et al., 2010; Luo et al., 2018), and GABAA receptor
(Yoshimura et al., 2017). Yang et al. (2021) reported that acute
administration of GABA-A or/and GABA-B receptor agonists
could palliate repetitive behaviors in ASD mice.

Serotonin (5-hydroxytryptamine, 5-HT) plays a complex role
in regulating neural circuits during prenatal and postnatal
development (Whitaker-Azmitia, 2001; Veenstra-VanderWeele
et al., 2012; Wirth et al., 2017). The alteration of the 5-HT
neurotransmitter system in the brain has been reported in animal
models and individuals with ASD (Muller et al., 2016). The
studies of treatment with selective serotonin reuptake inhibitors
(SSRIs) produced inconsistent results on RRBs (Costa et al.,
2018; Reddihough et al., 2019; Herscu et al., 2020). Diverse
5-HT receptors have different effects on RRBs. For example,

the blockades of 5-HT2A receptor (Amodeo et al., 2017) and 5-
HT6 receptor (Amodeo et al., 2021) reduced RRBs. Decreased
activation of 5-HT1A also achieved the same effect (Chugani et al.,
2016). However, activating the 5-HT7 receptor reversed repetitive
behaviors in Fragile X syndrome (Costa et al., 2018). The
current studies on serotonin were based on animal models, and
more complete studies in humans will confirm the relationship
between 5-HT and RRBs.

Increasing studies related to RRBs focused on other neural
signalings, such as dopaminergic signaling (Lee et al., 2018b;
Venkatachalam et al., 2021), cannabinoid signaling (Marco et al.,
2011; Fyke et al., 2021; Nezgovorova et al., 2021), mammalian
target of rapamycin (mTOR) signaling (Burket et al., 2014;
Chugani et al., 2016; Wu et al., 2017), adenosine signaling (Ansari
et al., 2017; Lewis et al., 2019), and histamine signaling (Eissa
et al., 2018; Eissa et al., 2020b; Venkatachalam et al., 2021).
These signal molecules may play a role in regulating synaptic
transmission in brain regions related to RRBs, and multiple
signaling pathways might be involved in the pathological process
simultaneously (Eissa et al., 2019; Eissa et al., 2020a; Muehlmann
et al., 2020; Eissa et al., 2021; Venkatachalam et al., 2021).

TREATMENT AND INTERVENTION OF
REPETITIVE RESTRICTED BEHAVIORS

In recent years, the number of studies on RRB treatment
and intervention has increased. There is no recognized drug
intervention for RRBs at present, and behavioral intervention
remains the most effective and safe strategy for RRBs treatment.
This section reviews the recent advance in drug intervention,
supplementary therapy, and other potential therapies.

Drug Treatment
Although no evidence-based effective medicine for RRBs
in ASD has been proposed, some drugs based on new
psychopharmacological mechanisms or molecular targets have
shown potential benefits in early studies. Given the substantial
individual differences in clinical response and side effects
observed in current studies, more studies are needed to
verify these findings.

Antipsychotic Drug
Risperidone and aripiprazole, the atypical antipsychotic drugs
acting on the D2 dopamine receptor, have been approved to
reduce irritability, agitation, aggression, and self-harm in ASD
by the Food and Drug Administration (FDA) (McCracken
et al., 2002; Owen et al., 2009). Although risperidone has been
reported to reduce RRBs in salt-induced kinase 1 (SIK1)-mutant
mice via attenuating neural excitability and excitatory synaptic
transmission (Badawi et al., 2021), a meta-analysis published in
2020 showed that antipsychotics were not beneficial to RRBs
in clinical trials (Yu et al., 2020). Subsequently, another meta-
analysis including more RCTs pointed out a slight improvement
in RRBs after administration of antipsychotics (Zhou et al., 2021).
This finding has no practical value because clinicians must weigh
these moderate benefits of antipsychotics against the considerable
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side effects (Correll et al., 2006). Compared with other clinical
pharmacological trials of ASD, the studies of antipsychotics have
a smaller sample size and more significant heterogeneity in
estimated treatment effect.

Oxytocin
A great number of studies reported the critical role of oxytocin
in human social interaction (Insel et al., 1999; Yatawara et al.,
2016). Intranasal administration of the neuropeptide oxytocin
(IN-OT) has been regarded as a potential therapy for the core
symptoms of ASD. However, its effect in RRB has received less
attention. An early study revealed oxytocin infusion reduced
RRBs in adults with autism and Asperger syndrome (Hollander
et al., 2003). This invasive method is not ideal and replaced
by IN-OT for researchers and clinicians (Guastella et al., 2013).
After 4 weeks of daily oxytocin administration (24 IU/day), RRBs
were significantly reduced in 40 adult men with high-functioning
autism (Bernaerts et al., 2020). Interestingly, a preliminary trial
showed that 6 weeks of IN-OT had a significant effect on
social communication rather than RRBs in 18 men with ASD
(Watanabe et al., 2015). However, the same research team found
that oxytocin reduced ADOS-RRB score in a larger sample
(n = 106), which applied the same study design (Yamasue et al.,
2020). This difference may be caused by sampling error and less
placebo effect on RRBs related to less expectation for effects.
In the same year, another randomized controlled trial (RCT)
study also verified the benefits of oxytocin to RRBs (Alaerts
et al., 2020). Regarding the underlying neural mechanism of
the IN-OT effect, Alaerts et al. (2020) suggested that IN-OT
might cause long-term alterations in the internal functional
connectivity of the amygdala to the OFC, which was related
to RRBs improvement. In addition, Watanabe et al. (2015)
reported that the improvement of the core social symptoms in
ASD was accompanied by oxytocin-induced enhancement of
task-independent resting-state functional connectivity between
the anterior cingulate cortex (ACC) and dorsomedial prefrontal
cortex. As an increasing number of trials have evaluated the
clinical response of multiple doses of IN-OT in ASD, Peled-Avron
et al. (2020) conducted a meta-analysis that showed that IN-OT
was well tolerated and supported that oxytocin could improve
RRBs in ASD, although the effect size was small. However, some
studies with small sample sizes have not found the benefits of
oxytocin to RRBs (Anagnostou et al., 2012; Dadds et al., 2014;
Guastella et al., 2015; Kosaka et al., 2016), it is necessary to
conduct multi-center RCT studies with a larger sample and focus
on the improvement of RRBs.

Bumetanide
Bumetanide is an effective diuretic. As mentioned above,
GABAergic signals play a vital role in regulating RRBs (Cellot
and Cherubini, 2014). Convincing evidence has shown that
defects in inhibitory GABAergic signals led to ASD, and the
level of GABAergic inhibition depended on the concentration of
intracellular chloride [(Cl-)i] (Schulte et al., 2018). NKCC1 (Na-
K-Cl cotransporter 1) is the primary transporter responsible for
regulating (Cl-)i, and its activity controls the level of chloride
in neurons, which further affects the post-synaptic effect of

GABAergic transmission (Schulte et al., 2018). Bumetanide, a
selective NKCC1antagonist (Ben-Ari, 2017; Kharod et al., 2019),
could restore GABAergic inhibition and weaken behavioral and
electrophysiological characteristics in various diseases (e.g., ASD
and Fragile X syndrome) by regulating the concentration of
neuronal chloride (Payne et al., 2003; He et al., 2014; Kaila et al.,
2014; Tyzio et al., 2014; Juarez-Martinez et al., 2021). However,
there is a lack of reports on the effects of bumetanide on RRBs
in animal models. Increasing studies exhibited a positive effect
of bumetanide in children with ASD or Fragile X syndrome
(Lemonnier et al., 2013; Du et al., 2015; Zhang et al., 2020;
Dai et al., 2021). After a pilot study reported the benefits of
bumetanide to RRBs (Lemonnier and Ben-Ari, 2010), Lemonnier
et al. conducted two RCT studies to test bumetanide in 60 and 88
patients. Both trials showed a significant reduction in scores of
RRBs (Lemonnier et al., 2012; Lemonnier et al., 2017). Similarly,
another Phase-2 Superiority Trial also revealed significant effects
on RRBs in children aged 7–15, despite no superior effects
on the primary outcome of social communication and social
interaction (Sprengers et al., 2021). Crutel et al. (2021) described
a design of two Phase III studies to evaluate the efficacy/safety
of bumetanide oral liquid in ASD, which will provide strong
evidence to support the benefits of bumetanide to RRBs. In
addition, bumetanide could improve emotional face perception
and increase the time spent in spontaneous eye gaze in ASD, with
alterations of the activation level in corresponding brain regions
(Hadjikhani et al., 2015; Hadjikhani et al., 2018). Current studies
were mainly conducted in children and adolescents under 18, and
this potential effect in adults should be further verified.

Other Drugs
Based on the possible neurobiological mechanism of RRBs,
some emerging treatment methods, such as pioglitazone
(Capano et al., 2018), pioglitazone (Chugani et al., 2016),
intranasal administration of vasopressin (Parker et al., 2019),
and IGF-1 injection (Kolevzon et al., 2014), could significantly
improve RRBs in individuals with ASD. Some anti-inflammatory
drugs targeting abnormal immune functions in ASD showed
the benefits to RRBs, such as memantine plus risperidone
(Ghaleiha et al., 2013), org 2766 (a synthetic analog of the
adrenocorticotrophic hormone) (Buitelaar et al., 1990; Buitelaar
et al., 1992), and celecoxib plus risperidone (Asadabadi et al.,
2013). In 2020, a meta-analysis of pharmacological interventions
for RRBs in ASD included 64 different trials conducted
before November 2019. Except for the drugs mentioned above,
divalproex sodium, leucovorin, and guanfacine as monotherapies
have a more significant positive effect on RRBs of ASD (Zhou
et al., 2021). Most findings of the above drugs were based on
studies with a small sample and required to clarify their effects
further. No pharmacological drug has shown significant clinical
benefits and a solid evidence base of effectiveness.

Preclinical Pharmacological Studies
More drug studies are in preclinical stage, and a variety of ASD
animal models have become the essential tools for preclinical
studies (Lewis et al., 2007), which provides the theoretical basis
for following clinical trials. Increasing drug trials in animal
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models are based on the hypotheses of potential mechanisms
in ASD, especially abnormal neurotransmitter/neuromodulator
systems. In SHANK3 mutant mice, acute administration of
tandospirone, a 5-HT1A receptor agonist, reduced self-grooming
behavior (Dunn et al., 2020). In addition, N-methyl-D-aspartate
(NMDA) receptor plays an important role in the balance
of E/I and postnatal low-dose MK-801, an NMDA receptor
blocker, improved ASD-related behaviors in valproic acid (VPA)-
treated rats (Kim et al., 2017; Mohammadi et al., 2020).
Another potential function mechanism of the NMDA receptor
antagonist was to ameliorate immune dysfunction. For example,
dextromethorphan rescued the impaired behavioral patterns in
VPA-induced autistic rats and decreased the levels of various
oxidative stress and inflammatory markers (Singla et al., 2021).

Another area that receives much attention is the drugs
targeting abnormal immune function. 5-aminoisoquinolinone
(5-AIQ) has the effects of neuroprotection and down-regulated
inflammatory responses (Alhosaini et al., 2021). In BTBR
mice, the 5-AIQ treatment significantly prevented self-grooming
and marble burying behaviors and ameliorated neuroimmune
dysfunctions (Ahmad et al., 2020). Similarly, the benefits to
RRBs were reported in the study of the administration of
catechin hydrate and pioglitazone in VPA-induced rats (Mirza
and Sharma, 2019a; Mehta et al., 2021) and sulforaphane in BTBR
mice (Nadeem et al., 2019b). They corrected immune dysfunction
and oxidant-antioxidant imbalance in periphery and brain in
mice. Beyond that, Zhang et al. (2019) showed that folic acid
reduced RRBs in BTBR mice via mitigation of oxidative stress,
inflammation, and ferroptosis. Another nutritional supplement
of gestational B-vitamin alleviated mitochondrial damage in the
hippocampus and PM2.5-induced autism-like behaviors in mice
offspring (Wang et al., 2019).

Since a large proportion of people with neurodevelopmental
disorders such as ASD are disturbed in their daily sleep/wake
cycles (Robinson-Shelton and Malow, 2016). In response to
this phenomenon, researchers tried melatonin treatment in
CNTNAP2 KO mice and found that it improved excessive
grooming in mice (Wang et al., 2020). Furthermore, MTHFR
polymorphism was associated with an increased risk of ASD,
and the offspring of Mthfr +/− mice (Pu et al., 2013), whether
wild-type or heterozygous, exhibited autism-like behaviors. It
is surprising that after 14 days of choline supplementation,
the characteristics of RRBs were offset (Agam et al., 2020).
In addition, other supplementary treatments showed promising
effects in ASD animals. For example, abnormally high levels of
homocysteine (Hcy) were considered to have a relation with ASD
(Kałużna-Czaplińska et al., 2013). Administration of betaine, a
methyl group donor in Hcy metabolism, significantly ameliorates
RRBs in VPA-induced autistic mice (Huang et al., 2019).
Furthermore, exposure to VPA might alter zinc metabolism
resulting in a transient deficiency of zinc. Cezar et al. (2018)
showed that zinc supplements reduced the transient zinc
deficiency and prevented VPA-induced RRBs in rats. Autistic
children with similar genetic or metabolic alterations would
benefit from similar supplementary treatment if these results are
replicated. Other drug studies showed initial outcomes of RRBs in
animal models (Bhandari and Kuhad, 2015; Luhach et al., 2021).

For example, treatment with medical cannabis alleviated RRBs
by over 70% in Shank3 mice (Poleg et al., 2021). Administration
of beta-carotene (Avraham et al., 2019; Avraham et al., 2021)
and curcumin (Zhong et al., 2020) reduced RRBs in BTBR
mice. However, the limitations are that these drugs have multi-
target effects and their specific mechanisms are unclear, hindering
their use in clinical trials. Moreover, some drugs approved to
treat other diseases revealed a new therapeutic effect on RRBs
(Román et al., 2021; Ryu et al., 2021; Wu et al., 2021). Chinese
herbal medicine also positively influenced RRBs in BTBR mice
(Park et al., 2021).

Behavioral Intervention
Behavioral intervention is still the most effective and safest
intervention for RRBs. The behavioral intervention for RRBs
has been comprehensively reviewed elsewhere (Odom et al.,
2010; Boyd et al., 2012; Harrop, 2015; Kodak and Bergmann,
2020). This section only reviews the latest reports about the
comprehensive treatment model (CTM) (Odom et al., 2010).

At present, the most widely used CTMs include the Denver
Model, Structured Teaching (TEACCH), and Early Intensive
Behavior Intervention (EIBI). Behavioral parent training (BPT)
is considered the first choice of treatment for young children
with disruptive behaviors (Kaminski and Claussen, 2017), and
parent-child interaction therapy (PCIT) is one of the most
supported evidence-based BPTs. After implementing PCIT, 16
individuals showed a significant improvement in RRBs compared
to the control group (Parladé et al., 2020). Besides, self-
management intervention and pivotal response treatment (PRT)
were implemented in three young children with ASD, and
results showed improvements in children’s higher-order RRBs
and interactions with parents (Lin and Koegel, 2018). However,
one limitation should also be considered: CTM is a multitarget
intervention, and most studies assessed RRBs as one of the
secondary results; therefore, limited high-quality research has
reported on its efficacy on RRBs.

Supplementary Therapy
Abnormal eating habits in children with ASD play a potential
role in exacerbating ASD symptoms (Peretti et al., 2019). In
recent years, increasing studies focused on the potential value of
nutritional supplements in ASD, but limited evidence supported
their effectiveness on RRBs.

Vitamin D
Studies have reported decreased vitamin D levels in the blood of
patients with ASD (Wang T. et al., 2016). Vitamin D3 seemed
to have therapeutic potential in ASD (Jia et al., 2015). After
3-month vitamin D3 supplementation, RRBs improved in 37
children with ASD, particularly in younger children (Feng et al.,
2017). Another study involving 83 children with ASD also found
an improvement in RRBs after 3-month treatment (Saad et al.,
2016). In contrast, Kerley et al. (2017) conducted an RCT study
including 38 children with ASD, which found that vitamin D3 did
not affect RRBs after 5-month supplementation.
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Folic Acid and Omega-3 Fatty Acid
The abnormal metabolism of folic acid is related to ASD
(Castro et al., 2016), and folic acid deficiency have been
found in the brains of individuals with ASD (Karin et al.,
2017). Supplementing high doses of folic acid in maternal mice
can significantly reduce RRBs of offspring (Di et al., 2021).
A recent RCT study evaluated the effect of high-dose leucovorin
supplementation in ASD. Forty-eight children with ASD and
language barriers were randomly given leucovorin or placebo,
and RRBs were significantly improved in the leucovorin group
(Frye et al., 2018).

Omega-3 fatty acid is associated with mood disorders.
Some preliminary studies suggested that Omega-3 fatty acid
could effectively treat various mental disorders, such as ASD
(Yehuda et al., 2005). Yui conducted a 12-week, 240 mg/day
DHA + 240 mg/day arachidonic acid (ARA) intervention on 13
individuals with ASD, and significant improvements in RRBs
were observed (Yui et al., 2012). However, the latest meta-
analysis, including six studies, suggested no significant effect of
omega-3 fatty acids (Zhou et al., 2021).

Other Supplements
Gastrointestinal problems and unique gut flora in individuals
with ASD are related to the development and severity of ASD
symptoms (Hughes et al., 2018). Changing gut flora is considered
a promising treatment for related behavioral disorders. Seventeen
children with ASD (3–16 years old) were supplemented with
Lactobacillus Plantarum WCSF1. After a 12-week intervention,
the behavioral score was significantly improved (Parracho
et al., 2010). Additionally, some dietary patterns have shown
advantages of RRBs in animal models (Castro et al., 2017; Lee
et al., 2018a). Gluten-free diets (Ghalichi et al., 2016), casein-
free diets (Lucarelli et al., 1995), and ketogenic diets (El-Rashidy
et al., 2017) have been verified to have positive effects on
ASD symptoms. However, another study reported no significant
differences in RRBs (Harris and Card, 2012; Navarro et al.,
2015). So, there are still uncertainties about the effects of dietary
approaches. Further investigations are needed to confirm these
dietary interventions’ specific efficacy and safety for RRBs with
a larger sample.

Other Treatment
Except for the above three intervention methods, many other
emerging non-drug treatments targeting RRBs have been
reported. Cell therapy indications have been expanded from
hematological malignancies to other diseases. Cell therapy has
shown preliminary safety and effectiveness in children with ASD.
Moreover, transcranial magnetic stimulation (TMS) is used in
various mental diseases with specific effects. Researchers began
to explore its effects on ASD symptoms in recent years.

Cell Therapy
The studies of epigenetics, neuroimmunology, and neurobiology
in ASD indicated that cell therapy was an effective approach
for treating the core symptoms of ASD (Vaccarino et al.,
2011; Siniscalco et al., 2012b; Liu et al., 2019; Zhang et al.,
2021). Two outstanding features of stem cells are the intense

immunosuppressive activity that allows them to be used in
autologous or heterologous transplantation (Siniscalco et al.,
2012a) and paracrine actions (Baraniak and McDevitt, 2010;
Siniscalco, 2012). Stem cells usually synthesize and release a
variety of cytokines, chemokines, and growth factors (Beyth
et al., 2005; Siniscalco et al., 2012b), which can reduce the
proinflammatory state observed in children with ASD (Gupta
et al., 2010) and activate endogenous repair mechanism to
recover the damaged function of related cells and tissues
(Siniscalco et al., 2012b).

Stem cell therapy has shown benefits to RRBs in various ASD
models. Intraventricular administration of mesenchymal stem
cells (MSCs) significantly improved core ASD-like symptoms in
BTBR mice, including social interaction and RRBs (Segal-Gavish
et al., 2016). In addition, intranasal administration of human
exosomes derived from mesenchymal stem cells (MSC-exos) was
effective on all core ASD behaviors in two different mice (BTBR
and SHANK3 KO) (Perets et al., 2018, 2020). Transplantation of
mesenchymal stem cells has been proven safe in many clinical
trials (Gupta et al., 2010), and whether mesenchymal stem cells
apply to individuals with ASD and clinically improve the ASD-
like symptoms deserves to be further explored. Regarding clinical
trials on cell therapy, Lv et al. conducted a single-center phase I/II
trial to assess the safety and efficacy of combined transplantation
of human cord blood mononuclear cells (CBMNCs) and
umbilical cord-derived mesenchymal stem cells (UCMSCs) in 37
children with ASD (3–12 years of age). Individual transplantation
of CBMNCs was demonstrated to remarkably decrease repetitive
behaviors compared to the control group. In addition, combined
transplantation of CBMNCs and UCMSCs showed better
therapeutic effects (Lv et al., 2013). Similarly, Nguyen Thanh et al.
(2021) found that transplantation of mononuclear cells of bone
marrow combined with educational intervention showed that
RRBs and hyperactivity were significantly reduced in children
with ASD. These stem cell trials were proved excellent safety,
with no safety issues noted during injection and the whole
follow-up period (Lv et al., 2013; Nguyen Thanh et al., 2021).
Significantly, the benefits of cell therapy to RRBs are necessary
to be clarified because most clinical studies in ASD focused on
social deficits rather than RRBs or regarded the alterations of
RRBs as a secondary result (Bradstreet et al., 2014; Chez et al.,
2018; Villarreal-Martínez et al., 2021).

There is still a long way before cell therapy becomes an
approved treatment for RRBs in ASD. More in-depth and
detailed studies on stem cell biology are necessary to understand
the mechanism in RRBs. In addition, the exact dose, time, and
site of stem cell infusion, as well as the fatal side effects and long-
term safety, need to be further determined. For example, some
researchers are concerned about intravenous administration
because animal models have shown that it was difficult for
transplanted cells to pass through organs (e.g., spleen and kidney)
via intravenous administration (Steiner et al., 2012). Moreover,
there is a correlation between the dose of transplanted stem cells
and the subsequent clinical improvement (Rocha et al., 2002),
which emphasized the importance of choosing the exact dose.
What should not be ignored is ethical issues in stem cell studies.
Such as the acquisition of stem cells, the safety of stem cell
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collection and administration, the tumorigenicity of stem cells,
and other ethical risks similar to other clinical studies (Siniscalco,
2012). The life expectancy of children with ASD is close to
normal, and potential risks of children’s medication are difficult
to define. Therefore, interventional stem cell therapy is morally
untenable unless more studies prove that the apparent benefits
outweigh the risks (Yeo-Teh and Tang, 2021).

Transcranial Magnetic Stimulation
Transcranial Magnetic Stimulation is a non-invasive brain
stimulation used to treat depression and other mental illnesses
via changing the excitability of neural circuits and reorganizing
the functions of cortex. Previous pilot studies reported positive
effects of repeated TMS (rTMS) in individuals with ASD
(Sokhadze et al., 2009; Casanova et al., 2012; Wang Y. et al.,
2016). Irritability, hyperactivity, and RRBs were decreased in 27
participants with ASD after 18-rounds rTMS on the dorsolateral
prefrontal cortex, and the latest study also drew a similar
conclusion (Sokhadze et al., 2014; Abujadi et al., 2018). In
addition, adults with autism and major depressive disorder
reported improvements in repetitive behaviors after 25-session
rTMS (Gwynette et al., 2020). A consensus statement of rTMS
for ASD showed that rTMS was a potential treatment for ASD
and suggested that existing studies have significant limitations,
and more definitive studies needed to be conducted to clarify the
safety and efficacy of rTMS in ASD (Cole et al., 2019).

PERSPECTIVE AND FUTURE
DIRECTIONS

Compared with studies targeting the social communication
deficits in ASD, current evidence of RRBs is limited. As the
core symptoms of ASD, the accurate assessment of RRBs is
crucial. Individuals with ASD show remarkable differences in
types and severity of RRBs, depending on different ages, genders,
and functional statuses. Because of the high heterogeneity of
RRBs, identifying additional subtypes of RRBs may be useful.
In addition, researchers developed assessment tools based on
male individuals with ASD and did not consider adequately
specific RRBs of the female sample, so it is urgent to develop
evaluation tools suitable for different clinical populations with
excellent sensitivity and applicability. Salloum-Asfar et al. (2019)
suggested that miRNA was a promising biomarker for ASD
diagnosis and core symptom assessment. For example, the level of
specific miRNA in saliva was positively correlated with the score
of repetitive restricted behavior (Hicks et al., 2020). Whether
miRNA can be used as a biomarker to assess the severity of RRBs
needs further exploring.

Moreover, with the development of new technologies and
methods, more specific mechanisms of RRBs will be discovered.
RRBs are mostly considered as a secondary outcome in current
studies. Thus, it is necessary to explore the relationship between
neural circuitry and subtypes of RRBs via more specific
assessment tools (e.g., RBS-R). Moreover, Van’t Westeinde et al.
(2020) found that RRB-related structural alterations of striatal
networks are more common in men, while abnormity of

frontoparietal networks was more observed in females, which
implied some differences in neural networks between male and
female were omitted in the studies without enough female
sample. Future studies of RRBs will include a larger female
sample to reveal possible gender differences in neural circuitry
related to RRBs. The related studies of the relationship between
hyperdirect pathway and RRBs are scarce. The increasingly
recognized importance of the hyperdirect pathway suggest it
may play an essential role in RRBs. In addition, the connectivity
between the basal ganglia and cerebellum is related to behavior
control, but how aberrant connectivity affects RRBs is unclear
in ASD. Therefore, there is a strong need to investigate
structural and functional connectivity related to RRBs. To
date, multiple RRBs-exhibiting ASD animal models have been
developed. Focusing on common pathophysiological changes
(e.g., abnormal immune function) in different animal models
may provide some crucial insights. Furthermore, future studies
on the potential neurobiology of reinforcement and habituation
will also contribute to a better understanding of RRBs. It is worth
noting that some conclusions are based on rodent models, and
translation of these findings to RRBs in humans with ASD is
difficult. So, the studies in primates may provide more evidence.

Lastly, how to intervene in the core symptoms of ASD is still
the most important and meaningful issue for individuals with
ASD. So far, behavioral intervention is still an essential part of
treatment for RRBs. There are still three significant obstacles
in psychopharmacology studies: (a) thus far, most trials have
not found significant differences in primary endpoint suggesting
insufficient effectiveness; (b) there are vast heterogeneities of
clinical effects and side effects in different people; (c) the
overlapping symptoms (e.g., anxiety and hyperactivity) and
uncertain mechanism of RRBs make it challenging to find a drug
aimed at specific targets. Even so, some medications, such as
oxytocin and budesonide, seemed to show benefits to RRBs. The
RCT studies with a larger sample are necessary to verify their
efficacy and safety. Due to the limited number of studies, the
specific efficacy and safety of supplementary therapy on RRBs
remain unclear. As a promising treatment, cell therapy faces
many scientific and ethical issues. In-depth and detailed studies of
stem cell biology are required to help understand the mechanism
of stem cells. The exact dose, time and site of stem cell infusion,
the fatal side effects, and long-term safety should be determined
in clinical trials.
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