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Editor's Note
—— Yefei Li

We the editorial team would like to express our gratitude to Mr. Jingkang Xiao and his loving mother Ms. Wen Zou,
for their generous offer of Jingkang's drawing to be the cover of this special issue.

Jingkang Xiao, also known as Kangkang, was born in 1998 and diagnosed as having typical autism with intellectual
disability. He could only say the word “mama” when four-and-a-half years old. Like an angel from outer space, he
is progressing slowly but steadily every day, every year. He speaks, goes to school, and takes public transportation;
he has learned to swim, play basketball, run 5 km, go shopping, play video games on a computer, paint, play piano
and cucurbit flute, make toast, and cook. All these little activities that are normal in others’ eyes are, to Kangkang’s
parents, magnificent achievements and have brought tremendous joy.

At the age of 15, Kangkang played “You and me” on the cucurbit flute at the opening ceremony of the “Sino-Japanese
Autistic Children’s Painting Exhibition” in Tokyo, as a representative of young Chinese autistic painters. Kangkang
was called “a healing little painter” when his story was reported by CCTV news. Kangkang enjoys painting and is
even more enthusiastic about cuisine. He wants to be a great chef, and enjoy delicious food worldwide.

Through sharing the story of the young man here, we hope to raise more attention to the disease itself and more
importantly, the patients and their families' well-being.
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On April 2, 2017, the world will celebrate the ninth annual
World Autism Awareness Day. In honor of this occasion,
Neuroscience Bulletin has put together a Special Issue of
reviews and primary research articles focusing on autism
spectrum disorder (ASD). ASD is a heterogeneous devel-
opmental neurological disorder characterized by deficits in
social communication and social interactions, as well as
stereotyped, repetitive behavior and/or restricted interests
[1]. In addition, affected individuals often have sensory
abnormalities and delayed/absent language. The symptoms
are present from early childhood, affecting the individual’s
daily activity and imposing a huge burden on their families
and the community at large. While the global burden of
ASD is largely unknown, the annual social cost in the

As we put the final touches on this special issue, we are very excited
that the introductory review has already been downloaded (http://link.
springer.com/journal/12264) well over 1600 times. We thank Prof.
Shumin Duan, Editor in Chief, for the opportunity to organize this
issue at such an exciting time for autism research. The issue could not
have come together so quickly without concerted efforts from all
authors, reviewers and staff members at Neuroscience Bulletin. In
particular, we thank Yefei Li for her enthusiastic and professional
assistance.
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United States and the United Kingdom is estimated to be
billions of dollars [2, 3].

The term “autism”, deriving from the Greek words
“autos” (self) and “ismos” (action), was first used by Leo
Kanner in his landmark paper in 1943 [4] to describe
children with an “extreme inability to relate to others”. In
the introductory review “An overview of autism spectrum
disorder, heterogeneity and treatment options” [5], Masi
et al. revisit the history of the diagnosis and characteriza-
tion of ASD, from Kanner’s time to the currently-used
Fifth Edition of the Diagnostic and Statistical Manual of
Mental Disorders [1]. The review progresses to describe
the prevalence, etiology, and clinical presentation of ASD,
and discusses factors contributing to its heterogeneity,
including genetic variability, co-morbidity, and gender. It
concludes with evidence for pharmacological and behav-
ioral treatments, highlighting the complexities of con-
ducting clinical trials in ASD populations.

A key factor behind the emerging interest in ASD is its
apparently growing prevalence. A recent survey of §-year
old children in the United States estimates ASD occurrence
to be as high as 1 in 68 [6]. A review of the global
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prevalence of autism and other pervasive developmental
disorders puts the median estimate of ASD prevalence at
the slightly lower rate of 62/10,000 [7], with variations
between studies, but no obvious evidence for differences in
prevalence between geographic regions and/or ethnicities.
This global report [7], commissioned by the World Health
Organization, notes that changes in diagnostic concepts,
service availability, and awareness of ASD may affect
prevalence estimates, and highlights the scarcity of epi-
demiological studies from low- and middle-income
countries.

To better estimate the prevalence of ASD in China, the
National Health and Family Planning Commission of the
People’s Republic of China recently initiated a national
population-based study to measure ASD prevalence in
children aged 6—12 years in 8 cities (over 120,000 indi-
viduals). A suitable screening tool in the Chinese language
is essential for conducting this large-scale epidemiological
study. From the array of available scales, the Autism
Spectrum Rating Scales (ASRS, 6-18 years) [8], translated
into Chinese, was selected because of its demonstrated high
reliability and validity [9]. In an original article in this
Special Issue by Yi Wang and colleagues, exploratory
factor analysis was used to assess the psychometric prop-
erties of the Chinese version of ASRS [10]. The results
showed that the modified Chinese version (MC-ASRS) has
a 3-subscale structure comparable to the original US ver-
sion, although some items have been shifted between
subscales. In a companion article by Zhou et al., the Chi-
nese norms of the MC-ASRS, including its three sub-scales
and the total score, were determined for both parent and
teacher ratings [11]. A third study, from Xiu Xu and col-
leagues, compares the MC-ASRS with the Social
Responsiveness Scale, another widely-used tool for
screening children with ASD [12]. The results showed that
both scales have high reliability and validity, further
underscoring the suitability of the MC-ASRS for ASD
screening in China. Together, these works set the founda-
tion for large-scale epidemiological studies of ASD in
China.

ASD has a strong male bias in its prevalence, on average
affecting four times as many males as females [13].
However, sex differences in behavior, the presentation of
autistic symptoms, or co-morbid intellectual disability are
relatively unknown. An original article from Xiaobing Zou
and colleagues explores this question by analyzing the
Autism Diagnostic Interview-Revised and Autism Diag-
nostic Observation Schedule scores for a large cohort of
boys and girls [14]. Their results show that girls score
significantly higher in socio-emotional reciprocity and
lower in restricted and repetitive behaviors than boys.
Clarifying sex differences in the diagnosis and clinical

@ Springer

phenotypes of ASD could help provide better clinical
guidance for early screening, diagnosis, and intervention.

ASD is a heterogeneous disorder with a complex genetic
basis. Early twin and family studies have shown that ASD
is highly heritable [15], suggesting a strong genetic pre-
disposition. In addition to inherited mutations, recent
advances in genetics and genomics have identified a large
number of de novo copy-number variations and single-
base-pair mutations in ASD patients, increasing the esti-
mated proportion of patients with identifiable genetic
mutations to 20%—40% [15-20]. As many ASD genes are
known to regulate brain development and/or synapse
function, theories of ASD relating to synaptic dysfunction,
including excitatory/inhibitory imbalance and dysfunc-
tional feedback regulation have been proposed [15, 21-24].
Since deficits in social behavior are hallmarks of ASD,
molecules and circuits underlying social behavior have
received special attention [25, 26]. Of note are the evolu-
tionarily highly-conserved neuropeptides oxytocin and
vasopressin, which have been implicated in ASD through
genetic studies and have established roles in regulating
social behavior [26-28]. Furthermore, intranasal oxytocin
administration is currently being tested as a potential
therapy for ASD in clinical trials, with mixed results [29].
Zhang et al. [30] review current knowledge regarding
associations between ASD and single-nucleotide variants
in the human oxytocin and vasopressin signaling pathways,
and propose that polymorphisms in these signaling path-
ways may be important for sub-grouping patients in clini-
cal trials of oxytocin.

In addition to genetic factors, pre-, neo-, and post-natal
environmental risk factors have been implicated in the
etiology of ASD. Epidemiological studies have identified
various pharmaceutical drugs, toxicants, and metabolic and
nutritional factors as increasing the ASD risk, especially
during the prenatal period [31, 32]. Immunological risk
factors, including maternal infection during pregnancy,
immune dysregulation, inflammation, and microbial dys-
biosis have been consistently reported across multiple
studies [31-33]. The interaction between environmental
exposures and an individual’s genetic susceptibilities, both
complex factors by themselves, add yet another layer of
complexity to the heterogeneous phenotype of ASD. To
delve into this complex problem at some depth, we focused
on one aspect of environmental factors contributing to
ASD, that of cytokines and the immune system. The review
by Guastella and colleagues focuses on the relationship
between the immune system, the brain, and behavior, and
summarizes previously-identified immune system abnor-
malities in ASD, focusing on the role of cytokines. They
further discuss the use of cytokines as potential biomarkers
to define sub-groups of ASD patients [34].
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ASD research has not only progressed at the level of
genes and molecules, but also at the level of circuits and
neural connectivity. Early findings from several structural
magnetic resonance imaging studies have shown that tod-
dlers with ASD, aged on average 2—4 years, have a larger
brain volume than typically-developing children, an effect
that levels off by 6-8 years [35, 36]. These findings con-
tribute to the notion that the trajectory of brain maturation
in ASD is atypical and involves an early period of over-
growth, with each brain region having its distinct trajectory
[35, 36]. Further structural neuroimaging studies have
revealed ASD to be a disorder with general and regional
alterations in brain size, while functional neuroimaging
studies have highlighted changes in connectivity between
brain regions in ASD patients [35, 37-39]. The review by
Li et al. summarizes recent progress from neuroimaging
studies in young ASD children and discusses the applica-
bility of these results in aiding ASD diagnosis [40]. Since
ASD is a developmental neurological disorder, neurologi-
cal changes detected earlier are more likely to represent the
causes rather than the effects of ASD pathogenesis. Fur-
thermore, these results could contribute to future diagnosis
and treatment strategies.

One approach to further exploration of the application of
neuroimaging to ASD research is to interpret its results in
combination with molecular markers. An original article
from Ji-Sheng Han and colleagues examines correlations
between circulating levels of the neuropeptide vasopressin,
changes in structural and functional connectivity, and
autistic behavior in young children with ASD. They found
a significant reduction in the volume of the hypothalamus,
where vasopressin neurons reside, as well as enlargement
of the left amygdala and left hippocampus, which receive
projections from vasopressin neurons [41]. These and other
results presented in this article provide evidence for cor-
related changes in structural and functional connectivity
and vasopressin levels in young children with ASD [41].
Neuroimaging can also be used in combination with gen-
ome sequencing to characterize rare disorders. The letter
by Wen er al. [42] identifies an inherited mutation in
SGSH, encoding N-sulfoglucosamine sulfohydrolase
(MIM: 605270), in two brothers with Childhood Disinte-
grative Disorder, a rare childhood disorder with autistic
phenotypes.

A discussion of advances in ASD research would be
incomplete without describing the contribution of animal
models. Rodent models of ASD, mostly mimicking the
genetic abnormalities identified in patients, including loss-
of-function mutations, gene duplications, and mis-sense
point mutations, have contributed significantly to our
understanding of the synaptic, circuit, and behavioral basis

of ASD [15, 16, 22, 43, 44]. A number of mouse models of
syndromic ASD display social impairment and repetitive
behavior, the core features of ASD, although they vary
widely in additional co-morbidities, and in alternations in
excitatory and inhibitory synaptic transmission in various
neuronal circuits. In investigating synaptic alterations in
ASD mouse models, Wang et al. [45] examined spine
density changes in two relatively well-characterized mouse
gene-duplication models of ASD, namely the MECP2
duplication and human chromosome 15q11-13 duplication
models. They found that, in the mouse primary
somatosensory cortex, 15q11-13 duplication mostly affects
spine formation at 1 month of postnatal development,
while MECP2 duplication interferes with spine pruning at
3 months, without significantly affecting spine formation.
To study the function of ASD genes in specific circuits and
at specific time points during development, it is important
to induce the genetic changes with cell-type and spatial—
temporal specificity. The review by Hulbert and Jiang
discusses the currently-available tools and assays for
investigating ASD in rodent models, comprehensively
reviewing the genetic tools available through the Cre/LoxP
system for inducing genetic alterations in specific cell types
and brain regions with temporal control [46]. The authors
also summarize the results of published studies using
existing mouse models of ASD in combination with these
available genetic tools [46]. An exciting recent develop-
ment in ASD research is the generation of a non-human
primate ASD model through MECP2 overexpression,
mimicking the MECP2 duplication syndrome in humans
[47]. The review by Qiu and Li provides an overview of the
existing non-human primate models of brain disorders and
describes recent advances in gene-editing technology,
advances that will likely accelerate the development of
other ASD models in non-human primates [48]. Based on
the close evolutionary relationships between non-human
primates and humans, as well as similarities in their brain
structure, non-human primate models of ASD will likely
contribute significantly to understanding the circuit basis of
ASD, as well as to testing new treatment strategies.

We live in an exciting time for ASD research, with
advances at the genetic, molecular, and circuit levels
emerging rapidly, and new diagnostic and treatment tools
increasing being tested and becoming available. While by
no means comprehensive, this Special Issue on ASD, with
its reviews and original articles, is intended to provide a
flavor of ongoing research progress. We sincerely hope
that our efforts will contribute to generating more
excitement in ASD research, and ultimately help children
and families affected by ASD in a meaningful and fruitful
manner.
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Abstract Dysfunction of brain-derived arginine-vaso-
pressin (AVP) systems may be involved in the etiology of
autism spectrum disorder (ASD). Certain regions such as
the hypothalamus, amygdala, and hippocampus are known
to contain either AVP neurons or terminals and may play
an important role in regulating complex social behaviors.
The present study was designed to investigate the con-
comitant changes in autistic behaviors, circulating AVP
levels, and the structure and functional connectivity (FC) of
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specific brain regions in autistic children compared with
typically developing children (TDC) aged from 3 to
5 years. The results showed: (1) children with ASD had a
significantly increased volume in the left amygdala and left
hippocampus, and a significantly decreased volume in the
bilateral hypothalamus compared to TDC, and these were
positively correlated with plasma AVP level. (2) Autistic
children had a negative FC between the left amygdala and
the bilateral supramarginal gyri compared to TDC. The
degree of the negative FC between amygdala and supra-
marginal gyrus was associated with a higher score on the
clinical autism behavior checklist. (3) The degree of neg-
ative FC between left amygdala and left supramarginal
gyrus was associated with a lowering of the circulating
AVP concentration in boys with ASD. (4) Autistic children
showed a higher FC between left hippocampus and right
subcortical area compared to TDC. (5) The circulating
AVP was negatively correlated with the visual and listen-
ing response score of the childhood autism rating scale.
These results strongly suggest that changes in structure and
FC in brain regions containing AVP may be involved in the
etiology of autism.

Keywords Autism - Children - Arginine-vasopressin -
MRI - Structure - Connectivity - Behavior

Introduction

Autism spectrum disorder (ASD) is a developmental dis-
order with a high incidence and the symptoms may be life-
long. ASD is characterized by impaired social interaction
and communication as well as repetitive behaviors. In the
United States, ASD affects 14.7 per 1,000 (1/68) children
[1], and an estimated prevalence of 4.1 per 1,000 has been
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reported in China [2]. Besides, the prevalence is three to
five times higher in boys than girls worldwide [1, 3, 4].

Arginine-vasopressin (AVP) and oxytocin (OXT) are
nonapeptides with similar primary sequences, mainly
synthesized in the hypothalamus. In the last decade, AVP
and OXT have attracted more attention as neuropeptides in
the central nervous system [5, 6] in addition to their
peripheral effects on vascular and uterine smooth muscles.
In the brain, AVP and OXT are released through a para-
crine process into extra-hypothalamic areas and along the
axonal projections to remote nuclei including the amygdala
and hippocampus [6, 7], both of which are believed to be
involved in certain mental diseases. Several lines of evi-
dence suggest that dysfunction of the AVP and/or OXT
system in these areas may be involved in the pathogenesis
of ASD. These peptides are known to be heavily involved
in the regulation of complex social cognition and behaviors
[8-11], and impairment in social interaction is one of the
core symptoms in ASD. Both AVP and OXT have been
shown to play roles in neural development, and their
receptors are highly expressed and constantly remodeled in
the immature brain [7, 12—-14]. Besides, the distribution of
their receptors and the function of AVP/OXT in regulating
behaviors are sexually dimorphic, especially during brain
development [15—18]. Similar sexual dimorphism has also
been noted in children with ASD.

Pharmacological studies have provided strong evidence
that interfering with the AVP/OXT system results in
changes in social behaviors in normal individuals and
affects the symptoms in patients with ASD. Results from
brain-imaging studies in healthy people have shown that
intranasal AVP enhances emotion processing [19], altru-
istic interaction [20], and social recognition [21]. Intranasal
OXT has been reported to improve trust [22], emotion
processing [23-26], altruistic interaction [20], and empathy
[27] in healthy participants. Recent studies have demon-
strated that intranasal OXT improves the ability to infer the
social emotions of others in autistic adults [28] and
enhances brain function in children with autism during
judgments of social/non-social pictures [29].

However, few studies have explored the relationship
between dysfunction of the AVP system and abnormalities
of the structure or function of brain regions in autistic
patients, especially in very young children. Our previous
studies have demonstrated that transcutaneous electrical
acupoint stimulation (TEAS) improves autistic behaviors
in children, possibly by enhancing the action of the AVP
system [30]. In addition, Carson and colleagues recently
found that plasma AVP concentrations can be used to
predict AVP levels in the cerebrospinal fluid of children,
and might serve as a biomarker for social function in
children with autism [31, 32]. Therefore, changes in plasma

AVP may be used as a less invasive approach to moni-
toring changes in the central AVP level in children.

Based on these findings, we designed a study using
volumetric and functional connectivity measures with
magnetic resonance imaging (MRI) techniques in an effort
to answer the following questions: (1) whether the nuclei
(i.e., hypothalamus, amygdala, and hippocampus) con-
taining AVP perikarya or terminals show morphological
abnormalities in children with ASD compared with typi-
cally-developing children (TDC); (2) whether these struc-
tures have aberrant connections with other areas in children
with ASD; and (3) whether brain dysfunction is correlated
with changes in the plasma level of AVP. To our knowl-
edge, this is the first study to quantitatively explore a
possible association between circulating AVP and the
findings from MRI in children with ASD.

Materials and Methods
Participants

This study was approved by Peking University Institutional
Review Board (IRB00001052-13079). The purposes and
procedures were described orally to the parents of all the
children, with question-and-answer sessions. Each partici-
pant’s parent(s) gave informed consent. Children with ASD
were recruited from the Sunshine Friendship Rehabilitation
Center for Children with Autism, Beijing, China. Twenty-
one children with ASD aged between three and five years
were recruited. Nineteen of the 21 completed MRI scan-
ning. Two were excluded before completion of MRI
scanning: one with a history of epilepsy, and one who woke
up during the scan. Of the 19 scanned children with ASD, 4
were excluded because of abnormal brain structure (one
had cavum septum sellucidum, one had a cortical devel-
opmental issue, and two had myelin dysplasia). One child’s
data were discarded in the pre-processing due to head
motion (>3 mm or 3°). Thus, high-quality functional and
structural MRI data were successfully acquired from a total
of 14 children with ASD (12 boys and 2 girls). Fourteen
age- and gender-matched TDC (10 boys and 4 girls) were
recruited and completed scanning. All participants in the
study were Han Chinese.

Diagnoses and Assessments of ASD

All the participants with ASD met the conditions of the
International Statistical Classification of Diseases and
Related Health Problems, 10™ revision [33], and the
Diagnostic and Statistical Manual of Mental Disorders IV-
Text Revision [34]. The Childhood Autism Rating Scale
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(CARS)[35] was used in 13 of the autistic children (one
missed the evaluation) by the same experienced psychia-
trist (MXJ). Children with ASD were excluded if they also
had other neurodevelopmental diseases or psychiatric dis-
orders, or had a history of using antipsychotic drugs. TDC
were screened by an experienced pediatric psychiatrist
(JSZ) to exclude any mental disorders.

Both children with ASD and TDC were assessed for
autistic symptoms by their parent(s) using the following
scales, with the exception of one child with ASD whose
questionnaire was technically invalid. (1) The Autism
Behavior Checklist (ABC), includes a series of atypical
behaviors in five subdomains: sensory, relating, body and
object use, language, and social and self-help [35, 36]. (2)
The Autism Spectrum Quotient Children’s Version (AQ-
Child), consists of 50 descriptive statements designed to
detect autistic traits. And these statements were designed to
assess the phenotype in five areas: social skills, attention
switching, attention to details, communication, and imag-
ination [37, 38].

Collection of Blood Samples

Blood samples from all autistic children who completed
MRI scanning were collected by a pediatric nurse in the
morning between 08:00 and 10:30, no more than 7 days
after MRI scanning. To minimize the potential impact of
eating and drinking, parents were asked to ensure that their
child fasted overnight and no more than 100 mL of fluid
was taken. Five milliliters of venous blood was drawn into
an EDTA tube (Becton, Dickinson and Co., Franklin
Lakes, NJ) containing 2500 KIU aprotinin (Sigma-Aldrich,
St. Louis, MO) and gently mixed. The samples were kept
on ice for 15-30 min and centrifuged at 1600 g for 15 min
at 4 °C. The plasma samples were divided into Eppendorf
tubes (700 pL/tube) and frozen at —80°C until assay.

Imaging Data Acquisition

To keep the young child’s head still during scanning,
children were sedated [39, 40] with oral chloral hydrate (50
mg/kg body weight; maximum dose, 1 g). The child was
put into the scanner after falling asleep for ~ 10-15 min.

Images were acquired in a GE Discovery MR750 3.0T
scanner at Peking University Third Hospital. T1-weighted
anatomical images in the sagittal plane were collected with
a 3D fast spoiled gradient echo sequence: repetition time
(TR) = 4.9 ms, echo time (TE) = 2 ms, flip angle = 15°,
field of view (FOV) = 240 mm, in-plane resolution = 1 x 1
mm?, slice thickness = 1 mm, 170 slices. Functional images
were collected axially using a gradient-echo echo-planar
sequence sensitive to BOLD contrast. The acquisition
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parameters were as follows: TR = 3,000 ms, TE = 20 ms,
flip angle = 90°, FOV = 240 mm, in-plane resolution = 2 x
2 mm?, slice thickness = 3 mm, slice gap = 0.3 mm, 41
slices. Children with abnormal brain structures were
excluded by two neuro-radiologists (YL and XZZ).

Structural Imaging Analyses

Structural images were processed with SPMS8 (http://www.
fil.ion.ucl.ac.uk/spm) and VBMS8 toolbox (http://dbm.
neuro.unijena.de/vbm) within the MatLab R2014a pro-
gramming environment (The MathWorks, Natick, MA).
Since the participants were pre-school children, a cus-
tomized template and tissue-probability map (TPM) were
created for the subsequent voxel-based morphometric
analysis. T1 data from 12 additional age-matched children
(2-6 years) acquired with the same sequence were
retrieved from the hospital database, giving a total of 40
children, in order to calculate the template and TPM. The
customized TPM was calculated in MNI (Montreal Neu-
rological Institute) space with the TOMS toolbox (http://
irc.cchmc.org/software/tom.php) [41]. In addition, an
average DARTEL (Diffeomorphic Anatomical Registra-
tion Through Exponentiated Lie Algebra) template of all
the 40 children in MNI space was constructed using the
DARTEL suite in SPM8. The customized template was
then implemented into VBMS8 as the high-dimensional
DARTEL approach, while the affine-registered gray matter
(GM) segments were warped to the averaged template and
modulated. Raw volumes for GM, white matter (WM),
cerebrospinal fluid (CSF), and total intracranial volume
(TIV) were calculated in native space.

The normalized GM images were smoothed for a kernel
with 8-mm full-width-at-half-maximal (FWHM). The two-
sample #-test was applied to compare the voxel-based gray
matter density between groups. The single-voxel threshold
was set at P <0.01 and a minimal cluster size of 626 voxels
was used to correct for multiple comparisons. The cor-
rected threshold was determined by 5000 Monte Carlo
simulations (FWHM = 8 mm, cluster connection radius:
rmm = 5, with a mask of whole-brain GM at a resolution of
1.5 x 1.5 x 1.5 mm?>). Parts of the positive results were
further analyzed for volume measurement.

Regions of interest (ROIs) including the amygdala,
hippocampus, and hypothalamus were extracted from the
T1-weighted original space of each participant, manually
traced by an experienced rater (XJS) using 3D Slicer
(http://www.slicer.org) [42]. The locations of ROIs are
described in the supplementary material. There was good
test-retest reliability for the amygdala (Cronbach’s o =
0.992), hippocampus (Cronbach’s o = 0.995), and
hypothalamus (Cronbach’s o = 0.991).
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Functional Imaging Analyses

Pre-processing of the functional images was analyzed with
SPMS. The first 10 volumes were discarded and the
remaining volumes were then realigned and corrected for
slice timing. Each child’s T1 and fMRI images were first
normalized to the custom template, and the customized
template was normalized to the default EPI (echo-planar
imaging) template with a voxel size of 3 x 3 x 3 mm”.
After that, the parameter was applied to the normalized T1
and fMRI images, and finally smoothed at FWHM = 8 mm.
The inclusion criteria for head motion were <3 mm
translation and 3° rotation. One child with ASD was
excluded due to head motion.

The functional connectivity (FC) analyses were pro-
cessed using the REST V1.8 toolkit (http://resting-fmri.
sourceforge.net) [43]. To remove the linear trend and
reduce the effect of low-frequency drift and high-frequency
noise, de-trending and band-pass filtering (0.01-0.08 Hz)
were applied. To further control the non-neural noise, the
six head motion parameters, the WM signal, the CSF signal
and the global mean signal [44] were regressed out as
covariates.

Due to the prior significant VBM (voxel-based mor-
phometry) results and knowledge of the structure-function
relationships of the central AVP/OXT systems, the left
amygdala and left hippocampus were set as seed points
based on automated anatomical labeling [45] of template-
defined regions. Voxel-wise functional connectivity was
calculated for each seed point. Analyses of covariance were
then performed in the two groups (TDC and ASD) with
covariates of age and gender. Pearson’s correlation coef-
ficients between the significant brain regions were com-
puted and normalized to z-values using Fisher’s z
transformation for further analyses.

The statistical maps were corrected for multiple com-
parisons using cluster thresholds performed in the Alpha-
Sim module of the REST toolbox. As determined by 5,000
iterations of Monte Carlo simulation (single P value = 0.05,
FWHM = 8 mm, cluster connection radius: rmm = 5, with a
mask of whole-brain GM with a resolution of 3 x 3 x 3
mm3), the minimum cluster size was 259 voxels.

Biochemical Analyses

Plasma AVP concentrations were determined by enzyme
immunoassay (EIA) (Enzo Life Sciences, Plymouth
Meeting, PA). After extraction of AVP with acetone and
petroleum ether, the assay was performed according to the
manufacturer’s instructions. The EIA was highly sensitive
with a detection limit of 3.39 pg/mL for AVP. The cross-
reactivity with related peptides in human was <0.001%.
The r-values of standard curves for the assays were >0.999.

Statistics

Analysis of the non-imaging statistical data was performed
in IBM SPSS Statistics 20.0 and Amos 20.0 (IBM, Armonk,
NY). The demographics (except for gender) and scale
characteristics were all normally distributed (Tables S1 and
S2) and were compared between the two groups using the
independent-sample ¢ test. Data are expressed as mean =+ SD.
Gender comparison was made using the y? test. Differences
in global tissues (GM, WM, CSF, and TIV) and brain regions
were assessed with multivariate analysis of variance. To
explore associations between the functional connectivity and
behavioral scores or biochemical indices, Pearson correla-
tions were used for normally-distributed data and Spearman
correlations were used for non-normally-distributed data.

A structural equation model was used to clarify the
relationships among plasma neuropeptides, functional
connectivities, and behaviors. A P value >0.05 indicates an
acceptance of the assumptive model. The fitness of the
model was assessed by the goodness-of-fit index (GFI) and
adjusted GFI (AGFI) in which >0.9 was considered to
indicate a good fit. A root-mean-square error of approxi-
mation (RMSEA) value of ~0.08 or less indicated a rea-
sonable error of approximation.

Results

Demographic Characteristics and Behavioral
Measurements

Children with ASD and TDC were matched for age (t =
1.465, P = 0.1548) and gender (X2 = 0.849, P = 0.3570).
Children with ASD had significantly higher scores in the
ABC (F = 6.128, P <0.0001) and AQ-Child (F = 5.617,
P <0.0001) than TDC (Table 1), as expected.

Correlations Between Plasma AVP and Symptoms

Spearman correlations were used to explore the correla-
tions between the plasma concentrations of the neuropep-
tide and behavioral scores. The plasma AVP level was
negatively correlated with the visual and listening response
score (r = —0.634, P = 0.020) in CARS (Fig. 1). This result
implies that an abnormal level of plasma AVP is associated
with visual experience and auditory sense impressions.

Structural Differences Between ASD and TDC
In the VBM analyses, no significant differences were found
in the raw volumes of GM, WM, CSF, and TIV between

the ASD and TDC groups before and after covariates were
controlled (Table 2). Voxel-wise whole-brain comparison

@ Springer


http://resting-fmri.sourceforge.net
http://resting-fmri.sourceforge.net

134

Neurosci. Bull. April, 2017, 33(2):130-142

Table 1 Demographic
characteristics and behavioral

measurements of participants.

Variables TDC ASD t or xz P value
Number of participants 14 14 NA NA
Age range 3.0-5.5 2.9-5.0 NA NA
Mean age + SD 4.5 £ 0.74 4.1 £0.72 1.465% 0.1548
Gender (boy:girl) 10:4 12:2 0.849° 0.3570
CARS score (mean + SD) NA 35.38 + 4.00 NA NA
ABC score (mean £ SD) 10.71 £ 10.63 53.46 £ 22.97 6.128% <0.0001
AQ-Child score (mean £ SD) 17.29 £ 4.92 29.84 £ 6.63 5.617% <0.0001

CARS childhood autism rating scale, ABC autism behavior checklist, AQ-child autism spectrum quotient
children’s version, TDC typically developing children, ASD autism spectrum disorder

* Independent-sample ¢ test, ¢ score

% test, y2
(0]
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3 o) 3.51
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q) Y
+— O
2 2 251
©
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© %504
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5 10
Plasma AVP (pg/mL)

Fig. 1 Correlations between CARS score and plasma AVP level in
children with ASD. The visual and listening response score of CARS
was negatively correlated with plasma AVP concentration. AVP,
arginine-vasopressin; CARS, Childhood Autism Rating Scale.

showed that specific cortical and subcortical areas were
significantly enlarged in the ASD group compared to the
TDC group (P <0.01, corrected; cluster size >626 voxels):
the bilateral insula, putamen, parahippocampus, hip-
pocampus, and amygdala (Fig. 2).

Additional volume measurements of nuclei were then
performed according to the voxel-based results, including
the bilateral hypothalamus where AVP is synthesized as
well as the bilateral amygdala and hippocampus as regions
innervated by central AVP neurons. The results showed
that the volumes of the left amygdala (1.39 + 0.18 cm® for
ASD, 1.27 £ 0.11 cm® for TDC; F = 4.520, P = 0.045) and
the left hippocampus (3.54 + 0.44 cm® for ASD, 3.24 +
0.39 cm® for TDC; F = 4.548, P = 0.043) were significantly
enlarged in children with ASD. When controlling for the
effects of age and gender, the volume of the left amygdala
remained significantly larger than that in TDC (F = 6.46,
P = 0.018), but this was not seen in the left hippocampus
(F = 4.019, P = 0.056). Moreover, the volumes of the
bilateral hypothalamus were significantly lower (left: F' =
13.126, P =0.001; right: F=15.253, P =0.001) in the ASD
group (left: 0.50 % 0.07 cm?; right: 0.45 £ 0.05 cm’) than
in the TDC group (left: 0.59 4 0.06 cm?; right: 0.54 & 0.07
cm’), even when the effects of age and gender were care-
fully controlled (left: F = 12.017, P = 0.002; right: F =
12.006, P = 0.002).

Table 2 Tlssu§ comparison of Regions  Volume (cm®) Fscore P value  Corrected for covariates®

raw volume using voxel-based

morphometric analysis. TDC ASD

Mean SD Mean SD F score P value

GM* 729.43 4479 708.58 9234  0.578 0.454 1.220 0.280
WMP 378.40 3292 377.42 69.54  0.002 0.962 0.054 0.818
CSF* 16547  28.69 158.47 31.80 0.374 0.546 0.173 0.681
TIv¢ 127330 8834 124447 164.14  0.335 0.568 0.188 0.668

? GM, gray matter
® WM, white matter

¢ CSF, cerebrospinal fluid

d TIV, total intracranial volume

¢ covariates of additional analyses of age and gender; TDC, typically developing children; ASD, autism
spectrum disorder.
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Fig. 2 Enlarged brain areas in children with ASD compared to TDC
in the coronal, sagittal, and axial planes. Two clusters were
significantly larger in children with ASD than in TDC using voxel-
based morphometric analysis. The clusters included the bilateral
amygdala, hippocampus, parahippocampus, putamen, and insula. The

Correlation Between Plasma AVP and Volume
of Hypothalamus

Spearman correlation analysis demonstrated that the
plasma AVP concentration was positively correlated with
the total volume of the hypothalamus (r = 0.574, P =
0.0342). This result suggests that the AVP level is closely
related to the morphology of the hypothalamus (Fig. 3).

Analyses of Functional Connectivity
Seed Point Set in the Left Amygdala

The voxel-wise analyses revealed that both the right
supramarginal gyrus (rfSMG; P <0.05, corrected; cluster
size, 358 voxels; peak MNI coordinates, 60, —27, 30) and
left supramarginal gyrus (ISMG; P <0.05, corrected;
cluster size, 356 voxels; peak MNI coordinates, —54, —21,
24) showed significant negative FC to the left amygdala
(IAMG) in children with ASD compared to TDC when
controlled for age and gender (Fig. 4A-D). Correlation
analyses revealed that in children with ASD, significant
correlations existed between the FC of IAMG-rSMG and
total ABC score (r = —0.632, P = 0.020), and between the
FC of IAMG-rSMG and sensory ABC score (r = —0.677,
P = 0.011) (Fig. 4E, F). A strong negative FC was asso-
ciated with a high sensory score and the total ABC score.

Seed Point Set in the Left Hippocampus

The right basal ganglia and right thalamic area (rBG/TH)
were found to have a higher FC to the left hippocampus
(IHPC) in children with ASD than TDC (P <0.05, cor-
rected; cluster size, 325 voxels; peak MNI coordinates, 27,
—33, —6) with age and gender set as covariates (Fig. 5).

Amygdala

I
Hippocampus

enlarged brain areas are indicated by arrows on the customized
pediatric template. P <0.01, corrected. The cluster in the left
hemisphere was 2356 voxels, and the cluster in the right hemisphere
was 3790 voxels.

1300 =
—_
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S, 1100 = °
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> 2 8004 * P =0.0342
700 T T 1
0 5 10 15

Plasma AVP (pg/mL)

Fig. 3 Correlation between plasma AVP level and the volume of the
hypothalamus. The plasma level of AVP was positively correlated
with the volume of the bilateral hypothalamus, indicating that a
smaller hypothalamus may be predicted by a lower circulating level
of AVP.

Correlations Between Brain Function and Plasma
AVP

We further examined the connection between brain
function and plasma levels of AVP in autistic children.
Pearson correlation analyses revealed that only in boys
with ASD was there a significant positive correlation
between the FC of 1AMG-ISMG and plasma AVP con-
centration (r = 0.627, P = 0.029) (Fig. 6A). In all
children with ASD, there was a tendency for a negative
correlation between the FC of IHPC-rBG/TH and the
plasma level of AVP (r = —0.524, P = 0.055) (Fig. 6B).
These revealed that in children with ASD, especially
boys, a lower plasma AVP level is associated with more
aberrant FC.
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FC of IAMG-ISMG:
P <0.05, corrected,
cluster size = 356 voxels

FC of IAMG-rSMG:
P <0.05, corrected,
cluster size = 358 voxels

- n=13
0.2 r=-0632
P = 0.020
0.0 ey T T

Fisher Z-score Transformation of the M
Correlation Coefficient of IAMG-rSMG

-0.2+
-0.4-

® .
-0.64 Total Score of ABC

Fig. 4 Functional connectivities (FCs) between left amygdala and
bilateral supramarginal gyrus and correlations between the FCs and
behavioral scores. A, B The FC of IAMG-ISMG showed a significantly
stronger negative connection in children with ASD than the TDC
(P <0.05, controlled for age and gender, corrected; cluster size, 390
voxels, peak MNI coordinates, —54, —18, 24). C, D The FC of IAMG-
rSMG showed a significantly stronger negative connection in children
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with ASD than the TDC (P <0.05, controlled for age and gender,
corrected; cluster size, 358 voxels; peak MNI coordinates, 60, —27, 30).
E, F The FC of IAMG-rSMG was negatively correlated with both the
total ABC score and the sensory ABC score. ABC, Autism Behavior
Checklist; ASD, autism spectrum disorder; TDC, typically developing
children; MNI, Montreal Neurological Institute; IAMG, left amygdala;
ISMG, left supramarginal gyrus; rfSMG, right supramarginal gyrus.
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Fig. 5 Functional connectivity
between left hippocampus
(IHPC) and right basal ganglia/
thalamus (rBG/TH) was
significantly higher in children
with ASD than in TDC.

P <0.05, controlled for age and
gender, corrected; cluster size,
325 voxels; peak MNI
coordinates, 27, —33, —6. ASD,
autism spectrum disorder; TDC,
typically developing children;
MNI,Montreal Neurological
Institute.
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Fig. 6 Correlations between brain functional connectivities (FCs)
and plasma AVP concentrations in children with ASD. A FC of
IAMG-ISMG was positively correlated with plasma AVP concentra-
tion in boys with ASD. B FC of IHPC-rBG/TH showed a strong trend

Structural Equation Model in a Hypothetical
Pathway

Based on the above results, we constructed a hypothetical
pathway in children with ASD (Fig. 7A). The FC value of
IAMG-bSMG (bilateral supramarginal gyrus) was the
average of the FC values of IAMG-rAMG and 1AMG-
ISMG. The results seem to fit with a satisfactory model of a
pathway with the following data set: > = 0.233, P = 0.629,
df = 1, RMSEA <0.001, GFI = 0.990, and AGFI = 0.905.

Discussion

In the present study, we found evidence that the severity of
ASD is associated with changes in the morphology and
functionality of brain regions where AVP systems are

FC of IHPC-rBG/TH:
p < 0.05, corrected,
cluster size = 325 voxels

o]

0.8+

*%

-~

0.6+

0.4-

0.2
14

0.0

Fisher Z-score Transformation of the
Correlation Coefficient of IHPC-rBG/TH

D ASD

084 ©
064 ® So~o °

0.44 \\\

° n=14
r=-0.524

0.21 * P = 0.0547

0.0 T 1

5 10 15
Plasma AVP (pg/mL)

Fisher Z-score Transformation of the
Correlation Coefficient of IHPC-rBG/TH
/

for negative correlation with plasma AVP concentration in all
children with ASD. ISMG, left supramarginal gyrus; IHPC, left
hippocampus; rBG/TH, right basal ganglia/thalamus; AVP, arginine-
vasopressin. Filled circles denote boys; empty circles denote girls.

involved. When compared to TDC, the children with ASD
showed a decreased GM volume of the hypothalamus
where the somata of AVP neurons are located, and an
increased volume of the left amygdala and left hip-
pocampus where the terminals of AVP-containing neurons
reside. Additional functional analyses revealed a negative
FC between the IAMG and bilateral SMG as well as an
increased positive FC between the IHPC and rBG/TH in
children with ASD. In addition, plasma level of AVP
seemed to be useful for predicting the FC between the
IAMG and ISMG in boys with ASD.

Aberrant Morphology Suggests Dysfunction
of the AVP/OXT Systems

Our data are in line with the results of several previous
studies. For example, an enlarged amygdala and
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Fig. 7 Diagram of hypothetical central AVP system pathway in
children with ASD. (A) Hypothetical statistical model: x> = 0.233,
P =0.629, df = 1, RMSEA <0.001, GFI, 0.990; and AGFI, 0.905; el-
e3 indicate that errors could affect the model. (B) Diagram of
hypothetical pathway. The blood AVP may serve as a biomarker of
central AVP level. A descending AVP level impacts the function of
the left amygdala and left hippocampus, which further extend their
connectivity to other brain regions, resulting in various behavioral
disorders. Solid lines with one-way arrows indicate secretion and
projection. Broken lines with one-way arrows indicate a possible
impact on function. Broken lines with two-way arrows indicate the
possible functional connectivity between brain regions. AGFI,
adjusted goodness-of-fit index; AVP, arginine-vasopressin; df,
degrees of freedom; FC, functional connectivity; GFI, goodness-of-
fit index; RMSEA, root mean square error of approximation.

—)

hippocampus in young children with ASD has been
reported where endogenous AVP/OXT [6, 7] and admin-
istration of exogenous AVP/OXT seem to have a beneficial
effect on children/patients with ASD [10, 46]. In a review,
Courchesne and colleagues noted that the amygdala is one
of the most markedly overgrown areas in children with
autism [47]. Abnormal expansion of the amygdala is likely
to occur before 2 years of age [48, 49] and the degree of
abnormal expansion is positively correlated with the
severity of social and communication impairment [49]. The
hippocampus is also enlarged in children with autism, and

@ Springer

the abnormal developmental pattern is considered to affect
brain function [50-52].

The results of the present study show that volume of the
hypothalamus, where the somata of the AVPergic and
OXTergic neurons are located, is reduced in children with
ASD, even when controlled for covariates. This finding
was supported by the previous report that GM in the
hypothalamus is diminished in children with autism [53].
Moreover, correlation analysis revealed that a smaller
hypothalamic volume was associated with a lower plasma
AVP concentration. The reduction in the volume of the
hypothalamus might suggest dysplasia of neurons and/or
neuropil in the hypothalamus that leads to a low level of
AVP/OXT and the manifestation of autistic symptoms.
Here, we found no significant difference in whole-brain
volume between the ASD and TDC groups, suggesting that
the volume changes in the hypothalamus, amygdala, and
hippocampus were site-specific.

In addition, using imaging techniques, some genetic
studies in humans have demonstrated that the most com-
mon phenotype of oxytocin receptor gene mutations
(rs2254298 and rs53576) is shrinkage of the hypothalamus
[54, 55] and enlargement of the amygdala [55-57]. These
two gene mutations have been considered as candidate
gene mutations for autism, especially in the Chinese pop-
ulation [58]. Thus, impairments in the AVP/OXT systems
might be associated with aberrant brain morphology and
function in autism.

Negative Connectivity Between the Amygdala
and Supramarginal Gyrus May Affect
the Functionality of the “Social Brain”

The amygdala, a hub in the “social brain”, seems to play
key roles in emotion, social cognition, perception, and
affiliation [59]. The supramarginal gyrus, part of the mir-
ror-neuron system in the “social brain”, is involved in
language perception and processing [60]. It has been
reported in a resting-state fMRI study that the amygdala
had reduced functional connectivity within and between
the default mode network incorporating “social brain”
regions under ASD conditions in adults [61]. However, in
the present study, the TDC showed extremely week con-
nectivities between the left amygdala and bilateral supra-
marginal gyrus, which suggested there are different
connective patterns in healthy adults and young children.
Conversely, children with ASD showed an inhibitory
connection between the left amygdala and bilateral supra-
marginal gyrus. This aberrant connective pattern may
perceive information as aversive, causing failure of estab-
lishment of the social network. Furthermore, the FC seems
to be negatively correlated with the autistic symptoms: a
potentiation of the FC was associated with an augmentation
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of abnormal behavior and sensory deficit (Fig. 3E, F). It
should be pointed out that the changes in connectivity and
in GM volume occurred unilaterally in the present study.
This is not an unusual phenomenon in connectivity and
structural analysis using the fMRI technique since the left
and right hemispheres are not identical in structure or
function.

Animal experiments have shown that AVP has diverse
effects on social behavior across a variety of mammalian
species [62], suggesting that endogenous AVP may play a
similar role in modulating social communications in
humans. The present study revealed a strong association
between circulating AVP level and IAMG-ISMG connec-
tions: a low plasma AVP concentration was associated with
a strong negative IAMG-ISMG connection, a phenomenon
that appeared only in boys with ASD. In the rodent, AVP
immunoreactivity is more pronounced in the male brain,
implying that AVP may contribute more in regulating male
social behavior [63, 64]. These data indicate that the
function of the amygdala, which is one of the major nuclei
innervated by AVP-containing neurons from the hypotha-
lamus, is sexually dimorphic, a well-recognized phe-
nomenon seen in ASD.

Hyper-Connectivity of the Hippocampus and Basal
Ganglia/Thalamus May Imply Sustained Immature
Brain Function

Apart from the well-known function of hippocampus in
learning and memory, this region has also been implicated
in the regulation of affective states and emotional behavior.
It has also been implied to work through inhibitory con-
nections with many subcortical structures to relieve the
stress response [65]. The basal ganglia and thalamus, on
the other hand, might play a critical role in the develop-
ment of emotion, motivation, and multimodal cognition
beyond simple sensorimotor function [66]. Similar to our
study, some previous studies have found hyper-connectiv-
ity in subcortical regions [67-70] in ASD patients, such as
the thalamus/basal ganglia and sensorimotor regions.
Supekar and colleagues assumed that, in healthy individ-
uals, the functional brain networks in childhood are more
strongly connected between subcortical and paralimbic
areas, whereas in adolescents and adults a stronger cortico-
cortical connectivity may exist among the paralimbic,
limbic and association areas [71]. Hence, the hyper-con-
nectivity of the IHPC and rBG/TH may reflect develop-
mental retardation of the autistic brain, which has been
regarded as a specific feature in the ASD brain.
Moreover, AVP-containing neurons clearly play an
active part in the connectivity between the IHPC and rBG/
TH: a higher plasma AVP concentration might predict a
lower connectivity between the THPC and rBG/TH in

children with ASD. However, the mechanism is still
obscure and deserves further investigation.

A Hypothesized Framework of the Central AVP
System in Relation to Social Behavior

In summary, it is hypothesized that in children with ASD,
abnormal development and dysfunction of the hypothala-
mus may impact the brain AVP system that leads to a state
of stronger negative-connectivity between the IAMG and
bilateral SMG (limbic-association area connectivity) and a
state of hyper-connectivity between the IHPC and rBG/TH
(limbic-subcortical area connectivity). These aberrant brain
connections may eventually result in abnormal emotion,
language and social interactions in children with ASD
(Fig. 7B).

On the other hand, the peripheral AVP level may be
taken as a predictive index to reflect the central AVP level
and related symptoms in children with ASD. Carson and
colleagues found that AVP concentrations in plasma and
CSF are positively correlated in children [31, 32]; lower
plasma AVP concentration is correlated with lower social
function [32]. Nevertheless, the relationship between cen-
tral and peripheral AVP levels remains controversial. The
results may be influenced by the age of participants and
their physiological status during sample collection. In the
present study, the age of the participant children had a
relatively narrow range and a strictly-controlled dietary
status during blood collection. The results showed that the
plasma AVP concentration was significantly correlated
with the behaviors, hypothalamic volume, and functional
connectivities. Besides, our previous interventional study
demonstrated that an increased plasma AVP level was
positively correlated with behavioral improvement in
children with ASD [30]. These data suggest that the
peripheral level of AVP may reflect that of the central
level.

Limitations and Future Directions

In the present study, efforts were made to explore the
differences in brain function between children with ASD
and TDC following sedation with oral chloral hydrate.
Chloral hydrate is a safe and commonly-used sedative
during pediatric examinations, such as MRI and CT, since
sometimes it is difficult to complete the procedures under
awake or natural sleep conditions, especially in toddlers
and preschoolers. There is always a concern whether the
abnormalities are artifacts of chloral hydrate. There are
only limited studies in literature to show the effects of
chloral hydrate on brain activity. Rodent experiments have
shown that normal low-frequency fluctuations in the BOLD
signal can be detected [72] and visual and auditory cortices
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can be activated in children with chloral hydrate-induced
sedation [73], suggesting that brain function can be studied
under chloral hydrate sedation in certain individuals.
Though the inter-hemispheric FC has been shown to be
lower in mice treated with alpha-chloralose than in awake
mice [74], we believe that the major differences in con-
nectivity detected in the present study were not
attributable to chloral hydrate since the TDC group was
sedated in the same way. However, caution should be taken
when interpreting the data since natural sleep and chloral
hydrate-assisted sleep are not the same.

Our sample size was relatively small and future studies
with larger sample sizes are warranted to confirm the
results with greater confidence. The blood collection and
analysis of plasma AVP were done only in the autistic
children who had completed the MRI scanning. The
interpretation of the data would be more convincing if
plasma AVP levels had also been obtained from TDC.

In addition, we focused only on abnormalities of the
AVP system in ASD. It would be interesting to investigate
both AVP and OXT in future studies, and explore the
possible interactions between these two neuropeptides and
brain function.

Conclusions

To the best of our knowledge, this is the first study to
explore the links among circulating AVP, brain imaging,
and behaviors in young children with ASD. The hypotha-
lamus on both sides was found to be shrunken, and this was
associated with a lower AVP level. Besides, the left
amygdala and left hippocampus were enlarged in children
with ASD. All these findings indicate an aberrant mor-
phology of AVPergic neurons. Stronger negative connec-
tivity between the left amygdala and bilateral
supramarginal gyrus and stronger positive connectivity
between the left hippocampus and right basal ganglia/tha-
lamus were found in children with ASD compared to TDC.
These aberrant FCs revealed in autistic children seem to be
associated with the degree of severity of symptoms and
reduction of plasma AVP. Moreover, AVP might be one of
the neurochemical candidates that affect certain brain
functions and in turn affect autistic behaviors. These
findings may be beneficial for understanding the etiology
and neurobiological basis of ASD.
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Abstract Autism spectrum disorder (ASD) encompasses a
complex set of developmental neurological disorders,
characterized by deficits in social communication and
excessive repetitive behaviors. In recent years, ASD is
increasingly being considered as a disease of the synapse.
One main type of genetic aberration leading to ASD is gene
duplication, and several mouse models have been gener-
ated mimicking these mutations. Here, we studied the
effects of MECP2 duplication and human chromosome
15q11-13 duplication on synaptic development and neural
circuit wiring in the mouse sensory cortices. We showed
that mice carrying MECP2 duplication had specific defects
in spine pruning, while the 15q11-13 duplication mouse
model had impaired spine formation. Our results demon-
strate that spine pathology varies significantly between
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autism models and that distinct aspects of neural circuit
development may be targeted in different ASD mutations.
Our results further underscore the importance of gene
dosage in normal development and function of the brain.
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Spine formation - Spinogenesis - Spine pruning - Gene
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Introduction

Autism spectrum disorder (ASD) encompasses a wide
range of neurological disorders with developmental ori-
gins, displaying a variety of symptoms and all including
the key characteristics of impaired social interaction and
excessive repetitive behaviors and/or restricted interests
[1]. These behavioral abnormalities are thought to be
caused by alterations in neural circuits. Based on accu-
mulating evidence demonstrating defects in synaptic
development and/or function in animal models of ASD and
in patients, autism has been considered as the disease of
synapse [2—7]. In fact, many genes underlying ASD encode
molecules that directly participate in and/or regulate
synaptic structure and function, including pre- and post-
synaptic scaffolds, subunits of neurotransmitter receptors
and synaptic adhesion molecules [4-6, 8-10]. Over 90% of
excitatory synapses in the brain are located on dendritic
spines [11], which are small and thorn-like protrusions
extending from the dendritic shaft. Spines undergo dra-
matic changes during development, in species ranging from
rodents to humans [12-19].

Spines form rapidly during early postnatal life via a
process called “spinogenesis”, which usually lasts 3—4
postnatal weeks in mice [14, 17]. During adolescence, the
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brain undergoes a course of spine “pruning” or elimina-
tion, to remove excessive synaptic connections and
strengthen the physiologically useful/relevant connections
[12—-16, 18-21]. Both spinogenesis and spine pruning
contribute significantly to efficient neural circuit wiring
and normal brain function. In addition to their number, the
size and shape of spines are also important [22]. It has been
shown that the volume of spine head tightly correlates to
the area of postsynaptic density, as well as presynaptic
vesicle number [23], while the spine neck tunes the post-
synaptic response and also shows plasticity upon changes
in presynaptic inputs [24, 25]. Thus, measuring the number
and morphology of spines is potentially a simple and
effective way to assess changes in the synaptic connectivity
in ASD.

Up to date, hundreds of genes and genetic alterations
have been linked to ASD, including those affecting
synaptic function, those regulating gene transcription and
post-transcriptional modification, and those involved in
other important biological processes [2, 4-6, 8-10, 26-29].

It is of particular interest that copy number variations
(CNVs), large nucleotide (one kilobase to a few megabases)
duplications or deletions, contribute significantly to ASD.
CNVs can occur by inheritance or de novo mutation. De novo
CNV occurs in an offspring whose parents do not have the
genetic change and is more common in ASD than inherited
cases [9, 26-30]. Of the reported CNVs in ASD, several are
highly interesting in that both their deletion and duplication
lead to autistic phenotypes. A well-characterized example is
the X-linked Methyl-CpG-binding protein 2 (MECP2), loss-
of-function of which results in Rett syndrome [31-33] while
its duplication leads to many autistic symptoms including
lack of eye contact and verbal communication, loss of
speech, restricted interests and stereotypic behaviors
[33-35]. Another example is the 15q11-13 region of human
chromosome 15, which includes a series of imprinting genes,
as well as non-imprinting ones. Maternal deletion of this
region results in Angelman syndrome, paternal deletion
leads to Prader-Willi syndrome, while its duplication rep-
resents one of the most frequently reported CNVs in ASD.
All the three mutations share ASD features [27, 30, 36]. The
observation that deletion and duplication of the same gene or
chromosomal region can result in a similar phenotype
underscores the importance of gene dosage to neural circuit
development and function [35, 26, 27, 29, 30, 33].

In recent years, a number of mouse models of human
ASD mutations have been generated. Here we examined
two of the better-characterized gene/chromosomal dupli-
cation mouse models, the MECP2™! mouse model of
MeCP2 duplication syndrome [33, 37], and the 15q11-13
duplication mouse model that mimics duplication of human
chromosome 15q11-13 region [36, 38]. We quantitated
changes in spine density and morphology in these mice in
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the primary somatosensory and visual cortices at different
developmental stages, as indicators of changes in neural
circuitry.

Materials and Methods
Animals

All experimental procedures were approved by the Insti-
tutional Animal Care and Use Committee of the Institute of
Neuroscience, Chinese Academy of Sciences (Shanghai,
China), under protocol No. NA-003-2016. The hemizygote
MECP2™" mice (full name: FVB-Tg (MECP2)1Hzo/J;
JAX Stock No: 008679) [37] express full-length human
MECP2 under the endogenous human promoter, with
hemizygote males expressing the protein at ~2-fold
wildtype levels in the brain [37]. Only male MECP2"¢!
mice and age-matched wild-type littermates (all on FVB
background) of 1 and 3 months were used. The mouse
model of human 15ql11-13 duplication (on C57/BL6
background) carries an interstitial duplication of 6 Mb on
mouse chromosome 7B-C that corresponds to human
chromosome 15q11-q13, as previously described [38].
Both male and female mice and age-matched wild-type
littermates at postnatal day 14 (P14) and 1 month were
used, as the estrous cycle does not affect the spines in
female mice at this developmental stage.

Golgi Staining

Golgi staining was performed using the FD Rapid Gol-
giStainTM Kit (FD NeuroTechnologies, Columbia, MD),
according to the manufacturer’s instructions. Briefly, mice
were deeply anesthetized with 0.7% pentobarbital sodium.
The freshly dissected brain was immersed into a mixture
containing equal volumes of solution A and B at room
temperature for approximately 10 days. The brains were
then transferred into solution C for at least 48 h. Coronal
sections (150 pm) were prepared with a freezing micro-
tome. Sections were stained using solutions D and E after
mounting onto the slides.

Image Acquisition and Analysis

Stained sections were imaged using a Zeiss LSM PASCAL
confocal microscope (Carl Zeiss, Jena, Germany), equip-
ped with a 63 x oil immersion Plan-Apochromat objective
(N.A = 1.4) and at 2x optical zoom. The basal dendrites of
layer 2/3 pyramidal neurons in S1BF and V1 were imaged.
All images were coded with computer-generated random
number sequence (https://www.random.org/sequences/) at
the time of acquisition and analyzed blinded to the
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experimental condition. Original images were used to
measure dendrite branch length and count spine number
using Image-Pro Plus (Media-Cybernetics, Silver Spring,
MD). Spine density was calculated as the number of spines
per micrometer dendrite. Protrusions longer than 3 pum
were considered as filopodia and were analyzed separately
for P14 mice. The criterion for spine subtype classification
was as previously described [15]. The proportion for each
spine subtype was calculated as the percentage of total
spines on the dendritic segment. Only images with suffi-
cient quality to clearly distinguish and measure the spine
shape were used for spine subtype classification. For
example images, bright field original images were pro-
jected at minimal intensity and inverted, followed by
background subtraction and brightness/contrast adjustment,
using Fiji/ImageJ (NIH, Bethesda, MD). Paired example
images were adjusted with the same parameters.

Statistics

Statistical tests were carried out using GraphPad Prism 5
(GraphPad software, La Jolla, CA). Two-tailed Student’s ¢-
test was used for comparison between pairs of samples,
while one-way ANOVA followed by Tukey’s post hoc test
was used for comparison between multiple samples. For
spine subtype classification, two-way ANOVA followed by
Bonferroni post hoc test was used. Data were collected
from 3-6 mice for each condition, up to 10 images per
mouse. Results are shown as mean & SEM, and “n” refers
to the number of dendrites or neurons. All conditions sta-
tistically different from control are indicated: n.s., not
significant; *P < 0.05; **P < 0.01; ***P < 0.001.

Results

Impaired Spine Pruning and Maturation
in the Primary Somatosensory Cortex of MECP2"¢!
Mice

MECP? is one of the earliest autism genes identified. Its loss-
of-function mutations result in Rett syndrome [32, 33, 39],
while its overexpression leads to progressive neurological
symptoms with ASD features. Mice with doubled expression
of MECP2 (MECP2"8") [37] show a series of progressive
symptoms including social interaction deficits, aggressive-
ness, anxiety, behavioral seizures and abnormal electroen-
cephalographic traces [37, 40], similar to those observed in
MECP?2 duplication patients. These phenotypes can be res-
cued by re-normalizing Mecp2 expression in mice [41].
More recently, transgenic monkeys overexpressing human
MECP2 were shown to recapitulate the key behavioral fea-
tures of ASD, including impaired social interaction and

stereotypic behavior [42]. Importantly, these autism-like
behavioral defects were passed onto their offspring through
germline transmission [42].

Here we used the MECP2"®! mice [37] to investigate the
effect of MECP2 overexpression on dendritic spine density
and morphology in the primary sensory cortices at different
developmental stages using Golgi staining. In previous
work, we showed that spines in multiple sensory/motor
cortices underwent activity-dependent pruning between 1
and 3 months of post-natal development [15]. Since spine
pruning is highly development- and activity-dependent in the
basal dendrites of layer 2/3 pyramidal neurons in the barrel
field of primary somatosensory cortex (S1BF) [15], we first
assayed these neurons in MECP2"®' mice. The results
showed that spine density was not significantly different
between MECP2"¢" mice and wildtype littermate controls at
1 month (P > 0.05; Fig. 1A, B), indicative of normal
spinogenesis. By the age of 3 months, spines in SIBF of
wildtype mice have undergone spine pruning, as indicated by
the substantial reduction in spine density (P < 0.001;
Fig. 1A, B). However, in MECP2™®! mice, spine density at 3
months was significantly higher than that of wildtype litter-
mates (P < 0.01; Fig. 1A, B), and was only slightly lower
than that of 1-month MECP2T#! mice (P < 0.05; Fig. 1A,B;
percentage reduction in spine density between 1 and 3
months: wildtype, 23.1%; MECP2"®', 10.4%), suggesting
that spine pruning was impaired in MECP2"&" mice.

The pruning of some spines during the transition
through adolescence is accompanied by and coordinated
with the strengthening and maturation of the surviving ones
[15]. To examine whether MECP2 overexpression also
affected spine maturation, we analyzed spine maturity in
MECP2™®" mice and wildtype littermates by sorting spines
into 4 subtypes based on morphological criteria described
previously [15]. Spines with mushroom-like shapes typi-
cally contain larger postsynaptic densities and a well-
constricted spine neck, and thus are thought to be mature
and stable, while thin spines are found to be more motile
and immature [18, 21, 22]. We found that at 3 months, the
percentage of thin spines significantly increased while that
of mushroom spines decreased in MECP2™®' mice, as
compared to the wildtype littermates, suggesting that along
with the spine pruning defect, more spines failed to mature
in MECP2"®" mice. Together, these results showed that
both spine pruning and spine maturation were impaired in
S1BF of 3-month MECP2"" mice, while spinogenesis at 1
month was essentially intact.

Impaired Spine Pruning and Maturation
in the Primary Visual Cortex of MECP2"®' Mice

To determine whether the defects of spine pruning and
maturation observed in S1BF are specific to the
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Fig. 1 Spine pruning is impaired in MECP2™' mice in S1BF.
A Representative inverted Golgi staining images showing spines in
basal dendrites of layer 2/3 pyramidal neurons in S1BF, genotype and
age as indicated. Scale bar 5 pm. B Spine density in wildtype (WT)
and MECP2"®! mice at 1 month (WT, n = 38; MECP2"®!, n = 25) and

somatosensory cortex or common to multiple sensory
modalities, we further examined spine density and mor-
phology in the primary visual cortex (V1). Similar to our
results in S1BF, spine pruning, but not spinogenesis,
showed significant defects in V1 of MECP2"®' mice, as
demonstrated by the significant differences in spine density
between wildtype and MECP2™' mice at 3 months
(P < 0.001) but not at 1 month (P > 0.05) (Fig. 2A, B).
Notably, although spine density in SIBF of MECP2'!
mice was slightly lowered at 3 months as compared with
that at 1 month (P < 0.05; Fig. 1A, B), in V1 no reductions
were observed (P > 0.05; Fig. 2A, B; wildtype: 1 month,
0.76 <+ 0.02, 3 months, 0.64 & 0.02; MECP2"': 1 month,
0.72 £+ 0.04, 3 months, 0.74 £ 0.02). Consistently, an
increased portion of thin spines and a decreased portion of
mushroom spines were found in V1 of MECP2"¢" mice at 3

3 months (WT, n 44; MECP2™', n = 59). C Spine type
classification for WT and MECP2™! mice at 3 months. Data are
presented as mean =+ SEM. n.s. not significant, *P < 0.05,
**P < 0.01, **¥*P < 0.001.

months (Fig. 2C). The overall pattern and extent of chan-
ges in S1BF and V1 were very similar, suggesting that
MECP?2 duplication likely results in global defects in spine
pruning and maturation in the sensory cortices.

Spinogenesis is Impaired in 15q11-13 Paternal
Duplication Mice

Is the spine pruning defect we observed in MECP2"¢" mice
a common phenotype to multiple ASD models or specific
to the MECP2 duplication? To address this question and
further explore spine pathology in ASD, we used another
autism mouse model, in which the mouse chromosomal
region corresponding to human chromosome 15q11-13 was
engineered to be duplicated [38]. Since the duplicated
region in these mice contains a series of imprinting genes

A B C
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Fig. 2 Spine pruning is impaired in MECP2™®' mice in VI.
A Representative inverted Golgi staining images showing spines in
basal dendrites of layer 2/3 pyramidal neurons in V1, genotype and
age as indicated. Scale bar 5 ynm. B Spine density in WT and
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MECP2"8! mice at 1 month (WT, n = 32; MECP2™8!, n = 26) and 3
months (WT, n = 44; MECP2™', n = 54). C Spine type classification
for WT and MECP2™#! mice at 3 months. ***P < 0.001.
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expressed exclusively from the paternal or maternal copy
(Fig. 3A) [36, 38], we separately examined spine density in
mice carrying paternally (patDp/+) or maternally (matDp/
+) inherited duplication. We found that at 1 month, spine
density in patDp/+ mice was significantly lower than that
of wildtype littermates (P < 0.05; Fig. 3B, C) in S1BF,
indicating impairment of spinogenesis in these patDp/+
mice. Interestingly, matDp/+ mice showed no significant
differences in spine density as compared to wildtype lit-
termates (P > 0.05; Fig. 3D, see also Discussion). To
further characterize the defect in spinogenesis in patDp/+
mice, we assayed spine density at the earlier age of P14 and
found no significant differences (P > 0.05; Fig. 4A, B). At
this age, spine density was also not affected in matDp/+
mice (P > 0.05; Fig. 4A, O).

A considerable portion of spines come from filopodia
that extend from the dendritic shaft and probe around for
potential presynaptic partners. Once a filopodium “cap-
tures” a suitable axonal terminus, it could convert itself
into a spine; otherwise, it likely retracts [17]. This trans-
formation from filopodium to spine has been observed in
cultured hippocampal neurons, as well as in brain slices,
using live imaging [43, 44], and the synapse-like contacts
made between axons and filopodia have been observed by

contribute significantly to the formation of spines during
early development of the brain, and the number of filopodia
in early developmental stage may indicate the potential of a
neuron to grow spines during spinogenesis. Since P14 is
within the window of rapid filopodial dynamics, we also
measured the density of filopodia (protrusions longer than 3
um) in patDp/+ mice, and found it to be significantly
reduced (P < 0.001; Fig. 4D). This reduction likely con-
tributes to the reduction in spine density at 1 month in these
mice. Once again, no changes were observed in matDp/+
mice (P > 0.05, Fig. 4E). Together, these results demon-
strate a progressive impairment of spinogenesis that
selectively occurs in mice with the paternally inherited
15q11-13 duplication.

Spines are Less Mature in 15q11-13 Paternal
Duplication Mice

To examine spine maturation in 15ql11-13 duplication
mice, we analyzed spine morphology in patDp/+ and
matDp/+ mice at P14 and 1 month. At P14, spines were
mostly immature, as suggested by the large portion of thin
spines (Fig. 5A, B). We found that in patDp/+ mice, but
not in matDp/+ mice, the percentage of mushroom spines

electron microscopy [45]. Thus, dendritic filopodia  was reduced and that of thin spines increased
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Fig. 3 patDp/+ mice, but not matDp/+ mice, show delayed spine
maturation at 1 month. A Schematic representation of the 15q11-13
duplication region in human chromosome 15 (left) and the corre-
sponding region in mouse chromosome 7 (right). Genes expressed
paternally, maternally, and nonimprinting genes are respectively
marked in blue, red and green. Arrowheads indicate the border of
duplication segments. Schematic took reference from previous

WT patDp/+ WT matDp/+
literatures [38, 47]. B Representative inverted Golgi staining images
showing spines in basal dendrites of layer 2/3 pyramidal neurons in
S1BF of 1-month 15q11-13 duplication mice, genotypes as indicated.
Scale bar 5 pm. C Spine density in WT (n = 34) and patDp/+ (n =
25) mice at 1 month. D Spine density in WT (n = 38) and matDp/+
(n = 37) mice at 1 month. *P < 0.05.
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Fig. 4 patDp/+ mice, but not matDp/+ mice, show impaired filapodia
formation at P14. A Representative inverted Golgi staining images
showing spines in basal dendrites of layer 2/3 pyramidal neurons in
S1BF of P14 15q11-13 duplication mice, genotypes as indicated. Scale
bar5 pm. B Spine density in WT (n=29) and patDp/+ (n = 32) mice at
P14. C Spine density in WT (n =25) and matDp/+ (n =20) mice at P14.
D Filopodia density in WT (n = 29) and patDp/+ (n = 32) mice at P14.
E Filopodia density in WT (n =25) and matDp/+ (n = 20) mice at P14.
%P < 0.001.

correspondingly, as compared to wildtype littermates at
P14 (Fig. 5A, B), despite similar spine density between the
patDp/+ mice and wildtype controls. At 1 month, the
distribution pattern of spine subtypes was more mature
than that at P14 in all genotypes (Fig. 5C, D vs. 5A, B).
However, patDp/+ mice still possessed more thin spines
and less mushroom spines than their wildtype littermates
(Fig. 5C). Consistent with the spine density results, spine
maturation was not affected in matDp/+ mice at 1 month
(Fig. 5D). Together, these results demonstrate that in
addition to the impairment in generating spines, spines
formed in patDp/+ mice were also less mature. The
absence of these changes in matDp/4+ mice further
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Fig. 5 patDp/+ mice, but not matDp/+ mice, show impaired
spinogenesis and delayed spine maturation. A Spine type classifica-
tion in P14 WT and patDp/4 mice. B Spine type classification in P14
WT and matDp/+ mice. C Spine type classification in 1-month WT
and parDp/+ mice. D Spine type classification in 1-month WT and
matDp/+ mice. ***P < 0.001.

underscores the selective impact of this chromosomal
duplication depending on its genetic origin.

Discussion

Gene dosage is critical to the normal development and
functioning of the brain. This is particularly highlighted in
ASD where both loss-of-function and overexpression of
gene/chromosomal regions can lead to autistic phenotypes.
Here we show that early spinogenesis and later spine
pruning are respectively affected in two mouse models of
autism with gene duplication, the paternally-inherited
15q11-13 duplication mice and the MECP2 duplication
mice. The distinct spine abnormalities in these two autism
models likely reflect the diverse pathologies of the two
types of ASDs, with the 15q11-13 duplication primarily
impairing the initial establishment of neural connections
and the MECP2 duplication mainly targeting the later
refinement of neural circuitry. Our results complement the
findings of previous studies and provide further insight into
our understanding of diverse pathologies in ASD at the
level of synapses and neural circuits. These results raise the
importance of time windows for the optimal therapeutic
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intervention in the treatment of distinct ASD subtypes.
Spinogenesis and spine pruning at the population level in
the sensory cortices could further serve as a model for
assessing spine pathology in both animal models and
postmortem ASD patient tissues, using simple morpho-
logical methods such as Golgi staining.

Selective Abnormalities of Spines and Behaviors
in 15q11-13 Paternal Duplication Mice

The duplication of chromosomal 15q11-13 region is one of
the most frequently identified CNVs in ASD patients. It
encompasses a series of imprinting genes including the
maternally expressed Ube3a and Atpl0Oa, the paternally
expressed Snrpn, Mkrn3, Magel2, Necdin and snoRNAs, as
well as non-imprinting genes such as a subset of GABA
receptor subunits [36, 38] (Fig. 3A). Previous studies have
shown that the patDp/+ mice recapitulate some symptoms
of human ASD patients, including impaired social inter-
action in the three-chamber test, behavioral inflexibility,
decreased exploratory activity, impaired cerebellar plas-
ticity and motor learning deficits [27, 36, 38, 46, 47].
Further investigation found that serotonin signaling
decreased while dopamine signaling increased in these
mice, indicating defects of the neuromodulation systems
involved in emotion, motivation and social behaviors
[36, 38, 48]. Consistent with the results of these functional
analyses, we found that the patDp/+ mice displayed sig-
nificant and progressive defects in filopodia formation and
spinogenesis (Figs. 3-5), which could lead to inadequate
wiring of neural circuitry underlying the above-mentioned
functions and behaviors. Consistently, a recent study using
two-photon live imaging demonstrated increased spine
turnover in patDp/+ mice [49], suggesting that spines in
these mice are more motile and unstable, which may
account for the reduced spine density and immature spine
morphology observed in these mice (Figs. 3, 5). It is
somewhat surprising that all the behavioral, physiological
and morphological abnormalities reported thus far
[27, 36, 38, 39, 46—49], including ours (Figs. 3-5), were
restricted to patDp/+ mice, while the matDp/+ mice
seemed pretty normal, given that it is the maternal dupli-
cation of this chromosomal region that was thought to
cause autism in humans [50]. Although a recent detailed
human study showed that paternal duplications are also
pathogenic and increase risks for ASD, developmental
delay and multiple congenital anomalies [51], the “gap”
between the mouse model and human patients is still a
puzzling. We surmise that it may be due to the differences
in imprinting status and epigenetic control of specific
genes, in specific brain regions and between species [36].
In fact, some paternally expressed genes were found to be
reduced in post-mortem brain tissues of individuals with

maternal 15q11-q13 duplication [52], suggesting that gene
expression within 15q11-q13 is not based entirely on copy
number, and can be influenced by epigenetic mechanisms.
Further research is required to elucidate the precise
underlying mechanisms.

Distinct Spine Abnormalities in Multiple ASD
Mouse Models

ASD shows great diversity in both genetic etiology and
clinical manifestation [5, 6, 8, 10, 26, 27]. How to bridge
the gap between the genetic causes and the ASD symptoms
poses a major challenge to autism research. Previous
studies have demonstrated highly distinct spine phenotypes
in multiple autism mouse models with gene deletion/mu-
tation. For example, spine pruning defect was found in
Fragile X Mental Retardation 1 (Fmrl) knockout mice
[53, 54], while decreased spine density was observed in
Mecp2 knockout mice throughout development [55-57].
Additionally, studies using neuronal cultures or transgenic
mice have shown that spine density and/or shape were
altered after genetic manipulation of proteins implicated in
syndromic or non-syndromic autism, including neurexins/
neuroligins, Shank2/3, Epac2, Tscl/2, Ube3A and PTEN
[6]. Here we further expand our knowledge of ASD spine
pathology to two gene duplication mouse models. We note
that our results demonstrating spine pruning defects in the
basal dendrites of layer 2/3 neurons in the sensory cortices
of MECP2"™¢" mice (Figs. 1, 2) are consistent with and
complementary to work by Jiang ef al. in the apical den-
drites of layer 5 neurons, where they showed a delayed
pruning of spines on this dendritic segment in MECP2"¢!
mice [58]. Thus, overproduction of Mecp2 likely results in
a global effect across multiple layers of the cerebral cortex,
to slow down or inhibit the spine pruning process during
neural circuit refinement. We note that at 3 months, the
pruning process was completely blocked in V1 (Fig. 2A,
B) and only partially impaired in S1BF (Fig. 1A, B). Since
mice reared under standard laboratory conditions likely use
their tactile sensation more than their visual system, this
result is consistent with the activity-dependence of spine
pruning [14, 15].

Our existing knowledge of spine pathology in ASD
suggests potentially two major classes of abnormalities:
one is the insufficient genesis of spines seen in models
including Mecp2 knockout and 15q11-13 paternal dupli-
cation, which may result in a less connected and conse-
quently inadequate neural circuitry; the other is defects in
spine pruning as seen in MeCP2 duplication and Fmrl
knockout models, which may lead to an over-connected
and thus less efficient neural circuitry in adulthood. We
note that both the defects in spinogenesis and spine prun-
ing, as we identified here, are developmentally regulated.
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The spine formation defect in 15q11-13 paternal duplica-
tion mice was not significant until 1 month, while the
spinogenesis process seemed unaffected before the
MECP2"™" mice entered the spine pruning period. The
progressive feature of these spine abnormalities is consis-
tent with the gradually emerging and worsening of symp-
toms often seen in ASD patients. This diversity of spine
abnormality in autism mouse models further raises the
intriguing question of how distinct alterations of neural
circuits during different developmental stages lead to
common behavioral manifestations in ASD, including lack
of social communications and repetitive behaviors.

Insights from Another Gene Duplication Model

A good analogy of modeling gene-duplication-induced
autism in mice is the mouse models of Down syndrome
(DS), a disease caused by an extra copy of human chro-
mosome 21 (Hsa21) and characterized by intellectual dis-
ability, deficits in learning and memory and early-onset
Alzheimer’s disease [59-61]. Genes within the duplex
region of Hsa2l are synthetic to 3 regions located on
mouse chromosome 10 (Mmul0), Mmul6 and Mmul7
[59, 61]. Similar to DS patients, DS mouse models
including Ts65Dn [62, 63] and Ts1Cje [64, 65], two most
studied mouse models of DS, exhibit deficits in learning
and hippocampal-dependent memory, impaired long-term
potentiation (LTP) and altered excitatory/inhibitory bal-
ance [59, 61]. Interestingly, genes in Hsa2l have been
shown to affect spine morphogenesis separately, and DS
mouse models Ts65Dn, Tsl1Cje and TslRhr (trisomic
region: Ts65Dn > Ts1Cje > Tsl1Rhr) all show lowered
spine density and enlarged spine head with gradually
reduced severity (severity: Ts65Dn > Ts1Cje > Ts1Rhr)
[59, 66], indicating an additive/synergic effect of these
genes on spines. Given that decreased spine density is the
shared pathological change in DS and in some ASD mouse
models, including Mecp2 knockout [55-57] and 15q11-13
duplication (Fig. 3), and that intellectual disability also
occurs in a significant portion of ASD patients [5, 30, 66],
it is interesting to consider the potential crosstalk between
ASD genes and DS genes. In fact, it has been recently
proposed that the product of one of the DS genes, DS
critical region 1 (DSCRI1), interacts with the Fragile X
mental retardation protein (FMRP) to regulate the local
protein synthesis in spines [66]. However, how ASD is
linked to DS or other neuropsychiatric disorders mecha-
nistically remains unclear and requires further
investigation.
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Abstract The aim of this study was to explore the dif-
ferences between boys and girls in the diagnosis and
clinical phenotypes of autism spectrum disorder (ASD) in
China’s mainland. Children diagnosed with ASD
(n = 1064, 228 females) were retrospectively included in
the analysis. All children were assessed using the Autism
Diagnostic Interview-Revised (ADI-R) and Autism Diag-
nostic Observation Schedule (ADOS). The results showed
that girls scored significantly higher in ADI-R socio-
emotional reciprocity than boys, and also scored lower in
ADI-R and ADOS restricted and repetitive behaviors
(RRBs). Meanwhile, the proportions of girls who satisfied
the diagnostic cut-off scores in the ADI-R RRBs domain
were lower than in boys (P < 0.05). Our results indicated
that girls with ASD show greater socio-emotional
reciprocity than boys. Girls also tended to show fewer
RRBs than boys, and the type of RRBs in girls differ from
those in boys. The ADI-R was found to be less sensitive in
girls, particularly for assessment in the RRBs domain.
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Introduction

Autism spectrum disorder (ASD) is a set of heterogeneous
neurodevelopmental disorders characterized by develop-
mental delays in social communication and restricted and
repetitive behaviors (RRBs) [1]. Based on the most recent
epidemiological surveys, the global prevalence of ASD is
estimated to be 1%—2% [2, 3]. Males are disproportionately
represented at ~4:1 [4, 5]. While epidemiological studies
have confirmed the male dominance in ASD, the reason for
this is unclear. The original description, diagnostic criteria,
and clinical data for ASD were based almost solely on
males, with relatively few studies focusing on females.
Several studies have reported that females with ASD might
exhibit behaviors, cognitive functioning, neuroanatomy,
and gene expression patterns different from males [6-8].
However, the characterization of ASD in females is far
from complete.

Few studies have explored sex differences within the
core clinical phenotypes in children with ASD, and the
results are inconsistent. Some studies have reported greater
stereotypical play and RRBs in males with ASD. Bolte
et al. found that males exhibit more RRBs than females in
adult high-functioning autism as assessed using the Autism
Diagnostic Observation Schedule (ADOS) [9]. Hattier
et al. also reported a higher frequency of RRBs in adult
males regardless of age range as assessed using the
Stereotypies subscale of the Diagnostic Assessment for the
Severely Handicapped-II [10]. However, some investiga-
tors have found no such sex differences in the RRBs
domain [11, 12]. In the social communication domain,
Frazier et al. recently reported that females with ASD (age
range, 4-18 years) have greater social communication
impairment than males [13]. Hiller et al. reported that girls
with ASD are more likely to integrate non-verbal and
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verbal behaviors, maintain reciprocal conversation, and be
able to initiate friendships [14]. In contrast, other studies
have found no sex differences in early social-communication
skills [15]. Collectively, these studies suggest potential dif-
ferences in the symptoms of ASD between males and
females. However, a clear and consistent picture of the
clinical phenotypes of ASD in females has not yet emerged.
This may be due to variability in the age of patients, sample
sizes, diagnostic criteria, and assessment tools used in pre-
vious studies.

Females have been reported to be more likely to expe-
rience a lack of diagnosis, delay in diagnosis, and misdi-
agnosis. Goin-Kochel et al. reported that girls were
diagnosed later for Asperger’s disorder (average 8.9 vs.
7.0 years) and pervasive developmental disorder-not
otherwise specified (average 5.1 vs. 3.9 years), when
compared with boys [16]. Koenig and Tsatsanis high-
lighted that sex differences at the time of presentation have
not been sufficiently addressed in validation studies of the
key diagnostic instruments, such as the ADI-R and ADOS
[17]. There is a paucity of research addressing the validity
of diagnostic criteria, particularly in females. In addition,
symptom criteria or assessment items may be biased,
raising doubts about the criteria and content validity of the
ADI-R and ADOS diagnostic algorithms, especially in
relation to females.

Few studies have been conducted on sex differences in
core clinical phenotypes in children with ASD, specifically
in Asian populations. Early abnormal developmental dif-
ferences between boys and girls with ASD remain
unknown. The primary objective of the present study was
to explore sex differences in the domains of social com-
munication and RRBs in children with ASD in a large
sample from an Asian community. The second objective
was to retrospectively analyze the differences in early
abnormal development between boys and girls with ASD
based on the ADI-R. A third objective was to further
explore the differences in diagnostic cut-off scores for
ADI-R and ADOS between boys and girls with ASD.

Methods
Participants

The sample retrospectively included 1064 individuals (228
girls and 836 boys). These children were diagnosed with
ASD in a single-center clinic—The Child Developmental
& Behavioral Center in the Third Affiliated Hospital of Sun
Yat-sen University, Guangzhou—between June 2013 and
October  2015. The participants selected were
24-83 months old. Inclusion criteria: children who fulfilled
the ASD diagnostic criteria based on the Diagnostic and
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Statistical Manual of Mental Disorders, 4th Edition, Text
Revision (DSM-IV-TR) [18]. Exclusion criteria: children
with mental retardation, idiopathic language retardation, or
schizophrenia. There were no gender differences in the
exclusion samples (11 girls and 47 boys).

Diagnostic Assessment
The Autism Diagnostic Interview-Revised (ADI-R)

The ADI-R [19] is a semi-structured parent/caregiver
interview designed to assess and quantify the develop-
mental history of autism-specific behaviors. It contains 93
items, including development of early childhood, language
development, communication functioning, social
reciprocity, play, and RRBs. The ADI-R diagnostic items
constitute 4 domains: social reciprocity (A: cut-off >10),
communication (B: cut-off >8 for verbal and >7 for non-
verbal individuals), RRBs (C: cut-off >3), and abnormal
development before 36 months (D: cut-off >1). Verbal
children were defined as those who have spontaneous,
echoed, or stereotyped language, which on a daily basis,
involves phrases of three words or more [19]. The cut-off
scores were defined as satisfying the autism diagnostic
criteria. The social reciprocity domain (A) consists of non-
verbal behaviors to regulate social interaction (Al),
developing peer relationships (A2), sharing enjoyment
(A3), and socio-emotional reciprocity (A4). The commu-
nication domain (B) consists of gesture communication
(B1), conversation (B2, only for verbal individuals),
repetitive speech (B3, only for verbal individuals), and play
(B4). The RRBs domain (C) consists of unusual preoccu-
pation, circumscribed interest, verbal rituals, compulsions/
rituals, hand and finger mannerisms, stereotyped body
movements, repetitive use of objects/interest in parts of
objects, and unusual sensory interest. Abnormal develop-
ment before 36 months (D) consists of age when parents
first noticed developmental abnormalities, age when
developmental abnormalities probably first manifested in
interviewer’s judgment, age of first single words, and age
of first phrases. In the ADI-R items, word speech delay is
defined as the age at first single words >24 months, and
phrase speech delay is defined as the age at first phrase
>33 months.

The Autism Diagnostic Observation Schedule (ADOS)

The ADOS is a standardized assessment tool for children
with suspected ASD [20]. It involves a semi-structured
interview with interspersed activities and tasks intended to
elicit behaviors associated with ASD. It covers communi-
cation, social reciprocity, play/imagination, and RRBs.
Depending on the child’s language level, verbal children
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received module 2 assessment, while non-verbal children
received module 1 assessment. The cut-off scores for sat-
isfying the autism diagnostic criteria were defined in the
domains of social reciprocity (A) and communication (B).
For module 1, the cut-off for autism was A + B > 12,
with A > 7 and B > 4. For module 2, the cut-off for aut-
ism was A + B > 12, with A > 6 and B > 5.

Statistical Analyses

Data were analyzed using the Statistical Package for Social
Sciences (version 20.0; SPSS Inc., Chicago, IL). The differ-
ences in baseline characteristics between boys and girls with
ASD were examined using y>-test. The scores in the social
communication domain were normally distributed, while the
scores for different types of RRBs were skewed. Sex differ-
ences in the scores for the social communication domain and
early abnormal development were tested using Analysis of
Covariance, with sex as the fixed factor and age as the
covariate. The differences in the scores for different types of
RRBs between boys and girls with ASD were determined
using Mann—Whitney U tests. The differences in cut-off
scores with respect to social reciprocity, communication, and
RRBs between boys and girls with ASD were examined using
x>-test. P < 0.05 was considered statistically significant.
Effect Size (ES) was used to estimate the sex effect.

Results
Demographic Characteristics
The baseline demographic characteristics are listed in

Table 1. There were no statistically significant age differ-
ences between boys and girls for both verbal and non-

verbal children. Word and phrase speech delay was more
frequently reported in girls than in boys (3> = 21.82, 7.67;
P < 0.05; ES = 0.14, 0.09). While most children were
diagnosed with autism, only 7.46% of girls and 7.66% of
boys were diagnosed with Asperger’s disorder. There were
no sex differences in the distribution of diagnoses.

Sex Differences in Social Reciprocity
and Communication Domains

No significant between-group differences were found in
total social reciprocity scores based on ADI-R and ADOS
in verbal and non-verbal children (Table 2). However,
detailed analysis of social reciprocity revealed that verbal
and non-verbal girls with ASD scored higher in terms of
ADI-R socio-emotional reciprocity than boys (P = 0.049,
0.001; ES = 0.22, 0.38).

No sex-based differences were found in total verbal
communication scores based on ADI-R and ADOS in
verbal children (Table 3). However, verbal girls with ASD
scored higher in ADI-R gesture communication than boys
(P <0.001; ES =0.40), and non-verbal girls scored
higher in the ADOS communication domain than boys
(P = 0.006; ES = 0.32). In addition, verbal girls scored
lower in ADI-R repetitive speech than boys (P = 0.003;
ES = 0.29).

Sex Differences in RRBs Domain

Girls with ASD (3.59 + 1.87) scored lower than boys
(4.55 £2.06) in total RRBs based on the ADI-R
(F = 39.03, P <0.001; ES = 0.32), and girls with ASD
(2.02 & 1.47) also scored lower in RRBs than boys
(2.30 £ 1.41) based on the ADOS (F = 7.73, P = 0.006;
ES = 0.13). Based on the ADI-R, non-verbal girls with

Zlfal;:itleri]si?cszli)r;ecﬁfllcrllroegnrgi}glc Girls with ASD  Boys with ASD  Effect size  t/y> P
ASD. Mean (SD) Mean (SD)
n 228 836 0.03 0.84 0.361
Verbal (%) 134 (58.77%) 463 (55.38%)
Non-verbal (%) 94 (41.23%) 373 (44.62%)
Age in months
Verbal 52.04 (17.86) 55.07 (16.32) 0.18 1.85 0.065
Non-verbal 35.49 (10.79) 36.37 (10.84) 0.06 0.71 0.48
Word speech delay (n, %) 155 (67.98) 423 (50.60) 0.14 21.82 <0.001
Phrase speech delay (n, %) 103 (45.18) 294 (35.17) 0.09 7.67 0.006
Diagnosis (n, %)
Autism 204 (89.47) 761 (91.03) 0.06 0.51 0.474
Asperger’s disorder 17 (7.46) 64 (7.66) 0.01 0.01 0.92
PDD-NOS 7 (3.07) 11 (1.31) 0.18 3.32 0.069

ASD, autism spectrum disorder; PDD-NOS, pervasive developmental disorder-not otherwise specified; SD,

standard deviation.
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Table 2 Descriptive statistics

for social reciprocity domain in Scores S{iisnvzist]t)l)ASD 5[06}; v(v;t]l;)ASD Effect size F P

girls and boys with ASD.
Non-verbal behaviors to regulate social interaction (Al)
Verbal 3.20 (1.22) 3.04 (1.18) 0.13 1.69 0.194
Non-verbal 3.69 (1.25) 3.56 (1.30) 0.10 0.86 0.353
Develop peer relationships (A2)
Verbal 4.13 (1.85) 4.13 (1.90) 0.00 1.17 0.279
Non-verbal 3.20 (1.60) 3.17 (1.55) 0.02 0.33 0.568
Share enjoyment (A3)
Verbal 3.77 (1.48) 3.62 (1.52) 0.10 0.46 0.499
Non-verbal 4.59 (1.27) 4.60 (1.35) 0.01 0.01 0.907
Socio-emotional reciprocity (A4)
Verbal 4.99 (1.98) 4.62 (1.60) 0.22 3.89 0.049
Non-verbal 6.35 (1.84) 5.70 (1.65) 0.38 11.08 0.001
ADI-R social reciprocity domain (A)
Verbal 16.10 (4.83) 15.41 (4.02) 0.16 3.30 0.070
Non-verbal 17.83 (4.57) 17.03 (4.21) 0.19 3.12 0.078
ADOS social reciprocity domain (A)
Verbal 8.93 (2.74) 8.80 (2.80) 0.04 0.13 0.715
Non-verbal 9.86 (2.33) 9.42 (2.68) 0.17 1.97 0.161
ADI-R Social reciprocity domain A = Al + A2 + A3 + A4.
ASD, autism spectrum disorder; SD, standard deviation.

fTo?btl}fe3c021‘3rf1(§;1[i)ct;\;foitagésr:izisn Scores 1(\3/{1;;1 vE/;t]};)ASD 1]\3/{(;};; v;;t]};)ASD Effect size F P

in girls and boys with ASD.
Gesture communication (BI)
Verbal 4.12 (2.06) 3.27 (2.07) 0.40 14.54  <0.001
Non-verbal 5.78 (1.71) 5.62 (1.92) 0.08 0.52 0.473
Conversation (B2)
Verbal 2.69 (1.38) 2.90 (1.44) 0.14 1.70 0.192
Repetitive speech (B3)
Verbal 2.78 (1.01) 3.10 (1.16) 0.29 9.04 0.003
Play (B4)
Verbal 3.87 (1.31) 4.03 (1.33) 0.12 1.42 0.233
Non-verbal 4.99 (1.07) 4.97 (1.01) 0.02 0.04 0.85
ADI-R communication domain (B)
Verbal 13.46 (3.44) 13.30 (3.63) 0.05 0.05 0.824
Non-verbal 10.77 (2.36) 10.59 (2.50) 0.07 0.39 0.533
ADOS communication domain (B)
Verbal 5.87 (1.88) 5.50 (2.07) 0.18 2.32 0.128
Non-verbal 6.56 (1.58) 5.99 (1.85) 0.32 7.65 0.006

ADI-R communication domain: B (verbal) = B1 + B2 + B3 + B4; B (non-verbal) = B1 +B4.

ASD, autism spectrum disorder; SD, standard deviation.

ASD scored higher than boys in hand and finger manner-
isms and stereotyped body movements (Z = 2.13, 2.22;
P = 0.033, 0.026). Conversely, non-verbal boys with ASD
scored higher than girls in unusual preoccupation, repeti-
tive use of objects, and interest in parts of objects

@ Springer

(Z = 2.15, 7.95; all P < 0.05). In addition, verbal boys
with ASD scored higher than girls in unusual preoccupa-
tion, circumscribed interest, verbal rituals, repetitive use of
objects, and interest in parts of objects (Z = 2.83, 2.54,
2.98, 9.22; all P < 0.05) (Table 4).
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Sex Differences in Early Abnormal Development

Based on the ADI-R, the age when parents first noticed
developmental abnormalities in both verbal and non-verbal
girls was later than in boys (F = 34.06, 51.09; all
P < 0.001; ES = 0.45, 0.54). Meanwhile, the age when
developmental abnormalities probably first manifested in
the interviewer’s judgment in both verbal and non-verbal
girls was also later than in boys (F = 114.27, 115.56;
P < 0.001; ES = 0.44, 0.56). Furthermore, the age at
which single words and phrases were first spoken by verbal
girls was higher than that of boys (F = 6.94, 8.16;
P = 0.009, 0.004; ES = 0.25, 0.26) (Table 5).

Sex Differences in Diagnostic Cut-off Scores

The differences in diagnostic cut-off scores in boys and
girls with ASD are summarized in Table 6. A lower pro-
portion of verbal girls with ASD satisfied the cut-off scores
for ASD relative to boys (89.85%) in the ADI-R repetitive
stereotyped behaviors domain (x* = 20.53, P < 0.001,

ES = 0.19). A lower proportion of non-verbal girls
(73.40%) satisfied the cut-off scores for ASD relative to
boys (84.72%) in the same domain (x2 = 6.64, P = 0.010,
ES = 0.12).

Discussion

Sex Differences in Core Clinical Phenotypes
in Children with ASD

An important finding emerging from our study is the strong
suggestion that both verbal and non-verbal girls with ASD
have greater socio-emotional reciprocity impairment than
boys, while non-verbal girls show more serious commu-
nication impairment than boys. Socio-emotional reciproc-
ity includes use of the body to communicate, offering
comfort, quality of expression of social interest, appropri-
ate facial expressions, and appropriateness of social
response. Holtmann et al. examined sex differences using
the ADI-R and ADOS for participants with high-

Table 4 Descriptive statistics for repetitive stereotyped behaviors domain in girls and boys with ASD.

Scores Girls (n = 228)

Boys (n = 836) V4 P

0 1 2

0

Unusual preoccupation

Verbal 90 (39.47%) 33 (14.47%) 11 (4.82%)
Non-verbal 60 (26.32%) 28 (12.28%) 6 (2.63%)
Circumscribed interest

Verbal 68 (29.82%) 54 (23.68%) 12 (5.26%)
Non-verbal 64 (28.07%) 25 (10.96%) 5 (2.19%)
Verbal rituals*

Verbal 91 (39.91%) 37 (16.23%) 6 (2.63%)
Compulsions/rituals

Verbal 58 (25.44%) 55 (24.12%) 21 (9:21%)
Non-verbal 54 (23.68%) 31 (13.60%) 9 (3.95%)
Hand and finger mannerisms

Verbal 87 (38.16%) 36 (15.79%) 11 (4.82%)
Non-verbal 51 (22.37%) 28 (12.28%) 15 (6.58%)
Stereotyped body movements

Verbal 81 (35.53%) 39 (17.11%) 14 (6.14%)
Non-verbal 34 (14.91%) 40 (17.54%) 20 (8.77%)
Repetitive use of objects/interest in parts of objects

Verbal 72 (31.58%) 50 (21.93%) 12 (5.26%)
Non-verbal 37 (16.23%) 43 (18.86%) 14 (6.14%)
Unusual sensory interest

Verbal 58 (25.44%) 67 (29.39%) 9 (3.95%)
Non-verbal 26 (14.40%) 48 (21.05%) 20 (8.77%)

252 (30.14%) 137 (16.39%) 74 (8.85%) 2.83 0.005
200 (23.92%) 116 (13.88%) 57 (6.82%) 2.15 0.032
201 (24.04%) 158 (18.90%) 104 (12.44%)  2.54 0.011
285 (34.09%) 62 (7.42%) 26 (3.11%) 1.45 0.141
261 31.22%) 126 (15.07%) 76 (9.09%) 2.98 0.003
257 (30.74%) 110 (13.16%) 96 (11.48%) 145 0.148
247 (29.55%) 69 (8.25%) 57 (6.82%) 0.97 0.331
325 (38.88%) 83 (9.93%) 55 (6.58%) 0.77 0.442
248 (29.67%) 80 (9.57%) 45 (5.38%) 2.13 0.033
256 (30.62%) 114 (13.64%) 93 (11.12%)  1.67 0.096
201 (24.04%) 92 (11.00%) 81 (9.69%) 2.22 0.026

73 (8.73%) 206 (24.64%) 184 (22.01%)  9.22  <0.001

33 (3.95%) 145 (17.34%) 195 (23.33%) 795  <0.001
213 (25.48%) 254 (30.38%) 26 (3.11%) 0.45 0.881
114 (13.64%) 219 (26.20%) 40 (4.78%) 1.68 0.093

*P < 0.05; all comparisons between boys and girls with ASD (autism spectrum disorder).

Scores for different types of RRBs are ranked data; differences in skewed scores between boys and girls with ASD compared using Mann—

Whitney U tests.
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Table 5 Comparison of early

. Age (months) Girls with ASD Boys with ASD Effect size F P
abnormal development in girls Mean (SD) Mean (SD)
and boys with ASD.
Age when parents first noticed developmental abnormalities
Verbal 34.71 (12.80) 29.73 (10.61) 0.45 34.06 <0.001
Non-verbal 27.27 (11.03) 21.94 (6.69) 0.54 51.09 <0.001

Age when developmental abnormalities probably first manifest in interviewer’s judgment

Verbal
Non-verbal

Age of first single words

Verbal 23.81 (8.11)
Age of first phrases
Verbal 31.25 (9.51)

32.21 (9.72)
27.45 (8.88)

24.50 (7.32) 0.44 114.27 <0.001
20.26 (5.85) 0.56 115.56 <0.001
21.79 (7.85) 0.25 6.94 0.009
28.98 (8.29) 0.26 8.16 0.004

ASD, autism spectrum disorder; SD, standard deviation.

functioning autism matched for age (range, 5-20 years),
and found that females have greater impairment in playing
with the peer group and social problems as per the reports
of parents based on ADI-R [21]. A recent study by Howe
et al. revealed that verbal girls with ASD show greater
impairment of social communication than males, based on
the ADOS [22]. A possible explanation for this could be
related to lower cognitive function in girls with ASD.
Previous studies have suggested that girls with ASD have
lower cognitive ability than boys [23]; Frazier also pointed
out that females with a lower IQ have greater communi-
cation impairment [13]. The results of the present study
suggest that girls with ASD exhibit a clinical phenotype
different from that in boys.

To date, very few studies have documented differences
in RRBs between girls and boys. In the present study, we
found that girls with ASD showed fewer RRBs than boys,
using both the ADI-R and ADOS. We also found that girls
with ASD exhibited more stereotyped body movements
(e.g. repetitive circling and jumping up and down) and
hand and finger mannerisms (mechanical play with the
hand) than boys, while boys exhibited more unusual pre-
occupations (e.g. with metal objects, lights, and traffic
signs), verbal rituals (e.g. questioning knowingly and
forcing others to speak), repetitive use of objects, and
interest in parts of objects (e.g. playing with wheels and
turning the lights on and off). In addition, boys with ASD
exhibited more repetitive speech than girls. These results
suggest that girls with ASD show different types of RRBs
than boys, and that girls more commonly develop special
repetitive stereotyped behaviors.

Girls with ASD are more likely to mask atypical inter-
est, and this would not be considered an RRB in girls. For
example, parents may report that their daughter likes to
play with dolls. However, when probed about exactly how
she ‘played’, it could become apparent that every session
involved repeated brushing of hair, with little flexibility or

@ Springer

imagination. This condition can be misinterpreted as an
imaginative game for girls, rather than as an RRB [24].
Moreover, some special characteristics of RRBs in girls
were absent from the diagnostic algorithms. For example,
ASD girls often carry the same books when going outside,
which may also be considered an RRB, but this is not
included among the diagnostic criteria in the ADI-R [25].
In addition, some activities in boys are more likely to be
considered RRBs. For example, parents may report that
their son likes to play with trains or dinosaurs. While this
may be considered a “special interest”, on further inquiry
it may be a little stronger without affecting other interests
[26]. Consequently, clinicians should carefully look for
RRBs in ASD children to identify those common to both
boys and girls. The notion that girls show fewer RRBs may
be a “protective” factor for girls that in turn makes a
formal diagnosis of ASD more difficult. Szatmari et al
suggested that this “protective” mechanism may have an
underlying genetic component, consistent with the gene-
threshold model for girls with ASD [27]. This model
assumes that the threshold for ASD in females is higher
than in males [28]. In other words, females require a
greater genetic load to manifest autistic behaviors. As a
result, once females are formally diagnosed, their cognitive
function and behavioral characteristics tend to be more
severe than in males.

Sex Differences in Identification and Diagnosis
in Children with ASD

Our results revealed that the age when parents first noticed
developmental abnormalities and the age when develop-
mental abnormalities probably first manifested in the
interviewer’s judgment in girls were later than in boys.
Furthermore, the age at which single words/phrases were
first spoken was also later in girls than in boys. Collec-
tively, the results suggest that early abnormal development
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e e ) et o0

boys with ASD. _ - _ o
ADI-R social reciprocity (A)
Verbal 123 (91.79%) 447 (96.54%) 0.10 5.44 0.020
Non-verbal 88 (93.62%) 361 (96.78%) 0.07 2.03 0.154
ADI-R communication (B)
Verbal 127 (94.78%) 450 (97.19%) 0.06 1.87 0.171
Non-verbal 91 (96.81%) 351 (94.10%) 0.05 1.09 0.297
ADI-R RRBs (C)
Verbal 100 (74.63%) 416 (89.85%) 0.19 20.53  <0.001
Non-verbal 69 (73.40%) 316 (84.72%) 0.12 6.64 0.010
ADI-R abnormal development before 36 months (D)
Verbal 130 (97.01%) 458 (98.92%) 0.06 2.54 0.111
Non-verbal 93 (98.93%) 370 (99.20%) 0.01 0.06 0.807
ADOS communication (B)
Verbal 128 (95.52%) 426 (92.01%) 0.06 1.92 0.166
Non-verbal 93 (98.94%) 370 (99.20%) 0.01 0.06 0.807
ADOS social reciprocity (A)
Verbal 131 (97.76%) 452 (97.62%) 0.00 0.01 0.926
Non-verbal 94 (100.00%) 366 (98.12%) 0.06 1.79 0.181
ADOS communication + social reciprocity (A + B)
Verbal 130 (97.01%) 432 (93.30%) 0.07 2.59 0.107
Non-verbal 94 (100.00%) 364 (97.59%) 0.07 2.31 0.128

and behavioral characteristics for girls are not as easy to
identify and are liable to be missed by both parents and
evaluators. This may lead to delayed diagnosis of ASD in
girls. Shattuck et al. reported that the age at which the
diagnosis of ASD is made in girls is significantly later than
in boys (average 6.1 vs. 5.6 years) [29]. Previous studies
have reported no obvious sex differences in core symptoms
after controlling for age and 1Q. However, girls with ASD
tend to show more emotional problems, attention deficit,
and thought problems [14]. This suggests that girls are
diagnosed only when they exhibit more behavioral prob-
lems. One possible explanation for this difference is that
boys are comparatively more likely to exhibit hyperactivity
and repetitive use of objects, and exhibit interest in parts of
objects to trigger detection and identification by parents or
clinicians. In contrast, the characteristic behaviors in ASD
girls are not always as overt and thus are liable to be
missed. Clinical symptoms in high-functioning autistic
girls (e.g. those exhibiting fewer RRBs) are particularly
prone to be missed or misdiagnosed.

We also revealed that the proportion of both verbal and
non-verbal girls who satisfied the cut-off scores in the
RRBs domain was lower than in boys when assessed using
the ADI-R. The ADI-R may be less sensitive for diag-
nosing ASD in girls, particularly in the RRBs domain.
Girls with ASD may be under-identified due to RRBs not

satisfying the cut-off scores for diagnosis. Wilson et al.
noted that sex affects the diagnosis and evaluation of ASD,
suggesting that females and males demonstrate distinct
clinical phenotypes [26]. As such, sex differences need to
be incorporated into the current diagnostic tools. This
viewpoint has been articulated by several clinicians. There
is therefore a call for tailoring the current diagnostic and
assessment tools to address sex differences, in order to
improve the diagnostic rate of ASD in girls.

Conclusions

Our findings suggest that girls with ASD show greater
socio-emotional reciprocity, and non-verbal girls suffer
more communication impairment than boys. Girls tend to
show fewer RRBs than boys, and the types of RRBs for
girls may be different from those for boys. Early abnormal
development and behavioral characteristics in girls are not
easy to recognize. In addition, the ADI-R is less sensitive
for girls, particularly assessment in the RRBs domain.
Clarifying sex differences in diagnosis and clinical phe-
notype will assist in answering the question of why fewer
girls are diagnosed with ASD than boys, and may provide
clinical guidance for early screening, diagnosis, and
intervention.
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Abstract This study aimed to establish norms for the
modified Chinese version of the Autism Spectrum Rating
Scale (ASRS). Participants were recruited from Shanghai,
Harbin, Guangzhou, and Changsha, China, and their par-
ents and teachers were invited to complete the Chinese
Parent version and the Teacher version of the ASRS. In
both versions, boys had significantly higher sub-scale
scores and total score (T-score) by 1-3 and 4-5 points
respectively, than girls (both P < 0.001). Age had weak
correlations with some sub-scores and the T-score
(r ranged from —0.1859 to 0.0738), and some reached
significance (P < 0.03). The correlations appeared stronger
and were more common in females. The T-score based on
Chinese norms ideally correlated with the score based on
the United States norms in boys and girls for both versions.
Norms for the Chinese version of the ASRS for children
aged 6-12 years are proposed and may be helpful for
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screening individuals with autism spectrum disorders from
the general population of children.
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Introduction

Autism spectrum disorders (ASDs) are a set of heteroge-
neous neurodevelopmental conditions characterized by
early-onset developmental impairments in social commu-
nication and unusually restricted, repetitive behaviors and
interests [1]. Epidemiological studies have identified vari-
ous risk factors, but none has been shown to be necessary
or sufficient for the development of autism [2]. Under-
standing of the gene-environment interplay in autism is still
at an early stage and needs further research. Meta-analysis
[3] has shown that individuals with autism have a mortality
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risk 2.8-times higher than that of unaffected people of the
same age and gender. Higher childhood intelligence,
communicative phrase speech before age 6, and fewer
childhood social impairments predict a better outcome.
Yet, even for individuals without intellectual disabilities,
the outcome of social communication in adulthood is often
unsatisfactory in terms of quality of life and achievement
of occupational potential [4].

The global prevalence of autism has increased 20- to
30-fold since the earliest epidemiologic studies were
conducted in the late 1960s and early 1970s, and now the
reported worldwide population prevalence is ~1% [5],
which is a major concern for those who care for affected
children and their families. The Centers for Disease
Control and Prevention (USA) set up the Autism and
Developmental Disabilities Monitoring network to peri-
odically monitor ASD prevalence [6]. In China, the offi-
cial prevalence of ASD is not yet known. Estimates can
be obtained from large-scale surveys, but care should be
taken when selecting screening instruments based on
various characteristics of the target sample and on the
purpose of a study.

Several scales exist to screen for autistic traits in the
general population, including the Social Communication
Questionnaire (developed in 1999) [7], the Autism Spec-
trum Screening Questionnaire (developed in 1999) [8], the
Autism Spectrum Quotient (developed in 2001) [9], the
Childhood Autism Screening Test (developed in 2002)
[10], and the Social Responsiveness Scale (developed in
2003) [11]. The Autism Spectrum Rating Scale (ASRS) is a
newer scale developed in 2009 to identify youths who are
most likely to need additional evaluation or services for
ASD and related issues [12]. In this study, we constructed
ASRS norms based on several advantages of the scale as a
screening tool for ASD. First, the ASRS is not just a
screening tool; it is also helpful in guiding diagnostic
decisions and can be used for treatment planning, ongoing
monitoring of the response to intervention, and program
evaluation. In addition, the ASRS was designed for both
young children aged 2-5years and youths aged
6-18 years, from a diverse group of individuals.

Finally, comparisons with other instruments are easy
due to the availability of standard scores. As the prevalence
of ASD and the risk of over- and under-diagnosis are
increasing in China, a valid, reliable, and carefully-crafted
tool for screening and treatment assessment is needed. The
norms of a Chinese version of the ASRS are expected to
meet this need [12]. Previous studies have also shown that
the cultural setting can impinge on the performance of
scales [13, 14]. Therefore, the aim of this study was to
propose Chinese norms, before its application for national
screening in the general Chinese population.

@ Springer

Methods
Study Population

This study was conducted from January to July, 2014.
Community-based participants (aged 6-12 years) were
selected as the general sample to ensure its representa-
tiveness by using convenient cluster sampling. Four com-
munity-based samples were selected from Shanghai,
Harbin, Guangzhou, and Changsha. From each site, one
administrative street containing >400 children aged
6-12 years was chosen; all children with residency were
recruited and comprised the reference sample.

The protocol was approved by the Research Ethics
Committee of the Children’s Hospital of Fudan University.
Both the parental and teachers’ consent was in written
form.

Measurements
Description of the Instrument

The ASRS contains screening, DSM-IV-TR, and treatment
scales, with a total of 71 items. The screening scale com-
prises 60 items of the total 71 including Social/Commu-
nication (SC), Unusual Behaviors (UB), and Self-
Regulation (SR). The DSM-IV-TR scale contains 34 items
of the total 71 and a higher score indicates a higher chance
of a diagnosis of autism by a psychiatrist. The treatment
scale has 69 items of the total 71 and includes 8 scales.

Each scale yields a raw score by summing the relevant
items. This raw score is subsequently transformed into a
standardized score with a mean of 50 and a standard
deviation (SD) of 10. The T-score incorporates the infor-
mation from the 3 screening scales; the 3 standardized
scale scores are first summed, and then transformed into a
single score with a mean of 50 and a SD of 10. In that way,
each of the screening scales contributes an equal weight to
the overall summary T-score. Further details of the scoring
procedures and interpretation of scores can be found in the
ASRS manual [12].

Development of the Chinese Version of the ASRS

A pilot study was first conducted to establish the reliability
and validity of the Chinese ASRS, and they were found to
be excellent. As in the original research in the USA that
developed the ASRS, we conducted an exploratory factor
analysis to confirm the factor structure of the ASRS in a
Chinese sample; this can be found in a companion paper
entitled “Modifying the Autism Spectrum Rating Scale
(6-18 years) to a Chinese Context: An Exploratory
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Analysis” in this issue [15]. Based on the same selection
criteria of factor loading, >0.30, our analysis retained 59
items (as compared to 60 in the US study) loading on a
comparable 3-factor structure. The content of the 3 factors
was similar to that of the original US study, and therefore
the factor names were retained. The only difference was
that the numbers of items for each factor were different in
the China validation sample, with SC, UB, and SR now
having 21, 14 and 24 items. The DSM-IV-TR scale was
based on expert judgment as to which items in the ASRS
closely map each of the diagnostic criteria for PDD.
Therefore, the DSM-IV-TR scale was used as recom-
mended in the original US manual.

Procedure

With the approval of Multi-Health Systems, we prepared a
Chinese version of the ASRS by the usual translation-back-
translation approach, and the pilot study allowed us to
confirm the linguistic appropriateness [16]. Researchers
were trained before the scales were distributed. Most par-
ents were asked to complete the questionnaire at home, and
they were subsequently collected by researchers. Other
questionnaires completed by parents were collected by the
teachers in a sealed envelope. Teacher ratings were col-
lected directly from the school. Parents and teachers
completed the scales at the same time.

Basic personal information about the child’s date of
birth, gender, and school was requested. The child’s age
was calculated as the difference between the date of
questionnaire completion or return and the birth date.
Rating scores were excluded if the child was older or
younger than the target age-range. All scores were entered
online using a database created from the original scoring
method. Quality control of the data was performed before
further analysis.

Quality Control

A detailed schedule for data collection was developed and
implemented in the four sites. All research staff was trained
in the administration and scoring of the questionnaires. To
facilitate data entry and checks, we established an online
multi-center database that was accessible to the teams at
each center to promptly upload and check data. All rating
scores were scrutinized for errors or missing information.
Before data analysis, a few parental ASRS questionnaires
were excluded for reasons including errors on the birth date
and an older or younger than the target age range. Analyses
were subsequently performed with or without the excluded
questionnaires.

Statistical Analysis

Data analyses were performed using Stata 11 software
(version 11.0, College Station, TX). Conventional
descriptive analyses were used to present the site and
gender distribution of the study sample, and the differences
in raw score distributions of the three factors SC, SR, and
UB. Student’s ¢ test was used to test for gender differences.
Analyses of variance (ANOVA) were used to examine
differences among sites. Multiple linear regression analy-
ses were used to assess the effects of gender, age and site
on ASRS scores. Participants aged 6-12 years were treated
as one age group. All ASRS subscale scores and T-scores
were normalized to a normal distribution with a mean of 50
and standard deviation of 10. The agreement of the T-score
normal distribution for the Chinese population with that for
US norms was tested by Pearson correlation analysis. All
P values were two-sided and P values <0.05 were deemed
statistically significant.

Results

In this study, 2053 children were eligible for inclusion in
the general sample. After exclusion of questionnaires due
to various errors, 1625 parental questionnaires were
available for the normative sample (830 boys and 795 girls;
mean age, 8.85 £ 1.78 years). In addition, after exclusion
of questionnaires with various errors, 1514 teacher ques-
tionnaires were finally available (772 boys and 742 girls;
mean age, 8.96 £ 1.75 years). All teachers or caregivers
had known the students for at least 1 month.

Demographic characteristics of the sample are shown
in Tables 1 and 2. The participants’ age and gender did
not differ significantly between the parent and teacher
groups.

In the parent and teacher versions of the ASRS, boys
had significantly higher raw scores in SC, UB, SR, T-score,
and DSM-TR by 1-3 for parents rating, and 4-5 points for
teachers than girls (P < 0.001). Age showed a weak cor-
relation with some sub-scores and T-score (r ranged from
—0.1859 to 0.0738), and some were significant (P < 0.03;
Table 3). The correlations were stronger and more com-
mon in females. ANOVA revealed slight site differences in
the raw scores of subscales (Table 4).

The T-score of the reference sample showed a signifi-
cant correlation with T-scores that were computed based on
American ASRS norms for the parent version (r = 0.9674
for boys and 0.9664 for girls, P < 0.001; Fig. 1A, B). For
the teacher version, the correlation coefficient values were
0.9715 and 0.9683, respectively (Fig. 2A, B).
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Table 1 Age and gender

distribution of the reference Age Parent rating Teacher rating

sample. Male n (%) Female n (%) Total Male n (%) Female n (%) Total
6 84 (53.16) 74 (46.84) 158 56 (52.34) 51 (47.66) 107
7 164 (52.23) 150 (47.77) 314 160 (55.94) 126 (44.06) 286
8 128 (51.61) 120 (48.39) 248 117 (49.16) 121 (50.84) 238
9 155 (52.36) 141 (47.64) 296 146 (50.34) 144 (49.66) 290
10 109 (45.80) 129 (54.20) 238 111 (48.47) 118 (51.53) 229
11 125 (50.20) 124 (49.80) 249 111 (47.03) 125 (52.97) 236
12 65 (53.28) 57 (46.72) 122 71 (55.47) 57 (44.53) 128
Total 830 (51.08) 795 (48.92) 1625 772 (50.99) 742 (49.01) 1514
Ve 4.0905 6.3404
P 0.664 0.386

glzb::ffreSceenizlrn(:)llitrtl)?/u;i)lgy()f City Parent rating Teacher rating

site. Male n (%) Female n (%) Male n (%) Female n (%)
Shanghai 216 (49.32) 222 (50.68) 203 (46.77) 231 (53.23)
Guangzhou 228 (52.29) 208 (47.71) 227 (52.06) 209 (47.94)
Changsha 182 (51.12) 174 (48.88) 187 (52.53) 169 (47.47)
Harbin 204 (51.65) 191 (48.35) 155 (53.82) 133 (46.18)
Total 830 (51.08) 795 (48.92) 772 (50.99) 742 (49.01)
7 0.5963 4.5476
P 0.897 0.208

Table 3 Pearson correlation analyses of ASRS scale scores with age
by gender.

Sub-scales Male Female
r P r P
Parent rating
SC_R 0.0738 0.0342 0.0305 0.3926
UB_R —0.0250 0.4722 —0.1075 0.0025
SR_R —0.0967 0.0054 —0.1859 <0.0001
T-score —0.0113 0.7468 —0.0987 0.0057
DSM_R 0.0114 0.7429 —0.0543 0.1269
Teacher rating
SC_R —0.0638 0.0779 —0.1162 0.0016
UB_R —0.0093 0.7960 —0.0524 0.1536
SR_R —0.0882 0.0149 —0.1341 0.0002
T-score —0.0607 0.0954 —0.1303 0.0004
DSM_R —0.0724 0.0449 —0.1545 <0.0001

DSM diagnostic and statistical manual of mental disorders, r correla-
tion coefficient, R raw score, SR self-regulation, SC social/commu-
nication, T-score standardized total score, UB unusual behaviours.

Discussion
In this study, we obtained norms for the ASRS sub-scales

and T-score from a culturally and linguistically represen-
tative community-based sample of Chinese 6—12 year-old

@ Springer

children, which could be used to determine which young
people are most likely to require additional evaluation or
services for ASD and related issues.

We found that gender had a significant effect on SC,
UB, SR, T-score, and DSM-IV-TR as both parents and
teachers rated males higher than females. This supports
previous evidence that boys and girls have social and
communication developmental trajectories with different
profiles, boys typically displaying higher levels of diffi-
culty in social and communicational skills. These gender
differences are consistent with research findings that ASDs
occur far more frequently in males than in females with a
prevalence ratio of 4.5:1 [5, 6, 17, 18]. Many researchers
have focused on mechanisms that explain the contribution
of gender differences to the risk of ASDs [19, 20] such as
the Extreme Male Brain theory [21-24]. However, further
research is needed to fully understand the origins of this
robust difference.

The results of the current study show minor age effects
in the ASRS scores for both parental and teacher ratings,
which is consistent with the findings in the ASRS norm
study [12], indicating that developmental trends in the
scores are very small. Despite the fact that initial signs and
symptoms typically emerge in the early developmental
period, consistently before age 3, some social deficits and
behavioral patterns might not be recognized as symptoms
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Table 4 Site and gender differences in raw sub-scale scores and T-score.

Sub-scales City Gender
Shanghai n = 438 Guangzhou n = 436 Changsha n = 356 Harbin n = 395 Male n = 830 Female n = 791

Parent rating

SC_R 27.53 + 12.71 36.98 + 13.28 32.18 £+ 13.07 26.04 £+ 14.07 31.80 £+ 14.09 29.61 + 13.76

UB_R 29.32 + 10.39 31.78 £ 11.02 32.70 + 9.44 26.68 + 10.49 30.74 £ 10.58 29.38 + 10.65

SR_R 20.43 + 8.84 2421 £ 9.19 22.69 + 7.93 18.34 £+ 8.44 22.92 +9.02 19.86 + 8.56

T-score 48.26 + 9.98 53.75 £ 9.61 52.16 £ 8.49 45.88 £ 9.73 51.29 + 10.00  48.65 £+ 9.83

DSM_R 39.78 £+ 12.98 46.26 + 12.30 4421 + 11.68 37.28 £ 13.10 4329 + 1299 4040 £ 12.94
Teacher rating

SC_R 31.61 £ 17.15 40.01 £+ 16.05 33.55 £ 17.56 27.04 £ 16.76 36.37 £ 17.51 30.82 £+ 16.98

UB_R 27.00 £ 11.73 27.22 + 12.19 31.18 &= 11.38 27.26 + 12.04 29.54 + 12.12 26.59 + 11.60

SR_R 20.42 + 11.21 23.23 + 10.74 21.81 £ 10.22 19.13 £+ 10.71 24.02 £+ 10.69 18.54 + 10.31

T-score 48.91 + 10.23 52.05 + 9.90 51.15 £ 9.44 47.03 + 9.58 52.06 + 9.93 47.89 £ 9.63

DSM_R 40.15 £ 15.84 45.44 4+ 15.88 43.39 + 15.27 37.20 £+ 15.74 44.80 + 16.13 38.88 + 15.25
R raw score, SR self-regulation, SC social/communication, T-score standardized total score, UB unusual behaviours.
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Fig. 1 Correlations between the T-score based on the Chinese norm
and that based on the US norm (parent ratings) for boys (A), and girls
(B) for the parent version. t_score, T-score calculated by Chinese

of ASD until a child is unable to meet social, educational,
occupational, or other important life-stage demands [25].
This finding supports the proposal that the norm is to cover
Chinese children aged 6-12 years.

Although the representativeness of the reference sam-
ples for developing norms was ensured by including 4
cities in China, Shanghai, Guangzhou, Changsha, and
Harbin, cultural and economic differences may exist.
Uniform protocols were applied for data collection. The
results showed balanced age and gender distributions of the
4 sub-samples; however, mean raw subscale scores and
standard deviations showed slight differences among the 4
cities. This may reflect sample differences across the 4
sites. As we did not have individual data on respondents
with regard to profession, education, or other variables that

norm; tot_t, T-score calculated based on the US norm. r = 0.9674,
P < 0.001 for boys and » = 0.9664, P < 0.001 for girls.

may influence scores, we were unable to further investigate
the source of these differences. However, the 4 sites were
selected in regions that differ slightly with respect to cul-
tural background and level of economic development. It is
likely that these differences reflect true variability in the
population that was appropriately reflected in our norma-
tive sample. After statistical normalization, combination of
the 4 sub-samples helped to enhance the representativeness
of the reference study sample.

Based on exploratory factor analysis, we made slight
changes to items and structure of the scales (refer to the
companion paper entitled “Modifying the Autism Spec-
trum Rating Scale (6-18 years) to a Chinese Context: An
Exploratory Analysis” [15]). The present data provide
encouraging evidence in support of use of the ASRS, given
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an excellent positive correlation with the US norm data.
This shows that the slightly-modified ASRS is suitable for
screening ASD in the Chinese cultural environment.

One limitation of this study is that we only selected
urban populations as the reference sample in this study, and
it was relatively limited. Therefore, it is necessary to
include rural populations in further studies.

In conclusion, we have established the Chinese norm
referenced criteria for ASRS, adopting the theoretical
approach used for other languages and settings. The
excellent correlation between our normative data and those
in the USA demonstrated the high quality of this scale. The
normative data will be useful in the screening and clinical
evaluation of school-aged children in China.
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Abstract The reported prevalence of autism spectrum
disorder (ASD) has been increasing rapidly in many parts
of the world. However, data on its prevalence in China are
largely missing. Here, we assessed the suitability of the
modified Chinese version of a newly-developed ASD
screening tool, the Modified Chinese Autism Spectrum
Rating Scales (MC-ASRS) in screening for ASD in Chi-
nese children aged 6-12 years, through comparison with
the Social Responsiveness Scale (SRS) that has been
widely used for ASD screening. We recruited the par-
ents/caregivers of 1588 typically-developing children and
190 children with ASD aged 6-12 years to complete the
MC-ASRS and SRS, and evaluated the validity of both
scales in discriminating children with ASD from those
developing typically. The results showed that MC-ASRS
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performed as well as SRS in sensitivity, specificity, and
area-under-the-curve (both >0.95) in receiver operating
characteristic analysis, with a fair false-negative rate.
These results suggest that MC-ASRS is a promising tool
for screening for children with ASD in the general Chinese
population.

Keywords Autism spectrum disorder - Screening
accuracy - ROC analysis - Modified Chinese Autism
Spectrum Rating Scale - Social Responsiveness Scale

Introduction

In the past several decades, autism spectrum disorder
(ASD) has become an increasingly important issue of
concern worldwide. ASD consists of an array of disorders
characterized by impairment in reciprocal social interaction
and communication skills, and the presence of repetitive
stereotypic behaviors/restricted interests [1, 2], with vari-
ability in symptom pattern, severity, associated cognitive
and language ability, and prognosis [3]. Many studies have
suggested that early identification, diagnosis, and inter-
vention can ameliorate the prognosis of ASD [4-7].

The prevalence of ASD reported in various countries
and regions has increased dramatically since 2000. Studies
have suggested an estimated prevalence of ASD of ~1%
in the general population [8]. In China, most reported
epidemiological studies of ASD have been regional, with
relatively small samples. Furthermore, the targeted clinical
cases were variable, with most studies screening for chil-
dren with classical autism, and some for those with ASD
[9]. In addition, a lack of standard diagnostic instruments to
assess the positively-screened individuals made the results
less valid. The Autism Diagnostic Observation Schedule
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(ADOS) and Autism Diagnostic Interview-Revised (ADI-
R) have generally been recommended for case confirma-
tion in ASD epidemiology studies [10]. The shortcomings
noted above make it difficult to directly compare the
prevalence estimates from existing Chinese studies with
those from recent studies in other parts of the world. With
the support of a national program, we will conduct a multi-
site epidemiological investigation of ASD in Chinese
school-aged children (6—12 years old) using standard pro-
cedures of screening and diagnosis, making the prevalence
comparable to existing results from developed countries.
Above all, we needed to identify a screening instrument
appropriate for our targeted population.

Currently in China, screening instruments available for
6—12-year-old children are mainly the Autism Behavior
Checklist (ABC), Autism Spectrum Screening Question-
naire (ASSQ), and Social Communication Questionnaire
(SCQ). There has been almost no research using the ABC
in developed countries, making it difficult to make com-
parisons. Although a previous study showed good sensi-
tivity and specificity of the ASSQ in differentiating
children with ASD from healthy controls, as well as chil-
dren with attention deficit/hyperactivity disorder (ADHD)
and childhood-onset schizophrenia [11], the ASSQ was
designed to identify children with high-functioning ASD,
particularly Asperger syndrome. The positive rate using the
ASSQ for level-1 screening may underestimate the preva-
lence of ASD. The SCQ is more commonly used in level-2
screening to discriminate ASD from other developmental
disorders [12]. In recent years, the Social Responsiveness
Scale has been introduced in the Taiwan region and shows
good reliability and validity in Taiwan children [13].

The Autism Spectrum Rating Scale (ASRS) is a
screening tool developed by Goldstein and Naglieri in 2009
[14], designed to measure autism-related behaviors in
children and adolescents aged 2—18 years. The ASRS has
full-length and short versions, both of which can be com-
pleted by parents or teachers. The full-length ASRS (6-18
years) consists of 3 scales: the ASRS scale for screening,
the DSM-IV-TR scale for guiding diagnostic decisions, and
the treatment scale for monitoring the effectiveness of
intervention. The available age-range of the ASRS is large
and appropriate for follow-up studies. In previous work,
Zhou et al. [15, 16] translated the ASRS into Chinese and
assayed its suitability for screening children with ASD
from the general population. The results showed that the
modified Chinese version of the ASRS, the MC-ASRS,
shows good reliability and validity [16]. In the current
study, we compared the screening accuracy of the MC-
ASRS with that of the widely-used SRS in discriminating
ASD cases in school-aged children, to further investigate
the applicability of the MC-ASRS in first-level screening
for ASD in China.

Methods
Study Design and Participants

The study was conducted from January to July, 2014, and
enrolled children diagnosed with ASD according to DSM-
V from both clinics and local autism rehabilitation centers,
and typically-developing healthy children from communi-
ties, all aged 6-12 years. The children were recruited from
Shanghai, Guangzhou, Harbin, and Changsha, representing
four main areas of China, to ensure data quality and
representativeness.

The ASD children were recruited from both clinics and
local autism rehabilitation centers in the four cities. A
clinical diagnosis of ASD was made according to the
DSM-V criteria and confirmed by senior developmental
pediatricians using the ADOS and ADI-R. Individuals were
excluded if they were diagnosed with symptomatic autism
(such as Rett syndrome and fragile X syndrome), inherited
metabolic diseases, mental retardation caused by secondary
brain injury, or psychiatric diseases such as schizophrenia
and schizoaffective disorder.

Healthy, typically-developing age-matched children were
recruited from communities in the 4 cities using convenient
cluster sampling, to represent a healthy group without ASD.
Parents of children with visual and/or auditory impairment
and nervous system diseases were excluded.

Instruments

MC-ASRS (Full-Length Form, 618 Years, Parent
Rating)

The original full-length ASRS (6-18 years) uses a five-
point Likert scale ranging from ‘Never’ (0) to ‘Very Fre-
quently’ (4) according to the frequency of the corre-
sponding behavior, and has good psychometric properties
[14]. It includes 71 items consisting of 3 scales, the ASRS
scale for ASD screening, the DSM-IV-TR scale, and the
treatment scale. In the ASRS scale, three subscales con-
sisting of 60 items are used: Unusual Behaviors (UB, 24
items), Social/Communication (SC, 19 items), and Self-
Regulation (SR, 17 items), the scores of which are raw
scores. All raw scores are combined into a single composite
score, the T-score [17]. A higher T-score indicates more
obvious ASD features. The T-scores of ASRS follow a
normal distribution with a normative mean of 50 and
standard deviation of 10 [15], and the cut-off point is set to
60 (mean + 1 SD) [14].

With the permission of Goldstein and Naglieri and with
approval by the Multi-Health System, our colleagues Zhou
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et al., in the team of the Research Special Fund for Public
Welfare Industry of Health of China, translated the original
ASRS into Chinese using a two-way procedure. They then
found it to be a reliable and valid tool for screening ASD
traits in general Chinese children, but its construct validity
was not entirely satisfactory [15]. Therefore, they con-
ducted exploratory factor analyses, after which they
retained the original three-factor solution but excluded 12
items because of low factor loading (<0.3) or cross-load-
ing, resulting in the Modified Chinese ASRS (MC-ASRS)
that includes 59 items in the ASRS scale. The DSM-IV-TR
and treatment scales of the MC-ASRS were retained from
the original version. Then, confirmatory factor analyses for
the MC-ASRS and the unmodified Chinese ASRS were
performed in the same new Chinese sample. The results
show that the model-fitting indices of the MC-ASRS are
better than those of the unmodified version with the same
cut-off T-score of 60, indicating that the MC-ASRS has
better construct validity [16, 18].

The Chinese Version of the Social Responsiveness
Scale (Chinese SRS) - Parent

The original SRS was developed by Constantino and col-
leagues in 2002[19]. It consists of 65 items divided into 5
subscales: Social Awareness, Social Cognition, Social
Communication, Social Motivation, and Autistic Manner-
isms. It was designed to assess the social behavior of
children aged 4-18 years. The SRS uses a four-point Lik-
ert-type questionnaire reported by the individual himself/
herself or the caregiver according to the frequency of each
behavior (“0” never to “3” always). A higher score indi-
cates more severe social deficits and autistic behaviors. The
raw SRS score can be converted to a T-score, but it is
recommended to use the total raw score in research, in
order to increase the comparability between studies [20].
Therefore, we used the raw SRS score in the current study.
SRS scores are highly correlated with ADI-R scores (r =
0.65-0.77) [19]. The SRS performs well in psychometric
properties across different cultures [13, 21, 22], including
the Chinese version in the Taiwan region. The recom-
mended cut-off for the raw in the Chinese version of SRS
when used for screening for ASD in low-risk populations in
China is 60 [23].

Procedures

The research protocol was approved by the Research Ethics
Committee of the Children’s Hospital of Fudan University
([2012] No. 185) before data collection. Parents of eligible
children were invited to participate in the study and
received a folder containing an informed consent letter, a
general information sheet, the MC-ASRS and SRS scales,
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and guidance notes. Parents who signed the informed
consent completed the two scales on two separate days
with an intervening period of no more than two weeks. The
order in which the MC-ASRS and SRS were assigned to
the parents was done by simple randomization. For com-
parison with the SRS, only the parent version of the MC-
ASRS was included in the analysis.

Data were entered after the questionnaires were
retrieved from the sites by two separate groups of trained
staff. Clinicians who administered the ADOS and ADI-R
assessments were trained and certified.

Statistical Analysis

We retrieved 1596 questionnaires from the general sample
and 190 from the ASD sample. In the general sample, 3
individuals were excluded from analysis because both the
MC-ASRS and SRS were >70, indicating high likelihood
of ASD [24]. Indeed, further assessment using the ADOS
and ADI-R confirmed that these children have ASD. In
addition, 5 individuals in the clinical sample were
excluded because they failed to complete both scales.
Finally, the data from 1778 participants (1593 from the
general population and 185 clinical ASD cases) were
analyzed.

Descriptive statistics were computed for the scores on
the selected instruments. Unpaired #-tests were used to
compare means, and the y* test was used to assess dif-
ferences in proportions. First, differences between the
scores in children with ASD and typically-developing
children were investigated using independent sample ¢-
tests when the distribution was robustly normal, or using
the Mann-Whitney test when it was skewed. Then, using
clinical diagnosis by DSM-V as the reference standard
and the general sample as a typical control, we performed
receiver-operator-characteristic  (ROC) area-under-the-
curve (AUC) analyses using the same cut-off score of 60,
to assess and compare the screening accuracy of the MC-
ASRS and the SRS. Based on these results, we further
calculated and compared the sensitivities, specificities,
positive and negative predictive values, and positive and
negative likelihood ratios for the MC-ASRS and SRS.
Sensitivity was calculated as the percentage of children
with ASD who tested positive, while specificity was
calculated as the percentage of children without ASD who
tested negative. The positive predictive value (PPV) was
determined as the percentage of all children testing pos-
itive who were later diagnosed with ASD, while the
negative predictive value (NPV) was the percentage of all
children testing negative who did not have ASD. The
95% confidence interval (95% CI) was computed by the
Wilson method. Stata SE 11.0 was used to conduct the
statistical analyses.
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Results

The demographic characteristics of the two samples are
shown in Table 1. The mean age of all participants was 8.8
years (SD = 1.8), and those of the clinical ASD cases and
general sample showed no significant differences (8.9 +
1.8 vs 8.4 £ 1.9, P = 0.178). The sex ratio of the clinical
group was 7.26:1 (male:female), while that of the general
sample was 1.05:1. The percentages of participants from
each site showed no significant differences.

As expected, the clinical sample scored significantly
higher than the community sample on both the MC-ASRS
and the SRS (both P <0.001, Table 2).

In general, with the same cut-off point of 60, the MC-
ASRS and SRS performed similarly in screening for ASD
cases in the general sample. The sensitivity of MC-ASRS
was a little lower than SRS (MC-ASRS vs SRS, 93% vs
96.8%), while the specificity was in the opposite direction
(83.2% vs 82.2%). The NPVs were both very high (>99%),
suggesting that it was very unlikely that a child scoring
<60 would be diagnosed as having ASD, while the PPVs
were relatively low, indicating high false-positive rates of
both instruments. The positive likelihood ratios were sim-
ilar, but the negative likelihood ratio of SRS was lower
than that of MC-ASRS (Table 3).

The performance of the MC-ASRS and SRS were
compared mainly through the AUCs under ROC curves.
Both performed well in distinguishing ASD cases from

typically-developing children (both AUCs >0.95), SRS
being slightly better than MC-ASRS (MC-ASRS 0.9522 vs
SRS 0.9719, P = 0.0011) (Fig. 1).

At all four sites, parents were the main administrators,
but the proportion of mothers administering the scales was
higher than that of fathers. In considering the possible
discrepancy resulting from the father or the mother
administering the scales, we separately calculated and
compared the AUCs of the ROC curves for the two sub-
samples. The results showed no significant differences in
the AUC of the MC-ASRS between the fathers or the
mothers administering the questionnaire, with a higher
AUC for the mothers completing the SRS than the fathers
(Table 4).

Discussion
Screening Accuracy of the MC-ASRS and SRS

In a previous study, the original ASRS was translated into
Chinese [15] and modified based on the results of
exploratory and confirmatory factor analysis to achieve a
better construct validity for the Chinese population aged
6—12 years [16]. Also, the norm of the MC-ASRS in 6-12-
year-old Chinese children was established [25]. Here, we
investigated the screening accuracy of the MC-ASRS in a
multicenter study, by comparing it with the SRS, a widely-

Table 1 Demographic

characteristics of the general General sample ASD cases
sample and ASD cases. n 7 P n 7 P
City (%) 1596 190
1 415 57
2 412 41
3 345 42
4 424 50
Sex (% male) 816 (51.13%) 167 (87.89%)
6 years 82 (53.95%) 4.3697 0.627 35 (89.74%) 2.7481 0.840
7 years 158 (51.97%) 31 (86.11%)
8 years 128 (51.82%) 24 (88.89%)
9 years 153 (52.40%) 27 (90.00%)
10 years 107 (45.34%) 18 (85.71%)
11 years 125 (50.40%) 23 (92.00%)
12 years 63 (53.85%) 9 (75.00%)
Administrator (%) 1561 179

Father

510 (32.67%)

33 (18.44%)

Mother 1010 (64.70%) 125 (69.83%)
Grandfather 17 (1.09%) 5 (2.79%)
Grandmother 14 (0.90%) 14 (7.82%)
Other 10 (0.64%) 2 (1.12%)
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Table 2 MC-ASRS and SRS

scores in the general sample and Scales Sleliegz;lgzz;mple EZS]_) lcgass;:s Effect size* t value P
ASD cases.
ASRS scale
T-Score 47.89 £ 7.85 67.06 £+ 8.73 —19.17 £ 0.62 —-31.07 <0.001
SC 2430 £ 11.95 50.01 £+ 13.54 —25.724+0.94 —-27.29 <0.001
UB 27.74 £ 10.79 46.84 + 13.52 —19.104+0.86 —22.15 <0.001
SR 1691 £ 7.52 29.46 £ 9.10 —12.5440.60 —20.99 <0.001
DSM-IV-TR scale 41.86 £+ 13.07 74.80 £ 14.91 —32.94 + 1.03 —27.72 <0.001
SRS score 43.15 £ 18.22 103.33 £+ 25.70 —60.17 £ 1.49 —40.49 <0.001

MC-ASRS Modified Chinese Autism Spectrum Rating Scales, SC Social Communication, SR Self Regu-
lation, SRS Social Responsiveness Scale, UB Unusual Behavior.

* Difference & SE. The SC, UB, SR, DSM-IV-TR, and SRS scores are raw, and the T-score of MC-ASRS

is composite.

Table 3 Comparison of diagnostic accuracy between the MC-ASRS
and SRS scales in screening for autism spectrum disorder in children

aged 6-12 years.

MC-ASRS SRS
True positives 172 179
False negatives 13 6
False positives 268 284
True negatives 1325 1309

Sensitivity (95% CI)
Specificity (95% CI)
Positive likelihood ratio
(95% CI)

Negative likelihood ratio
(95% CI)

Odds ratio (95% CI)
Positive predictive value

93.0% (88.3-96.2)
83.2% (81.2-85.1)
553% (492-621)

8.45%(5.0-14.3)

65.4(36.9-116.0)
39.1% (34.5-43.8)

96.8% (93.1-98.8)
82.2% (80.2-84.0)
543% (487-605)

3.95% (1.8-8.7)

138.0 (61.6-307.0)
38.7% (34.2-43.3)

1.004

0.754

0.504

Sensitivity

0.254

0.004 8"

Y
0.00

Y
0.25

Y
0.50

0.75

Y
1.00

(95% CI)
Negative predictive value
(95% CI)

False-positive rate, %

99.0% (98.3-99.5)  99.5% (99.0-99.8)

16.8% 17.8%

MC-ASRS Modified Chinese Autism Spectrum Rating Scales, SRS
Social Responsiveness Scale, 95% CI 95% confidence interval.

used tool for ASD screening. Our results showed that the
MC-ASRS effectively identified children diagnosed with
ASD using the DSM-V criteria, with screening accuracy
similar to that of the SRS. When separated into two sub-
samples of administrators (father and mother), the results
of both instruments were still both excellent.

As a newly-developed scale, the screening accuracy of
the ASRS has not been systematically examined. We found
good to excellent sensitivity and specificity for the cut-off
T-score of 60 on the parent report. As to the parent-re-
ported SRS, the estimate of sensitivity with regard to ASD
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—— ASRS ROC area: 0.9522 —— SRS ROC area: 0.9719

Fig. 1 ROC curves and AUCs of MC-ASRS T-scores and total raw
SRS scores. AUC area-under-the-curve, ROC receiver operating
characteristic, MC-ASRS Modified Chinese Autism Spectrum Rating
Scales, SRS Social Responsiveness Scale.

classification according the DSM-V criteria was similar to
that of a previous study [23], using samples with only
typically-developing children and children with ASD.
Predictive values depend upon the prevalence of the
targeted disease [26], while the likelihood ratios are rela-
tively independent and also more steady when used in
evaluating screening accuracy. In the current study, the
NPVs of the two instruments were similarly high, while the
PPVs were almost equally low, partly because of the low
prevalence of ASD classification in our sample (185/1778,
10.4%). It was noted that the NLR of the MC-ASRS was
higher than that of the SRS, indicating that the MC-ASRS
has slightly greater but still acceptable potential [27] to
misjudge an ASD case for a typical child than the SRS.

Characteristics of the Two Scales

The parent version of the SRS is a widely-used scale
designed to evaluate the social ability of children in the



B. Zhou et al.: Screening Accuracy of MC-ASRS and SRS 173
EA?_];;RSASIS S"égzﬁglghe Scales Administrator AUC  SE 95% CI 7 P
administrators. MC-ASRS Father 543 0.9502 0.0199 0.9111-0.9892 0.11 0.8021
Mother 1135 09506  0.0099  0.9312-0.9698
SRS Father 543 09435  0.0217  0.9010-0.9859 1524  0.0001
Mother 1135 09777  0.0054  0.9671-0.9883

AUC area-under-the-curve, MC-ASRS Modified Chinese Autism Spectrum Rating Scales, ROC receiver
operating characteristic, SRS Social Responsiveness Scale.

general population for screening purposes. There have been
many diagnostic validity studies of the SRS in different
countries [12, 13, 21, 28-31]. In the USA, German, and
Chinese studies, the total SRS score performs well in dif-
ferentiating children with ASD from typically-developing
children. Our study concurred with these results. However,
studies, including the original validation study [19], have
also suggested that the SRS has lower screening accuracy
in a complicated group of other mental disorders (such as
intellectual disability, language disorder, ADHD, and
ODD/CD), especially in children with a lower IQ and with
greater behavioral problems [12]. The reason could be
great overlap of communication and social interaction
symptoms in children with ASD and other mental disorders
and insufficient items focused on repetitive and restricted
behaviors (RRBs) — another pivotal and characteristic
domain of ASD — in the SRS. The majority of items (53/65)
in the SRS describe normal or abnormal responses in social
situations, focusing on the severity of the social commu-
nication deficit, while 12 items describe autistic manner-
isms. The score generated by the SRS is an index of
impairments in reciprocal social behaviors; some items are
even geared toward other domains focusing on social
aspects [32]. Furthermore, several items are descriptive of
common symptoms of ASD, as well as of other neu-
ropsychiatric disorders. Therefore, some disorders with
social impairment showed overlapping SRS scores and
could not be efficaciously differentiated from ASD [33].
The ASRS is a relatively new screening tool specifically
for autistic traits. The scales include items related to the
comprehensive symptoms and associated behaviors of
ASD, including Asperger’s Syndrome and Pervasive
Developmental Disorder-Not Otherwise Specified (PDD-
NOS). The structure of the scales is consistent with the 3
symptomatic domains of the criteria, and all domains are
covered in significant proportions. Even in the UB sub-
scale, there are three key areas about RRBs: language
stereotypes, behavioral rigidity, and sensory sensitivity,
which could improve the ability to discriminate between
children with ASD and children with other psychiatric
disorders. The original ASRS study showed that the scores
on the ASRS can effectively distinguish individuals with

ASD from typically-developing individuals and those with
other diagnoses [17]. However, further research is neces-
sary in different countries and cultures to assess how the
ASRS performs when differentiating children with ASD
from those with other developmental neurological
disorders.

Strengths, Limitations, and Prospects

To our knowledge, the current study is the first to explore
the screening accuracy of the MC-ASRS, and compare it
with the SRS, another well-established ASD screening
scale. The strengths of our study include a relatively large
sample size and wide age-range, which could enhance the
validity of the scales in subsequent studies. One limitation
of this study is that the sample did not include children with
other diagnoses, especially other developmental neurolog-
ical disorders.

The screening accuracy of the two instruments may have
been overestimated since children in the case group had
been previously diagnosed and received special education,
resulting in their parents’ or caregivers’ having a better
understanding of the disorder and responding well to the
items on the questionnaires, as compared to parents without
previous knowledge of ASD. Therefore, when using the
ASRS and SRS to screen for autistic traits in the general
population, caution should be exercised. In future studies, it
would be better to recruit the clinical subjects and complete
the questionnaires during the first visit to reduce bias. In
summary, the MC-ASRS shows good performance in
screening for children with ASD in the general Chinese
population aged 6—12 years, with effectiveness similar to
the SRS. Further larger-scale and more sophisticated
studies are needed to determine its suitability in screening
children with ASD from those with other developmental
neurological disorders.
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Abstract The purpose of this study was to explore the
psychometric properties of the Chinese version of the
autism spectrum rating scale (ASRS). We recruited 1,625
community-based children and 211 autism spectrum dis-
order (ASD) cases from 4 sites, and the parents of all
participants completed the Chinese version of the ASRS. A
robust weighted least squares means and variance adjusted
estimator was used for exploratory factor analysis. The
3-factor structure included 59 items suitable for the current
sample. The item reliability for the modified Chinese ver-
sion of the ASRS (MC-ASRS) was excellent. Moreover,
with 60 as the cut-off point, receiver operating character-
istic analysis showed that the MC-ASRS had excellent
discriminate validity, comparable to that of the unmodified
Chinese version (UC-ASRS), with area under the curve
values of 0.952 (95% CI: 0.936-0.967) and 0.948 (95% CI:
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0.930-0.965), respectively. Meanwhile, the confirm factor
analysis revealed that MC-ASRS had a better construct
validity than UC-ASRS based on the above factor solution
in another children sample. In conclusion, the MC-ASRS
shows better efficacy in epidemiological screening for ASD
in Chinese children.
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Introduction

Autism spectrum disorder (ASD) is a group of heteroge-
neous neurodevelopmental disorders characterized by def-
icits in social interaction and reciprocal communication, as
well as restricted and repetitive interests and behaviors [1].
ASD has become a major worldwide issue in public health
because its prevalence has significantly increased in many
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countries over the last few decades [2-4]. However, the
causes of the progressive increase in the prevalence of
ASD are not entirely clear. Potential contributing factors
are changes in diagnostic criteria, increased attention
within the medical community, and greater awareness
among parents [5]. The etiology of autistic conditions
nevertheless remains poorly understood, and the preva-
lence rate has varied substantially between studies and over
time [6, 7].

ASD is an important cause of childhood disability
worldwide. The prevalence of disability caused by autism
is 2.38 per 10,000 individuals between 0 and 17 years old
and 6.39 per 10,000 individuals between 4 and 6 years in
the Chinese population [8]. However, at the national level,
the prevalence of ASD in children in mainland China
remains unknown. The usual approach to conducting a
nation-wide epidemiological investigation of ASD in the
Chinese general pediatric population (6-12 years) is to
screen a representative population in order to identify
children suspected of having ASD and to conduct next-step
clinical assessments with systematic methods in order to
obtain an accurate estimate of prevalence. A questionnaire-
based epidemiologic study is an easy and efficient method
of screening for ASD in the general population because it is
easy to carry out and relatively inexpensive. However, the
use of questionnaires relies on each participant’s under-
standing of the instructions for each individual item, which
may vary according to the cultural context in different
samples [9, 10]. Factor analysis has been widely used to
investigate the latent structure of ASD questionnaires in
different populations in cross-cultural environments
[11, 12].

Most studies of the factor structure of ASD question-
naires have used Western populations. To date, Chinese
versions of several screening tools for autism have been
developed [13]; however, only a few studies have con-
ducted factor analysis of these assessment tools. One study
used samples of school-aged students recruited from pri-
mary school and participants from clinical settings to
explore the Social Responsiveness Scale in a Chinese
population [14]. The results supported a 4-factor structure
for the Chinese version of this scale. Gau et al. conducted
factor analysis and revealed a 3-factor structure for a social
communication questionnaire in Chinese children [15].
Another study examined the Autism Spectrum Quotient,
which involved 5 factors in the general Chinese population
[16]. However, these studies were all based on populations
in the Taiwan region. So far, only one study has conducted
a factor analysis of a screening tool for ASD in the Chinese
population in China’s mainland. Specifically, Sun et al.
conducted a factor analysis of the Mandarin Chinese ver-
sion of the Childhood Autism Spectrum Test in normal
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children and cases of autism; the results revealed a two-
factor solution [17].

The Autism Spectrum Rating Scale (ASRS) is an ASD
screening instrument developed by Goldstein and Naglieri
[18]. It is available for two age ranges: 2-5 and 6-18 years.
It is a newly-developed screening tool, and the only factor
analysis of the ASRS has been conducted in a US popu-
lation [18]. In a previous study, we demonstrated that the
Chinese version of the ASRS is a useful instrument for
screening autism in Chinese children. However, the con-
struct validity of this version did not achieve the optimal
value, with all values of the model fit <0.9 [19]. Therefore,
to explore whether factor analysis of the ASRS in a sample
of Chinese children is necessary, we measured the latent
structure of the Chinese version (6-18 years old) and
assessed the modified version in a different cultural envi-
ronment, before its application in a national ASD screening
program for children aged 6-12 years.

Materials and Methods
Participants

The samples were from a pilot national epidemiological
study of ASD in Chinese school-aged children, conducted
from January to July, 2014. To ensure data quality and that
the sample was representative, participants were recruited
from four cities geographically representative of China
with a well-established base for epidemiological research:
Shanghai, Harbin, Guangzhou, and Changsha.

The participants comprised two subsamples: (1) a
community-based sample drawn from the parents of 2,053
children aged 612 years in Shanghai, Harbin, Guangzhou,
and Changsha; and (2) a clinical sample of the parents of
211 individuals with autism. The children with ASD were
recruited from the outpatients of participating institutions
(The Children’s Hospital of Fudan University, Shanghai;
The Third Affiliated Hospital of Sun Yat-Sen University,
Guangzhou; The Second Xiangya Hospital of Central
South University, Changsha; and Harbin Medical Univer-
sity, Harbin). All children with ASD had a clinical diag-
nosis made by a pediatrician according to the criteria of the
Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition.

Screening Instrument

The ASRS was introduced to China using standard ques-
tionnaire translation procedures with the approval of Multi-
Health Systems [20], and a previous study confirmed that
the method is reliable [19]. The ASRS includes screening,
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Diagnostic and Statistical Manual of Mental Disorders, 4th
Edition, Text Revision (DSM-IV-TR), and treatment scales,
with a total of 71 items. In factor analyses, a 3-factor
solution was most commonly found with the ASRS in
western population. Three-factors comprising 60 items of
the total 71 were generated for screening: Social/Commu-
nication (SC, 19 items), Unusual Behaviors (UB, 24 items),
and Self-Regulation (SR, 17 items). These 3 scales were
combined into a single composite score, the T-score, which
was developed for screening purposes. The DSM-IV-TR
scale contained 34 items based on expert experience from
the total of 71 items, and a high score indicates that the child
has a higher chance of being diagnosed as autistic by a
psychiatrist. Finally, the treatment scale had a total of 69 out
of the 71 items and included 8 subscales based on expert
experience, which are: Peers Socialization (PS, 9 items),
Adult Socialization (AS, 6 items), Social/Emotional
Reciprocity (SER, 13items), Atypical Language (AL, 6
items), Stereotypy (ST, 5 items), Behavioral Rigidity (BR, 8
items), Sensory Sensitivity (SS, 6 items), and Attention
(AT, 11 items). This can be used for ongoing monitoring of
the clinical status of children with ASD.

Study Procedure

The parents who gave written consent were invited to
complete the Chinese version of the ASRS. Each parent
was given a booklet that contained an information sheet,
questionnaire, consent form, and guidance notes. Contact
information for the research team was provided along with
the scale in case parents had questions about the forms. The
program was approved by the Ethics Review Board of the
Children’s Hospital of Fudan University ([2012] No. 185).

Statistics

The Chinese version of the ASRS was distributed to the
parents of all eligible children in a pilot study. In all, 369
questionnaires were not returned, and 59 lacked basic
information (e.g., name and date of birth). Another 160
questionnaires from the community-based sample had
missing items: 126 (7.5%) had <5 missing items, and 34
(2%) had >5. In addition, 24 questionnaires from the
clinical sample had missing items: 18 (8.5%) had <S5, and 6
(2.8%) had >5. In total, 1,465 questionnaires from the
community-based sample and 187 from the clinical sample
were available for analysis.

The raw scores were used for factor analysis. We used the
statistical package MPlus version 7.0 (Muthén & Muthén,
Los Angeles, CA) to test the factor structure with exploratory
factor analysis (EFA) [21]. Items in the ASRS were measured
with 5-point Likert scales, and the variables were categorical.
EFA was conducted with Geomin (oblique) rotation, which is

a proper method for extracting categorical variables in factor
analysis. The factor structure of the Chinese version of the
ASRS was estimated using a robust weighted least squares
means and variance-adjusted estimator [22]. This approach is
considered to be more accurate for exploring the latent
structure of questionnaires by identifying the factor structure
of categorical variables than other methods based on con-
tinuous variables [23]. The Xz goodness-of-fit test, the root
mean square error of approximation (RMSEA), the com-
parative fit index (CFI), the Tucker—Lewis index (TLI), and
the standardized root mean square residual (SMSR) were
used to estimate the factor structure [24].

We selected the number of factors to retain via the
Kaiser criterion, where components with eigenvalues >1,
and the scree test, where components with eigenvalues
before the ‘elbow’ of a scree plot, were retained [25]. The
literature indicates that using both approaches is more
accurate at identifying the correct number of factors than
using only one method. In particular, the number of factors
to retain can be overestimated if one method is used.

We considered factor loadings >0.3 to be outstanding,
and an item was removed from further analysis if it had a
factor loading <0.3 or cross-loading <0.1 [18]. In addition,
to ensure that each factor was well measured, factors with
<3 items were removed.

We used the standard ASRS T-score to conduct further
analyses. Cronbach’s alpha was used to test item reliability
[26], and receiver operating characteristic (ROC) curves
were used to assess the performance of the questionnaire,
as ROC analysis is a helpful method for determining the
validity of questionnaires [27]. Specifically, we used ROC
analysis to measure the discriminate validity of the Chinese
version of the ASRS and computed the area under the
curve (AUC) and 95% confidence intervals (CI). Ulti-
mately, the sensitivity and specificity of the Chinese ver-
sion of the ASRS for screening for ASD were analyzed.

Results
Demographic Characteristics of the Samples

A total of 1,465 questionnaires from the community-based
sample and 187 questionnaires from the clinical sample
were included in the analysis. The community-based
sample included 752 boys (51.3%) with a mean age of
8.8 £ 1.8 years, and the clinical sample included 161 boys
(86.1%) with a mean age of 8.9 + 1.9 years. Those
excluded were missing basic information and data neces-
sary for statistical analysis. Statistics regarding age, sex,
and site distribution are shown in Tables 1 and 2.

The mean scores for the ASRS by type of sample and by
gender are summarized in Table 3. The total score and SC,
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Table 1 Age and sex

distribution of the reference Age Community-based sample (n = 1465) Clinical sample (n = 187)
sample. Male Female Total Male Female Total
n (%) n (%) n (%) n (%)

6 125 (54.6) 104 (45.4) 229 44 (89.8) 5(10.2) 49
7 123 (50.8) 119 (49.1) 242 28 (87.5) 4 (12.5) 32
8 134 (55.6) 107 (44.4) 241 18 (81.8) 4 (18.2) 22
9 118 (47.0) 133 (53.0) 251 25 (92.6) 2(7.4) 27
10 99 (48.3) 106 (52.7) 205 17 (85.0) 3 (15.0) 20
11 106 (52.7) 95 (48.3) 201 17 (77.3) 5(22.7) 22
12 47 (49.0) 49 (51.0) 96 12 (80.0) 3 (20.0) 15
Total 752 (51.3) 713 (48.7) 1465 161 (86.1) 26 (13.9) 187
b 5.76 3.82
P 0.45 0.70

Ee?:::nie Ss;t;ggrlbutlon of the City Community-based sample (n = 1465) Clinical sample (n = 187)

Male Female Total Male Female n (%) Total
n (%) n (%) n (%)

Shanghai 183 (49.7) 185 (50.3) 368 47 (85.5) 8 (14.5) 55
Guangzhou 221 (52.1) 203 (47.9) 424 40 (87.0) 6 (13.0) 46
Changsha 166 (50.0) 166 (50.0) 332 40 (85.1) 7 (14.9) 47
Harbin 182 (53.4) 159 (46.6) 341 34 (87.2) 5 (12.8) 39
Total 752 (51.3) 713 (48.7) 1465 161 (86.1) 26 (13.9) 187
x> 1.29 0.12
P 0.73 0.99

Table 3 Mean ASRS scores by sample type and gender.

Community-based sample (n = 1465) Clinical sample (n = 187) P*
All Boys (n = 747) Girls All Boys (n = 166) Girls

Total score 54.82 £ 7.0 55.78 + 6.82 53.82 + 7.04 69.23 £+ 6.30 69.0 £ 6.47 7148 £ 4.2 <0.011

SC 56.50 £+ 9.44 57.36 £ 9.42 55.61 £ 9.40 7449 + 8.14 74.27 £ 8.45 76.20 £ 4.88 <0.011

SR 47.37 £ 8.36 48.71 £ 8.24 57.75 £ 6.40 59.90 £ 7.00 59.54 + 8.23 65.62 £ 4.68 <0.011

UB 58.22 £ 6.31 58.69 £ 6.18 45.97 + 8.26 64.84 £ 6.0 64.75 £ 6.11 62.76 £+ 4.05 <0.011

# t test results for comparisons of means between community-based and clinical samples. All P < 0.001 for all community children versus all
children with ASD; all community boys vs all boys with ASD; all community girls vs all girls with ASD. SC Social Communication, UB Unusual

Behavior, SR Self Regulation.

UB, and SR sub-scores were higher in the clinical sample
than in the community-based sample. These significant
differences still existed between the two samples for males
and females (all P < 0.001).

Exploratory Factor Analysis
The results of the EFA revealed thirteen factors with
eigenvalues >1. While a break was apparent in the slope of

plotted eigenvalues, the shape of the curve suggested that
three factors were appropriate for the present sample

@ Springer

(Fig. 1). Therefore, our model fit statistics were based on a
three-factor structure, and each factor was extracted
(Table 4).

Among the 71 items, 12 were excluded: items 2 (be-
comes bothered by some fabrics or tags in clothes), 3
(seeks the company of other children), 4 (shows little
emotion), 7 (has problems waiting his/her turn), 11 (avoids
looking at people who speak to him/her), 14 (has trouble
talking with other children), 26 (repeats or echoes what
others have said), 34 (avoids looking at adults when a
problem occurs), 46 (flaps his/her hands when excited), 52
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Fig. 1 Screen plot.
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Table 4 Model fit statistics by g (o2 RMSEA  CFI TLI SMSR  Eigenvalues
factor solutions from the
exploratory factor analysis (71 7 df P
items).
1 23546.570 2414 0.000 0.077 0.669 0.659 0.101 17.102
2 10707.564 2344 0.000 0.049 0.869 0.861 0.053 6.827
3 7348.148 2275 0.000 0.039 0.921 0.913 0.040 3.037

Index criteria for a model of good fit: RMSEA < 0.05, CFI > 0.90, TLI > 0.90, SMSR < 0.08. CFI
comparative fit index, RMSEA root mean square error of approximation, SMSR standardized root mean
square residual, 7Ll Tucker—Lewis index.

(has problems paying attention to fun tasks), 59 (has
trouble talking with adults), and 68 (reverses pronouns
[e.g., you for me]). Items 2, 3, 4, 11, 46, and 52 were
excluded because their factor loading was <0.30. Item 7
had a cross-loading on factors 2 (0.300) and 3 (0.232); item
14 had a cross-loading on factors 1 (0.376) and 3 (0.463);
item 26 had a cross-loading on factors 2 (0.281) and 3
(0.304); item 34 had a cross-loading on factors 2 (0.327)
and 3 (0.271); item 59 had a cross-loading on factors 1
(0.378) and 3 (0.463); and item 68 had a cross-loading on
factors 1 (0.289) and 3 (0.342). Thus, these items were
excluded as well.

Factor 1, “SC”, included 21 items (5, 8, 9, 10, 12, 15,
23, 28, 31, 32, 33, 39, 42, 43, 45, 47, 55, 56, 61, 69, and
70); factor 2, “SR”, included 14 items (1, 6, 16, 17, 27,
30, 35, 36, 37, 44, 57, 58, 60, and 71), and factor 3,
“UB”, included 24 items (13, 18, 19, 20, 21, 22, 24, 25,
29, 38, 40, 41, 48, 49, 50, 51, 53, 54, 62, 63, 64, 65, 66,
and 67). Thus, 59 items were retained for further analysis
and the EFA was performed again on them. The model
remained stable and met the criteria for the goodness-of-
fit indices (RMSEA = 0.041, CFI = 0.926, TLI = 0.950,

SRMR = 0.045). The item loadings for each factor of the
Chinese version of the ASRS are shown in Table S1.

We conducted a confirm factor analysis based on the
above factor solution in another population of normal
children. The sample came from a primary school in the
Minhang District of Shanghai: 671 children aged
6-12 years. The results revealed that this modified Chinese
version (MC-ASRS) had a better construct validity than the
unmodified version (UC-ASRS) [28].

Item Reliability of the Chinese Version of the ASRS

We used the Cronbach’s alpha to test the item reliability
[29]. The item reliability for the 59 items was 0.926 for the
MC-ASRS and 0.915 for the UC-ASRS. Moreover, for the
SC, SR, and UB subscales, Cronbach’s alpha was 0.908,
0.873, and 0.857 for the MC-ASRS and 0.87, 0.863, and
0.846, for the UC-ASRS, respectively. These results indi-
cated that, regarding the item structure, the MC-ASRS had
relatively better reliability (for the three subscales and total
scores) than the UC-ASRS for the Chinese population
(Table 5).
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Table 5 Comparison of

Cronbach’s alpha for each Factors UC-ASRS Cronbach’s alpha MC-ASRS Cronbach’s alpha
factor and the total score sC 19 0.87 21 0.908
between the UC-ASRS and the
MC-ASRS. SR 17 0.863 14 0.873
UB 24 0.846 24 0.857
Total 60 0.915 59 0.929

MC-ASRS modified Chinese version of the Autism Spectrum Rating Scale, UC-ASRS unmodified Chinese
version of the scale, SC Social Communication, SR Self Regulation, UB Unusual Behavior.

Optimal Cut-Offs of the Chinese Version
of the ASRS

A previous study suggested that the ROC curve is a reliable
method to determine the ideal cut-offs for questionnaires in
psychiatric research on children [30]. Using an approach to
determine the optimal sensitivity and specificity, we found
that the conventionally-used cut-off of 60 (mean + 1 SD)
for the MC-ASRS achieved a sensitivity of 94.2% and a
specificity of 82.0%, in the current sample. The original
study developing the ASRS suggested using a cut-off of 60
for the USA version [18]. Thus, we used a cut-off of 60 to
compute the sensitivity and specificity of the UC-ASRS.
The results (sensitivity 94.7%, specificity 77%) showed
that, compared with the MC-ASRS, the UC-ASRS had a
relatively equal sensitivity and a slightly lower specificity.

Discriminate Validity of the Chinese Version
of the ASRS

We performed ROC analysis to test the overall discrimi-
nate validity of both the MC-ASRS and the UC-ASRS
(Fig. 2). Using the same cut-off of 60, we found that both
versions yielded AUCs > 0.9, with an AUC of the total
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Fig. 2 Receiver Operating Characteristic (ROC) curves for the total
score for the MC-ASRS and UC-ASRS. MC-ASRS, modified Chinese
version of the Autism Spectrum Rating Scale; UC-ASRS, unmodified
Chinese version of the ASRS; t_score, total score of the MC-ASRS,
tot_t, total score of the UC-ASRS.
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score of 0.952 (95% CI: 0.936-0.967) for the MC-ASRS
and 0.948 (95% CI: 0.930-0.965) for the UC-ASRS,
indicating equally excellent discriminate validity for
screening children with ASD. We performed further anal-
ysis separately on each gender and found that the scales
performed even better among girls: AUC = 0.991; 95%
CIL: 0.980-1.000 for the MC-ASRS and 0.996; 95% CI:
0.991-1.000 for the UC-ASRS (Figs. S1 and S2).

Discussion

A standard approach to determining the efficacy of an
assessment tool is to determine whether scores on the scale
are significantly higher for a clinical sample than for the
general population. This indicates that the tool is able to
easily identify cases in the general population. The ASRS
is a newly-developed screening tool, and prior research has
demonstrated that scores on its subscales are significantly
higher in children with ASD than in normal children in the
US population [18]. The current study demonstrates the
efficacy of ASRS based on a Chinese sample.

EFA revealed the underlying structure of the MC-ASRS,
which consisted of three domains related to the quality of
ASD screening in the present sample. An EFA of the ASRS
suggested that a 3-factor solution, comprising 60 of the
total 71 items, was suitable for screening in western pop-
ulation. However, the MC-ASRS retained 59 items loaded
on a comparable 3-factor structure. Moreover, the content
of the 3 factors was similar to that of those in the original
US version [18]. The only difference was that a change in
the numbers of items contained in each factor was justified
for the Chinese sample. The content of each factor may
have differed between the MC-ASRS and the UC-ASRS
for two reasons.

First, some items shifted from one factor to another in
the MC-ASRS compared with the UC-ASRS. Second, in
the MC-ASRS, some items in the UC-ASRS were
removed, and other items from the 71-item total were
added. These adjustments may have been justified because
of cultural differences that may have affected the under-
standing of each concept. For instance, items 3 “will seek
the company of other children” and 4 “shows little
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emotion” were removed from the MC-ASRS. In Western
culture, a child exhibiting such behaviors may be con-
sidered to lack social skills, and his or her parents might
think that the child is introverted and shy; in Chinese
culture, however, such behavior is considered normal. The
differences between the two versions were very similar for
the SR and UB subscales, which may be attributed to
different understanding of the same concepts between
cultures, especially since the concepts of SR and UB are
easy to confuse in Chinese culture. Thus, the shifting of
many items between the UB and SR subscales is under-
standable. Expert judgments were required in the factor
analysis when items shifted from one factor to another,
which may have influenced the results. Our expert team
thought that the MC-ASRS would be more suitable for a
Chinese cultural environment. Previous studies have also
demonstrated that cross-cultural influences may affect the
factor structure of a questionnaire and that modifying
questionnaires for different cultural backgrounds may be
important [31, 32].

The EFA identified 12 items as potential candidates for
deletion because of poor factor loadings in the MC-ASRS.
Experts have suggested that as many items in the ques-
tionnaire as possible should be retained in a factor analysis.
In this study, we deleted 12 items. The need to delete so
many may be associated with the design of the ASRS
questionnaire. Many well-informed autism scales have
been designed mainly for screening. Initially, Dr. Sam
Goldstein developed the ASRS not only for screening but
also for diagnosis and monitoring the treatment of children
with ASD. Therefore, the ASRS contains more items than
other screening instruments for ASD. The UC-ASRS
retained 60 items in the ASRS screening scale via EFA
[18]. However, item assignment to the DSM-IV-TR and
treatment scales was based on the content of the items,
clinical experience, and the judgment of experts.

The analysis of item reliability demonstrated that
Cronbach’s alpha for each factor and the total score was
slightly better for the MC-ASRS than for the UC-ASRS.
The cross-cultural environment is known to affect the
performance of a questionnaire [33]. The high AUC values
in the ROC analysis indicated that the discriminate validity
of the MC-ASRS was strong and as high as that of the UC-
ASRS in the Chinese reference sample. The results
revealed that the MC-ASRS had excellent item reliability
and discriminate validity and that the MC-ASRS had equal
sensitivity and better specificity than the UC-ASRS. The
confirm factor analysis based on the factor solution in
another population of normal children [28] also demon-
strated that the MC-ASRS had a better construct validity
than the UC-ASRS, supporting its use as a reliable
screening tool for ASD in children and adolescent popu-
lations in China.

Limitations

The samples in our study were drawn from 4 cities. Dif-
ferences in culture, language, and diversity are the most
probable causes of the disparities in factor structure
between the MC-ASRS and the UC-ASRS. Using EFA, we
were unable to explore the specific contributions of each of
these types of difference. As currently the EFA of the
ASRS is conducted only in the US population, a compar-
ison between the present results and those of other studies
with respect to these issues cannot be made.

It is important to note that caution should be exercised in
interpreting our results. Owing to missing data, the final
analysis did not include all of the collected questionnaires, but
the vast majority were included; thus, the exclusion of these
ASRS questionnaires is unlikely to have affected the results of
the EFA. The criteria used to determine salient loadings, the
factor extraction and rotation methods, the methods of anal-
ysis, and the criteria used for indices of model fit may have
affected the factor structure. However, we conducted EFA
with reference to previous research methods [34].

Conclusion

This is the first multisite study to use both community-based
and clinical samples to test the MC-ASRS with EFA. The
3-factor solution of the MC-ASRS was stable and reliable,
and it showed excellent discriminate validity, as well as
good sensitivity and specificity. Our results thus demon-
strated that the MC-ASRS is a useful and reliable tool for
screening for the symptoms of autism in Chinese children.
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Abstract Since the documented observations of Kanner in
1943, there has been great debate about the diagnoses, the
sub-types, and the diagnostic threshold that relates to what
is now known as autism spectrum disorder (ASD).
Reflecting this complicated history, there has been con-
tinual refinement from DSM-III with ‘Infantile Autism’ to
the current DSM-V diagnosis. The disorder is now widely
accepted as a complex, pervasive, heterogeneous condition
with multiple etiologies, sub-types, and developmental
trajectories. Diagnosis remains based on observation of
atypical behaviors, with criteria of persistent deficits in
social communication and restricted and repetitive patterns
of behavior. This review provides a broad overview of the
history, prevalence, etiology, clinical presentation, and
heterogeneity of ASD. Factors contributing to hetero-
geneity, including genetic variability, comorbidity, and
gender are reviewed. We then explore current evidence-
based pharmacological and behavioral treatments for ASD
and highlight the complexities of conducting clinical trials
that evaluate therapeutic efficacy in ASD populations.
Finally, we discuss the potential of a new wave of research
examining objective biomarkers to facilitate the evaluation
of sub-typing, diagnosis, and treatment response in ASD.
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Heterogeneity - Treatment
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Introduction

Autism spectrum disorders (ASDs) are complex, pervasive,
and multifactorial neurodevelopmental conditions. Obser-
vation of aberrant behavior forms the basis of diagnosis,
with criteria focused on impairments in social communi-
cation and interaction, and restricted, repetitive patterns of
behavior, interests, or activities [1]. Heterogeneity of pre-
sentation is a hallmark [2—4] with comorbid psychiatric and
medical morbidities frequently reported. Commonly iden-
tified psychiatric and cognitive comorbidities with ASD
include social anxiety disorder, oppositional defiant disor-
der, attention-deficit/hyperactivity disorder, and intellec-
tual disability [5-7]. Medical conditions frequently
reported include immune system abnormalities, gastroin-
testinal disorder, mitochondrial dysfunction, sleep disor-
ders, and epilepsy [8—10].

The substantial direct and indirect effects of ASDs extend
across many different sectors including health, education,
social care, housing, employment, welfare benefits, and
labor markets, with a high economic burden extending to
adulthood and often carried by families [11, 12]. With
forecasts of annual direct medical, non-medical, and pro-
ductivity costs projected to reach close to $US 500 billion by
2025 in the United States alone [13], the importance of
adequate care, support structures for affected individuals and
their families, and efficacious treatments to improve func-
tioning and outcomes cannot be underestimated.

Diagnosis, Prevalence, and Etiology
In 1943, Leo Kanner published a report entitled “Autistic

disturbances of affective contact”, detailing eleven case
studies of children (eight males and three females) aged
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from 2 years and 4 months to 11 years who had presented
to his clinics [14]. Kanner described observations of these
children as having an extreme inability to relate to others
that appeared to be present throughout infancy. Kanner
drew a distinction between this syndrome and that of
“childhood schizophrenia” based on the time of onset, as
childhood schizophrenia was explained as withdrawal fol-
lowing typical development. Along with this desire for
aloneness, Kanner also observed unusual language devel-
opment, with an aptitude for nouns and learning nursery
rhymes, a failure to develop the communicative aspects of
speech, a tendency to show echolalia, and a tendency to
interpret things literally, along with sensory sensitivities
and repetitive behaviors.

In 1944, Hans Asperger published a paper describing
what he termed “autistic psychopathy”. This paper
described children who primarily had difficulties with non-
verbal communication and related social skills. This paper
would eventually be considered as important as Kanner’s
work in the development of the concept of autism, since the
core symptoms were the same as those identified by Kan-
ner but in higher-functioning individuals [15, 16]. As it was
published in Germany, in German, during the Second
World War, it was not widely read and did not enter the
English-speaking medical community until the 1970s [17].
In 1981, Lorna Wing provided a history of the syndrome
proposed by Asperger, though she renamed it “Asperger
syndrome” to remove the connotations of “psychopathy”
[17]. She acknowledges in her introduction the similarities
between the criteria proposed by Kanner and Asperger,
noting “the argument continues as to whether they are
varieties of the same underlying abnormality”. Wing
described and refined Asperger’s initial diagnostic criteria,
and highlighted the continuum in criteria ranging from the
lower functioning “Kanner’s autism” to “Asperger’s syn-
drome” to typically-developing individuals, who display
some of the criteria of Asperger’s syndrome [17].

Infantile autism as an endorsed medical diagnosis first
appeared in the Diagnostic and Statistical Manual of Mental
Disorders, third edition (DSM-III) [18], and described a
subgroup of pervasive developmental disorder (PDD) [19].
The criteria outlined for Infantile Autism required an onset
prior to the age of 30 months, a failure of responsiveness to
others, gross deficits in language development, and bizarre
responses to environmental stimuli, with an absence of
schizophrenic symptoms. The criteria were broadened in
the DSM-III-R to recognize the pervasive nature of the
disorder and that it was not limited to infants, as the criteria
for Infantile Autism excluded a subgroup of higher-func-
tioning individuals who displayed the deficits described but
did not evidence the symptoms early enough in life to
receive the diagnosis. The revision of Infantile Autism to
Autistic Disorder in the DSM-III-R recognized the broader
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spectrum of functioning with 8 out of 16 possible criteria
required for diagnosis. The age of onset was specified as
either during infancy or early childhood, with a childhood
onset specifier (after 36 months). These criteria allowed for
the identification of potentially less-impaired individuals to
receive a diagnosis [20].

The DSM-IV was released in 1994 with criteria similar
to the DSM-III-R for the diagnosis of Autistic Disorder,
though the childhood onset specifier was removed as onset
before 36 months of age was required. The DSM-IV
introduced a formal set of criteria for Asperger’s Syndrome
using some of the criteria outlined by Wing [17]. The
criteria for Asperger’s Syndrome described a condition
with impairments in social interaction, communication, and
imagination, similar to that described by the Autistic
Disorder criteria, but without the impairments in language
or cognition [21].

The move to the DSM-5 was marked by broadening of
the definition and reduction in the specificity of autism-
related symptoms [1], heralding substantial changes to the
diagnostic criteria. Diagnoses of Autistic Disorder, Asper-
ger’s Syndrome and Pervasive Developmental Disorder—
Not Otherwise Specified (PDD-NOS), were removed as
diagnostic classifications and collapsed into two diagnoses,
Autism Spectrum Disorder and Social Communication
Disorder. This latest modification reflected growing con-
cerns about the validity of the Asperger’s diagnosis, given
evidence that it was frequently interchanged across time
with Autistic Disorder [22]. Individuals who would have
previously received a diagnosis of Asperger’s Syndrome
were generally thought to receive a diagnosis of “Autism
Spectrum Disorder without language or cognitive impair-
ment” (DSM-5). The current DSM-5 criteria for Autism
Spectrum Disorder are listed in Table 1, with specifiers for
current severity summarized in Table 2 [1]. For DSM-5,
Social (Pragmatic) Communication Disorder (SCD) was
introduced and required persistent difficulties in the social
use of verbal and nonverbal communication, without
impairments relating to restricted, repetitive behavior. It is
expected that those who were previously diagnosed as
PDD-NOS, and do not meet the DSM-5 Autism Spectrum
Disorder criteria, would be more frequently diagnosed with
SCD [23]. The new criteria were expected to enable greater
standardization of diagnosis. Previously, a multisite obser-
vational study revealed significant variation in clinical
diagnoses of specific ASDs, despite similar distributions of
scores on standardized measures across sites, supporting the
transition from the subgroupings used in DSM-IV to the
current dimensional descriptors of the core features of
social communication and interaction, and restricted,
repetitive behaviors [24]. With the release of DSM-5, it is
clear that many of the debates initiated by Kanner’s,
Asperger’s, and Lorna Wing’s work remain. There
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Table 1 Diagnostic criteria for Autism Spectrum Disorder

Social communication

Restricted repetitive behavior

Criteria
across multiple contexts, currently or by history

lustrative
examples of
symptoms
initiate or respond to social interactions

(2) Deficits in nonverbal communicative behaviors used for social
interaction, ranging from poorly integrated verbal and nonverbal
communication, to abnormalities in eye contact and body
language or deficits in understanding and use of gestures, to a total
lack of facial expressions and nonverbal communication

(3) Deficits in developing, maintaining, and understanding

Persistent deficits in social communication and social interaction

(1) Deficits in social-emotional reciprocity, ranging from abnormal
social approach and failure of normal back-and-forth conversation,
to reduced sharing of interests, emotions, or affect, to failure to

Restricted, repetitive patterns of behavior, interests, or
activities, as manifested by at least two of the
following:

(1) Stereotyped or repetitive motor movements, use of
objects, or speech.

(2) Insistence on sameness, inflexible adherence to
routines, or ritualized patterns of verbal or nonverbal
behavior

(3) Highly restricted, fixated interests that are
abnormal in intensity or focus

(4) Hyper- or hyporeactivity to sensory input or
unusual interest in sensory aspects of the
environment

relationships, ranging from difficulties adjusting behavior to suit
various social contexts, to difficulties in sharing imaginative play

or in making friends, to absence of interest in peers

Symptoms must be present in the early developmental period. Symptoms may not become fully manifest until social demands
exceed limited capacities, or may be masked by learned strategies in later life

Symptoms cause clinically significant impairment in social, occupational, or other important areas of current functioning

These disturbances are not better explained by intellectual disability or global developmental delay

Specifiers

With or without accompanying language impairment

With or without accompanying intellectual impairment

Associated with a known medical or genetic condition or environmental factor

Associated with another neurodevelopmental, mental, or behavioral disorder

With catatonia

continues to be great debate about the number of different
diagnoses with the term Autism Spectrum Disorder, the lack
of clarity over the relationship between functioning levels
of autism and impaired cognitive function, and the diag-
nostic relevance and need for treatment for those individ-
uals who appear to show higher levels of occupational and
intellectual functions.

The diagnostic criteria discussed above have been
developed primarily with Western participants. Even
though it is regarded as heavily influenced by biological
factors and a developmental condition, research has
recently highlighted that social and cultural factors influ-
ence diagnostic rates and the cultural acceptability of the
tools used to make the diagnoses [25]. For instance, in the
United States, general developmental delays or impaired
language skills are common symptoms that result in a
diagnosis [25]. Given that the diagnosis is based on social
and contextual observations, it is not surprising that phe-
notypes and tools do not transfer as easily to other cultures.
For example, in India, language may not be typically
incorporated in the diagnostic criteria as boys acquire
language skills later than girls [26]. In many Asian cul-
tures, direct eye contact with elders is viewed as a sign of
disrespect, thus the reduced eye-contact as a diagnostic
feature may be seen a less atypical in these cultures [25].

There is an important need for a growing body of research
addressing these cross-cultural factors in the diagnosis of
ASD [25, 27]. Perhaps this research will highlight the
universal features of autism that reduce the influence of
contextual factors in the diagnostic criteria.

The prevalence of ASDs has, however, been increasing.
In Asia, the average prevalence before 1980 was ~1.9
cases per 10,000, rising to 14.8 between 1980 and 2010
[28]. A review of epidemiological studies published
between 1996 and 2001, and conducted in the United
Kingdom, United States and in Scandinavia and Japan,
indicated that the prevalence was likely to be within the
range of 30-60 cases per 10,000 [29]. More recent esti-
mates are as high as 1 in 68, based on 8-year old children in
the United States [30]. However, a combination of the
broadening of diagnostic criteria previously discussed, and
the methodology employed in epidemiologic surveys,
including changes in the assessment process, response
rates, and differences in sample size, publication year, and
geographic location, suggests that it may not be informa-
tive to estimate trends over time [31]. Increases in preva-
lence estimates may represent changes in the concepts,
definitions, service availability, and awareness of ASDs in
both the lay and professional public [32]. While a recent
review of epidemiologic surveys does not support
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differences in prevalence across geographic regions or
variability based on ethnicity or socioeconomic factors, the
paucity of comprehensive datasets from low-income
countries impacts the ability to detect these effects [33].
Consequently, investigations of any disproportionate
impact of environmental factors on prevalence relating to
specific regions are difficult to characterize and the global
burden of ASD is difficult to quantify.

The etiology of ASD is commonly described as a
genetic predisposition combined with an environmental
impact [34]. The body of research identifying genetic
deletions and duplications, inherited and de novo, and rare
and common variants in ASD is expansive. Evidence for
genetic variants in the etiology of ASD includes genes
involved in intellectual disability and neuropsychiatric
disorder, common pathway genes and ASD-risk genes,
multigenic contributions from rare or common variations,
DNA mutations, and environmental effects on gene
expression and/or protein function [35]. Rare genetic risk
factors, including those resulting in ASD-related syn-
dromes (e.g. Fragile X), chromosomal abnormalities, and
penetrant genes are estimated to contribute to ~20% of
ASDs [35]. At least 5% of non-syndromic, idiopathic, and
primarily simplex ASD are caused by de novo copy-num-
ber variants [36]. It is estimated that 400-1000 genes are
likely to lead to a susceptibility to autism [37, 38]. Genetic
influences are thought to converge on a smaller number of
key pathways and developmental stages of the brain [39].
Despite the extensive research in this field, the genetic
etiology for at least 70% of cases of ASD remains
unknown [36]. Pre-, neo-, and post-natal environmental
risk factors have also been implicated [40, 41]. For
example, deficits in social interaction and language and the
presence of restricted and stereotyped patterns of behavior
have all been demonstrated in a mouse model of maternal

Table 2 Current severity specifiers for Autism Spectrum Disorder

infection, considered a prenatal environmental risk factor
for autism [42]. Decreased levels of neurotrophic factors,
which support the growth, survival, and differentiation of
developing and mature neurons, have been identified as an
environment risk in the neonatal period [43]. In addition,
during the postnatal period, it has been proposed that a
vulnerable physiology may be particularly susceptible to
environmental influences [44], such as the burden of
organic pollutants which has been found to be associated
with the severity of autism-related symptoms [45]. It is also
thought that gene-environment interactions may be
involved in the etiology of ASD, although the evidence to
date is derived predominantly from animal models [46].

Symptomatology, Clinical Presentation,
and Severity

The symptomatology of ASD is extensive and pervasive
with a variable onset that could be considered a dimen-
sional process [47]. While ASD is considered a lifelong
condition [48], there are a range of prognoses with the
recent identification of an optimal outcome whereby chil-
dren previously diagnosed with an ASD were no longer
considered to meet the diagnostic criteria [49]. The iden-
tification of this outcome challenges the concept that ASD
phenotypes are stable and insensitive to treatment and
suggests that developmental trajectories can diverge sig-
nificantly [50]. The classification of ASD severity is based
on the required levels of support to assist with impairments
in social communication and social interaction, and
restricted, repetitive patterns of behavior, interests, or
activities (APA 2013) (Tables 1 and 2). However, there are
concerns that conceptualizations of severity based on
required levels of support could result in inconsistencies

Severity level Social communication

Restricted, repetitive behaviors

Level 3 Severe deficits in verbal and nonverbal social communication

Requiring very skills cause severe impairments in functioning, very limited
substantial initiation of social interactions, and minimal response to social
support overtures from others

Level 2 Marked deficits in verbal and nonverbal social communication

Requiring skills; social impairments apparent even with supports in place;
substantial limited initiation of social interactions; and reduced or abnormal
support responses to social overtures from others

Level 1 Without supports in place, deficits in social communication cause

Requiring noticeable impairments. Difﬁculty initiating social interactions,
support and clear examples of atypical or unsuccessful responses to

social overtures of others. May appear to have decreased interest

in social interactions

Inflexibility of behavior, extreme difficulty coping with
change, or other restricted/repetitive behaviors
markedly interfere with functioning in all spheres.
Great distress/difficulty changing focus or action

Inflexibility of behavior, difficulty coping with change, or
other restricted/repetitive behaviors appear frequently
enough to be obvious to the casual observer and
interfere with functioning in a variety of contexts

Distress and/or difficulty changing focus or action.

Inflexibility of behavior causes significant interference
with functioning in one or more contexts

Difficulty switching between activities. Problems of
organization and planning hamper independence
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when there are mixed levels of impairment across cogni-
tive, adaptive, and autism-related symptoms and result in
site-specific applications of ASD categories [51]. Symp-
toms associated with ASD range from slight to profound
impairment where deficits can impair all daily living
functions. The severity of symptoms increases when
demands in certain environments exceed the individual’s
capacity to function at a required level. The spectrum of
need in terms of supports and services can be vast, with the
ability to function across skill areas required for daily
living and across the lifespan often independent of the
severity of autistic symptoms. The difficulties associated
with the accurate assessment of functioning, an important
factor in understanding the impact of severity on outcomes,
is currently being addressed with the development of the
International Classification of Functioning, Disability and
Health core sets for ASD [52]. The core set is a shortlist of
categories selected to encompass aspects of functioning
most relevant when describing a person with ASD.

Interestingly, the onset of ASD symptoms has been a
focus of research that has identified an early onset pattern
and a regressive onset pattern in which children appear to
develop typically before losing skills and developing aut-
ism-like symptoms [53]. However, in-depth review of these
conceptualizations concludes that the onset of ASD, or
symptom emergence, is better considered a dimensional
process and a continuum in which the early onset and
regression patterns describe two extremes [47].

Heterogeneity

Heterogeneity in etiology, phenotype, and outcome are hall-
marks of ASD. These factors contribute to a clinical hetero-
geneity which manifest as diverse deficits or impairments in
behavioral features and communicative functioning. The
marked heterogeneity of ASDs has led to suggestions that
rather than a single disorder, it could be constructive to
reframe ASDs as ‘the autisms’, thereby giving consideration
to multiple etiologies and distinct clinical entities [54]. The
heterogeneity of clinical entities is in part a function of the
multiple genes involved, the myriad of environmental factors
impacting the developmental course of symptom expression,
and the co-occurrence of medical and mental health dys-
functions in ASDs. Heterogeneity complicates the quest for
personalized medicine in ASD. Three factors contributing to
the heterogeneity of ASD, genetic variability, comorbidity,
and gender, are now considered.

Genetic Variation in ASD

Genetic variability is considered a major contributor to the
heterogeneity of ASD. High-throughput genomic methods

are rapidly increasing the pool of ASD genes and in doing
so expanding the genetic variability associated with ASD
heterogeneity [55]. Large datasets have not identified sig-
nificant genome-wide associations with specific common
variants, and associated analyses suggest that common
variants exert weak effects on the risk for ASD [56]. The
genetic architecture in ASD varies substantially, from a
single penetrant mutation being enough to cause ASD, to
an accumulation of over one thousand low-risk alleles [57].
Rare variants affecting ASD risk collectively encompass
hundreds of genes [58], while copy-number variant data
and de novo protein-altering mutations suggest extreme
locus heterogeneity [59]. Furthermore, the combined effect
of common low-impact genetic variants has also been
associated with ASD [60]. Large numbers of genes impli-
cated in ASD are thought to converge on common path-
ways affecting neuronal and synaptic homeostasis [61], and
play critical roles in fundamental developmental pathways
[39, 59]. For example, mutation of a single copy of
SHANKS3, a synaptic scaffolding protein, has been asso-
ciated with language and social communication impair-
ment in individuals with ASD [62]. In contrast, pleiotropic
effects have been identified whereby the same deleterious
genetic variant increases the risk for ASD and other neu-
ropsychiatric syndromes [63, 64]. Finally, findings from
pathway network analyses of gene ontologies suggest that,
in addition to contributing to the core features of ASD,
associated genes may contribute to vulnerabilities in
important molecular mechanisms leading to multiple sys-
temic comorbidities that also overlap with other conditions
[65].

Comorbidity in ASD

Characterizing the heterogeneity of ASD is further com-
plicated by the occurrence of comorbidities. A recent study
described comorbidities of > 14,000 participants with an
ASD and highlighted the burden of comorbidity across
multiple health care systems [66]. Comorbid psy-
chopathologies significantly over-represented in ASD
include anxiety [67], depression [68], ADHD [69], and
intellectual disability [5, 7]; and medical comorbidities
include seizures [70], sleep difficulties [71], gastrointesti-
nal disorders [72], mitochondrial dysfunction [73], and
immune system abnormalities [74].

The presence of one or more of these comorbidities is
likely to be associated with more severe autism-related
symptoms. For example, 11%-39% of individuals with
ASD also have epilepsy and these individuals are more
likely to have severe social impairments than those diag-
nosed with ASD only [75]. Comorbid sleep disturbance is
indicated in 50%-80% of children with ASD and is cor-
related with daytime problem behaviors [76, 77].
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Furthermore, sleep problems exacerbate the severity of
core ASD symptoms [78, 79] and sleep disturbance is
associated with behavioral dysregulation in children with
ASD [80]. Aberrant behaviors are correlated with gas-
trointestinal problems in young children with ASD [81],
and markers of mitochondrial dysfunction are significantly
correlated with autism severity [73]. The role of immune
system abnormalities in ASD is a significant focus of
ongoing research. Altered immunity involving cytokines,
immunoglobulins, inflammation, cellular activation, and
autoimmunity have all been implicated in ASD [82]. Fur-
thermore, altered levels of cytokines have been associated
with the severity of behavioral impairments [8§3—85]. There
is limited characterization of these associations between
comorbidities in general and the severity of autism-related
symptoms due to the complex nature of these relationships.
For example, it has been proposed that precise characteri-
zation of the immune system’s role in the biology of autism
requires an understanding of whether these relationships
underlie the pathophysiology of ASD in a causative way,
whether they create vulnerabilities to other causative fac-
tors such as pathogens, or whether a third factor underlies
the pathology of ASD and the aberrant immune response in
ASD [86]. Improved characterization of comorbidities is
imperative for the development of a comprehensive
understanding of ASD heterogeneity and may lead to the
identification of distinct subgroups of ASD and subgroup-
specific treatments [87].

Gender

The male bias in ASD prevalence is most frequently
reported as 4 males diagnosed to every 1 female [32, 88].
Intellectual functioning and sex-differential genetic and
hormonal factors may modify this ratio [88]. Many theories
have been proposed to explain the gender distribution,
including the “extreme male brain” theory [89, 90]. The
basis of this theory is that a normal male cognitive profile
encompasses individuals who are better at systemizing (the
drive to analyze or construct systems) than empathizing,
and that autism can be considered an extreme of the normal
male profile. A potential mechanism for this theory is an
elevation of fetal sex steroids, which is supported by a
recent study reporting that amniotic fluid steroid hormones
were elevated in males who later were diagnosed with ASD
[91]. However, in recent times a ‘female protective model’
has been proposed based on genetic studies. For example, a
recent DNA study showed that girls display resilience to
genetic insults in that they are more likely to have more
extreme neurodevelopmentally related genetic mutations,
including both copy-number variants and single-nucleotide
variants, than males presenting with the same symptoms
[92]. An alternative perspective is that females are under-
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identified and there may be a gender bias in the diagnostic
criteria [93]. A large-scale study has found that females
had greater impairments than males, presenting with more
social communication and interaction symptoms, lower
cognitive and language abilities, poorer adaptive function,
and increased externalizing behavior and irritability, sug-
gesting that females require more severe symptoms to be
diagnosed as ASD [94]. However, females with ASD have
been identified as having fewer repetitive behaviors than
males [95], but equivalent impairments in social and
communication skills [96].

There is an increased risk of ASD for a child with an
older sibling who has been diagnosed with the condition.
Previous investigations have estimated the recurrence risk
to be between 3% and 18.7% [97]. Predictors of an ASD
diagnosis in a younger sibling include male gender of the
infant and the number of affected older siblings. In a large
sample using a prospective design, the recurrence rate for
multiplex families has been reported at 32.2% [97]. In a
more recent and larger retrospective study, a 14-fold
increase in ASD risk in younger siblings was found to be
comparable across gestational age at birth and the child’s
ethnicity, with the risk higher for younger boys regardless
of the gender of the older sibling with ASD [98]. A higher
recurrence risk has been identified in families with at least
one affected female proband compared to families with
only male probands, suggesting female protective mecha-
nisms may be operating in families with high genetic
recurrence risk rates [99].

Treatment Options in ASD

Despite significant economic and societal costs, there are
limited treatment options to ameliorate the symptoms
associated with ASDs, including both symptoms related to
diagnostic criteria and those that are considered to be a
function of comorbid mental and medical conditions
known to exacerbate the severity of presentation. While
there are promising indications for new medical treatments
for autism [100], a recent systematic review found that
while many children with ASDs are treated with medical
interventions, there is minimal evidence to support the
benefit of most treatments [101]. There are numerous
challenges for the identification of effective treatments for
ASD. Systematic reviews highlight the possibility that
genetic, environmental, cognitive, and social heterogeneity
in the ASD phenotype produce highly variable study
samples which reduce the potential effect size of an
intervention [102]. Other factors contributing to the diffi-
culties in identifying efficacious treatments include small
sample sizes, the lack of significantly impaired study par-
ticipants and the use of outcome measures that are not
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uniformly adopted or used as intended [102]. Cross-cul-
tural differences, including what may be considered devi-
ations from typical behavior in a particular culture but not
in another culture, further complicate the quest for treat-
ment options across the ASD population [103]. In addition,
up to 30% of child ASD participants may respond to pla-
cebo treatments [104], which could contribute to reduced
active intervention effect sizes.

Behavioral interventions undertaken early in life, using
an intensive delivery format, are considered the current
gold-standard treatment for behavioral symptoms associ-
ated with ASDs [105]. However, methodologically weak
studies with few participants and short-term follow-ups are
common in this field [106, 107]. Furthermore, early
intensive behavioral interventions are expensive to imple-
ment and require extensive resources to execute effec-
tively, making them inaccessible for many children with
ASD and their families. Alternatively, only two pharma-
ceuticals are approved by the US Food and Drug Admin-
istration (FDA), risperidone and aripiprazole, for the
treatment of symptoms associated with ASD. Risperidone,
an adult antipsychotic, was approved in 2006 for the
symptomatic treatment of irritability, including aggression,
deliberate self-injury, and tantrums, in autistic children and
adolescents. Risperidone, which acts by blocking the
brain’s receptors for dopamine and serotonin, was found to
be safe and effective for short-term treatment, with
improvements observed in stereotypic behavior and
hyperactivity [108]. However, significant side-effects are
associated with risperidone use, including weight gain from
increased appetite, drowsiness, and increased levels of the
hormone prolactin, which is produced by the pituitary
gland and which can have a feminizing effect on both
females and males [109]. The frequency of side-effects
appears to be dose-related [110], and while weight gain is
common, somnolence more significantly influences the
discontinuation of treatment [111]. In 2009, following
evaluation of short-term efficacy and safety, the FDA also
approved aripiprazole, a third-generation atypical antipsy-
chotic, for the treatment of irritability associated with ASD
in children and adolescents [112, 113]. Adverse events
include sedation, fatigue, vomiting, increased appetite,
somnolence, and tremor [114], with discontinuation com-
monly due to aggression and weight gain [112]. Aripipra-
zole is known as a dopamine system stabilizer and is less
likely to elevate serum prolactin levels and induce
extrapyramidal symptoms than risperidone [115].

The heterogeneity of ASD has implications for the
assessment of treatment efficacy [116]. The design of
treatment trials would benefit from the selection of treat-
ment subgroups that maximize homogeneity in ways that
improve the detection of efficacious interventions [87]. An
improved understanding of the biological basis of the

inherent heterogeneity in ASD is crucial in order to facil-
itate the identification of well-characterized subgroups.
Investigation of underlying medical and psychopathologi-
cal comorbidities associated with ASD such as immune
system aberrations [82], mitochondrial dysfunction [73],
gastrointestinal ~ dysfunction [72], sleep disorders
[117, 118], epilepsy [119], depression, and anxiety [120]
may provide a means of characterizing the heterogeneity of
ASD.

The treatment response in randomized controlled trials
for ASDs continues to be primarily based on the observa-
tion of clinically relevant behaviors. Focusing entirely on
behaviorally-defined diagnostic criteria and response to
treatment risks a two-dimensional phenomenological
approach to ASDs. The multi-dimensional aspects of pre-
sentation are increasingly recognized as aberrations in the
biological pathways at the molecular and cellular levels,
with alterations in circuitry linked to behavior [121, 122].
Furthermore, the limitations of the clinician paradigm as a
standard for the diagnosis of ASD [24] support a move
beyond this historical model to one increasingly guided by
biological measurement [123]. Concurrently, there has
been a greater focus on the importance of objective rather
than subjective indicators of response, such as biomarkers,
and the possibility of biological signatures contributing to
the definition of ASD subgroups [123, 124]. Genomics,
neuroimaging, and pathophysiological markers relating to
mitochondrial function, oxidative stress, and immune
function all offer potential as biomarkers to reduce the
diagnostic heterogeneity and improve the prediction of
treatment response [125].

The initiation of the Research Domain Criteria project
by the National Institute of Mental Health also supports
this paradigm-shift towards a diagnostic system founded on
a deeper understanding of the biological and psychosocial
bases of psychiatric disorders, and the requirement for
research across multiple units of analysis including genes,
neural circuits, and behavior [126]. Whilst this objective is
still in the development phase it represents a shift towards
precision or personalized medicine based on etiology and
pathophysiology, which will hopefully ultimately parse out
the issues contributing to heterogeneity. A precision or
personalized medicine approach recognizes the importance
of aligning treatment and support, care, and services to
individual needs and outcomes. Individual outcomes drive
community outcomes which drive societal outcomes.

Conclusions
A concerning issue in ASD research, particularly for peo-

ple with ASD and their carers requiring support, is the
paucity of approved evidence-based treatment options
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available to ameliorate the core and associated symptoms
of ASD. While the hallmark heterogeneity of ASDs may be
a major contributing factor, it should not impede an
understanding of ASD subgroups, associated markers of
pathological states, and cross-cultural factors that are
imperative to advancing this field of research. The diag-
nosis of ASDs continues to be entirely based on the
observation of behaviors, or what is externally visible.
However, there is now a greater recognition of complex
symptomatology including medical and mental health
comorbidities, due to the recent identification of relation-
ships between comorbidities and the severity of autism-
related symptoms. The identification of objective rather
than subjective measures of response, such as biomarkers,
and the possibility of biological signatures contributing to
the definition of subgroups of ASDs will advance the quest
for personalized medicine and treatment models in this
highly heterogeneous population.
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Abstract Autism Spectrum Disorder (ASD) is a pervasive
neurodevelopmental condition characterized by variable
impairments in communication and social interaction as
well as restricted interests and repetitive behaviors.
Heterogeneity of presentation is a hallmark. Investigations
of immune system problems in ASD, including aberrations
in cytokine profiles and signaling, have been increasing in
recent times and are the subject of ongoing interest. With
the aim of establishing whether cytokines have utility as
potential biomarkers that may define a subgroup of ASD,
or function as an objective measure of response to treat-
ment, this review summarizes the role of the immune
system, discusses the relationship between the immune
system, the brain, and behavior, and presents previously-
identified immune system abnormalities in ASD, specifi-
cally addressing the role of cytokines in these aberrations.
The roles and identification of biomarkers are also
addressed, particularly with respect to cytokine profiles in
ASD.
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Introduction

Autism Spectrum Disorders (ASDs) are complex, pervasive
neurodevelopmental conditions with a largely unknown
etiology and a significant male bias. ASDs are behaviorally
defined and characterized by deficits in social communi-
cation and interaction, and the presence of restricted,
repetitive patterns of behavior, interests, or activities [1].
Developmental trajectories and patterns of severity vary
substantially, with all facets of daily functioning potentially
impacted. The vast clinical heterogeneity is a hallmark.
Comorbid psychiatric and medical conditions are frequently
reported, including social anxiety disorder, attention deficit
disorder, immune system abnormalities, gastrointestinal
disorders, mitochondrial dysfunction, sleep disorders, and
epilepsy [2-6]. The multifaceted nature of the condition has
resulted in investigations aiming to characterize biological
subtypes of ASD. However, an understanding of the bio-
logical mechanisms driving pathophysiology is evolving.
Immune system aberrations, including altered cytokine
profiles, are believed to have a role in ASD [7, 8]. Accu-
mulating evidence of alterations in central and peripheral
immune system functioning supports the proposal that there
is a subgroup of individuals with ASD who have some form
of immune system dysregulation [9]. Altered cytokine
levels may facilitate the identification of ASD subtypes as
well as provide biological markers of the response to
effective treatments.

The Immune System
The immune system is a complicated group of defense

mechanisms that are triggered in order to protect an
organism from disease- or illness-causing pathogens,
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which include bacteria, viruses, fungi, and parasites. An
antigen, considered foreign by the host’s body, is a mole-
cule that stimulates the immune system to produce anti-
bodies which function to identify and neutralize or remove
the antigen. Many interconnected organs, molecules, cells,
and pathways play roles in a fully functional immune
system, which is comprised of two interconnected systems
of immunity: innate and adaptive [10]. These two systems
work together to protect the body from pathogens.

Innate immunity refers to first-line defense mechanisms
that respond to an infection immediately or within hours of
the host being attacked by a pathogen. The innate immune
response relies on physical barriers, such as the epithelial
layers of the skin and mucosal and glandular tissue surfaces
connected to the body’s openings, as well as chemical
barriers, which include soluble antimicrobial proteins and
peptides, and an acidic pH. When pathogens breach these
barriers, cellular innate immune responses are triggered
through a pathogen-recognition process involving an array
of cells with cell surface and intracellular receptors. Groups
of pathogens present with characteristic pathogen-associ-
ated molecular patterns, which are recognized by pattern
recognition receptors expressed by many different immune
cells [11]. Some cells are activated to phagocytose and
degrade the pathogen, a process through which macro-
phages and neutrophils engulf and destroy extracellular
microbes. Cell receptors can also be activated, causing the
cells to produce antimicrobial substances that eliminate the
pathogens. Other cellular activation processes lead to the
production of cytokines and chemokines, which are pro-
teins that recruit cells, molecules, and fluid to sites of
infection. This procedure results in the physiological
changes known as inflammation [10]. Other effectors of
innate immunity are natural killer (NK) cells that, through
cytokine production or cytotoxicity, contain infections until
an adaptive immune response is initiated.

When innate immunity is insufficient, for example when
features of certain pathogens allow them to evade the
defense mechanisms of the innate immune system, the
adaptive immune response is activated. The adaptive
response is initiated a few days after initial exposure to the
pathogen and breach of the physical or chemical barriers.
This response is more comprehensive and antigen-specific
than the innate response. The adaptive immune system is
able to recognize, eliminate, and remember pathogens. The
innate immune system is not considered to have this
memory component. However, demonstrations of NK cell
memory in viral infections indicate that these cells have
attributes of both innate and adaptive immunity [12]. There
are two types of adaptive immune response, both carried
out by lymphocytes. The first type of response is an anti-
body response carried out by B lymphocytes, or B cells,
which, when activated by an antigen, secrete antibodies,

also known as immunoglobulins. B cells are formed in the
bone marrow. The second type of adaptive immune
response is a cell-mediated immune response where acti-
vated T cells specifically recognize and neutralize or
eliminate antigens. T cells mature in the thymus, which is a
lymphoid organ of the immune system. Residual B and T
cells remaining after antigen exposure function as memory
cells that are activated by subsequent pathogen challenges.

The innate and adaptive immune responses discussed
above are characteristic of a regulated immune system
contributing to the maintenance of homeostasis and pre-
venting disruptions of normal functions of the body. A
regulated immune system requires an optimal balance of
pro- and anti-inflammatory signaling. Inflammation may
not be a problem in isolation, but if an unregulated or
dysregulated immune system responds to physiological
changes initiated by pathogens, then the inflammation may
be problematic. An aberrant immune system may manifest
as upregulation of the inflammatory/immune response or as
immune deficiency compromising host defense. Allergies,
asthma, and autoimmune disorders are all conditions
associated with immune dysfunction.

Cytokines and the Immune System

Cytokines are cell-signaling molecules that facilitate
communication among cells of both the innate and adaptive
immune systems. They are primary regulators of inflam-
mation, coordinating the response to infection and associ-
ated immune challenges and are involved in a multitude of
biological processes. As part of an integrated network,
cytokines stimulate and modulate immune system activity
and induce their own synthesis and the synthesis of other
cytokines. They are typically soluble molecules although
some remain cell-bound. Cytokines can be broadly classi-
fied into three groups based on the type of immune
response: adaptive immunity, pro-inflammatory signaling,
and anti-inflammatory signaling [13]. Chemokines are a
subpopulation of cytokines that initiate the recruitment of
well-defined leukocyte subsets through chemical stimuli
[14]. Cells attracted to the chemokine follow a signal of
increasing concentration towards the source of the che-
mokine, usually an infected or damaged cell. As cell sig-
naling molecules, cytokines bind to receptors on the plasma
membrane and elicit effects through the activation of an
intracellular signaling cascade. Cytokines can be further
classified based on the distance between the cell secreting
the signaling ligand and the cell receiving the chemical
signal [10]. Endocrine action is when cytokines pass
through the bloodstream before reaching the target.
Cytokines that act near the secreting cell are paracrine.
Autocrine action is when cells can secrete a signal that is
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received through its own receptors. Cytokines have been
characterized as belonging to one of six groups based on
cytokine and cytokine receptor structure, but members may
exhibit diverse functionality. The cytokine families and
some of the members of each group are detailed in Table 1
[10].

T and B lymphocytes mediate adaptive immunity.
However, it is the T helper cells that are required for almost
all adaptive immune responses [15]. They help activate B
cells to secrete antibodies and macrophages to eliminate
pathogens. Naive T helper cells are differentiated into
functional types defined by their pattern of cytokine pro-
duction and function: Type 1 T helper (Thl), Type 2 T
helper (Th2), T-regulator, and Th17 cells [16]. Prolifera-
tion and differentiation are functions of the particular
cytokine milieu and signaling requirements during T cell
receptor activation. Differentiation into either Th1l or Th2
effector cells then determines the nature of the subsequent
adaptive immune responses activated by effector cells [17].
Thl cells produce interferon (IFN)-y, their signature
cytokine and interleukin (IL)-2, while many also produce
tumor necrosis factor (TNF)-a. Th2 signature cytokines are
IL-4, IL-5, and IL-13, but these cells also make TNF-o, and
some produce IL-9 and modest amounts of IL-2 [16].
Immune regulation is thought to require homeostasis

between Thl and Th2 activity [15]. If either Th1l or Th2
dominates, then the other response may be suppressed.
Lower proportions of Thl cells and higher proportions of
Th2 cells have been found in children with ASD compared
to healthy controls, providing evidence of an imbalance of
Thl- and Th2-like cytokines in ASD [18]. In addition,
analysis of peripheral blood mononuclear cells from chil-
dren with ASD showed increased activation of both the
Th1 and Th2 arms of the adaptive immune response, with a
Th2 dominance and no compensatory increase in expres-
sion of the regulatory cytokine IL-10 [19].

Each cytokine can be produced by a single cell type or
multiple cell types. For example, Thl cells produce IFN-y,
IL-2, and TNF-, while Th2 cells produce IL-4, IL-5, IL-6,
IL-9, and IL-10 [20]. However, granulocyte macrophage
colony-stimulating factor (GM-CSF) can be produced by
multiple cell types, including macrophages, endothelial
cells, and fibroblasts [21]. Similarly, IFN- can be pro-
duced by multiple cell types including fibroblasts and
epithelial cells. Cytokines can act on a single or multiple
cell types. For example, IL-12 acts on Th1 cells, while IL-1
acts on T cells, B cells, macrophages, endothelial cells,
fibroblasts, and epithelial cells, and all interferons act on
multiple cell types. Cytokines also exhibit redundancy,
meaning multiple cytokines exert the same biological

Table 1 Details of six cytokine families and examples of family members.

Cytokine Family Examples

Characteristics

Interleukin 1 family = IL-la, IL-B, IL-RA

Hematopoietin (Class

I cytokine) family IL-13, IL-15, IL-23, GM-CSF, G-CSF

Interferon (Class II IFN-v, IL-10
cytokine) family

Tumor necrosis factor TNF-o, TNF-B1
family

Interleukin 17 family IL-17

Chemokine family

IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-12p40, IL-12p70,

IL-8, Eotaxin, IP-10 (CXCL10), MCP-1(CCL2), MIP-
la (CCL3), MIP-18 (CCL4), RANTES (CCL5)

Induce responses against infection that are primarily pro-
inflammatory

IL-RA antagonizes effects of IL-1o and IL-§

Largest family of cytokines, all members sharing a 4-helix
bundle structure

Sequence and functional diversity

Diverse effects include proliferation, differentiation, and
antibody secretion

Mediate early antiviral responses

Activate macrophages, interact with cells of the adaptive
immune system, and support the generation of Thl cells

Expressed in either soluble or membrane-bound form
Cause apoptosis

Primarily pro-inflammatory

Secondary pro-inflammatory mediators

Stimulate recruitment of well-defined leukocyte subsets

Promote chemoattraction, movement of immune system cells
into, within, and out of lymphoid organs

CCL, chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C) ligand; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte
macrophage colony-stimulating factor; IFN-v, interferon-y; IL, interleukin; IL.1RA, IL-1 receptor antagonist; IP-10, IFNy-inducible protein 10;
MCP-1, monocyte chemotactic protein-1; MIP-1a, macrophage inflammatory protein-lo; MIP-1f, macrophage inflammatory protein-1p;
RANTES, regulated on activation, normal T cell expressed and secreted; Th, T helper; TNF-o, tumor necrosis factor-o.
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action. Furthermore, an individual cytokine can have
multiple effects on a target cell. IFN-y induces antiviral
proteins, upregulates major histocompatibility complex
Class I antigens, stimulates NK and IL-12 production, and
induces antiproliferative effects [22]. Increased levels of
IFN-y and IL-12 can induce inflammation whereas
increased levels of transforming growth factor (TGF)-f,
IL-4, and IL-10 can downregulate inflammation [23]. The
classification of the biological action of cytokines as either
pro-inflammatory or anti-inflammatory may be dependent
on the amount of cytokine, the nature of the target cell, the
nature of the activating signal, the nature of produced
cytokines, and the timing and sequence of cytokine action
[24].

The Immune System, the Nervous System,
Behavior, and the Role of Cytokines

The immune system and the nervous system are intricately
interconnected. The functional status of the immune system
affects a multitude of biological processes, including brain
function and development, which can be affected when the
innate and adaptive immune responses are dysregulated
[25]. Sickness behavior, a term used to describe changes in
the subjective experience and behavior occurring in a
physically ill person [26], provides an example of how,
through multiple mechanisms, the immune system can
influence brain function and subsequent behavior [25].
Nonspecific symptoms of sickness behavior include fever,
nausea, reduced appetite, fatigue, irritability, and with-
drawal from physical and social environments [27]. Sick-
ness behavior is considered an organized and evolved
strategy to facilitate the role of fever in fighting infection. It
is initiated by pro-inflammatory cytokines that are pro-
duced at the site of infection by activated accessory
immune cells and is characterized by endocrine, auto-
nomic, and behavioral changes [27]. The brain recognizes
cytokines such as the pro-inflammatory cytokines IL-1a,
IL-1B, TNF-a, and IL-6 as molecular signals of sickness
[28]. Furthermore, TNF-a, IL-6, and IL-1fB can cross the
blood-brain barrier and act on the hypothalamus where
they promote fever and sickness behavior [29]. The simi-
larities of symptom expression in sickness behavior and
depression have led to the hypothesis that cytokines and
inflammatory factors are involved in the pathophysiology
of neuropsychiatric disorders, and this has been a catalyst
for extensive research into the pathways and mechanisms
through which the immune system influences the brain and
behavior [30]. Interestingly, another example of a rela-
tionship between symptom and cytokine expression
involves immunotherapy in cancer patients, in whom pro-
longed exposure to the proinflammatory cytokine IL-2

results in dose- and time-related cognitive dysfunction and
altered behavior [31].

The literature identifying abnormal cytokine profiles in
depression, bipolar disorder, and schizophrenia [32-34]
collectively suggests that cytokines induce both sickness
behavior and neuropsychiatric symptoms, and that
inflammation is a key pivotal factor in psychopathology
[35]. In addition, a systematic review evaluating pro-
inflammatory markers in almost 4,000 children and ado-
lescents with neuropsychiatric and neurodevelopmental
disorders, including ASD, identified preliminary evidence
of the role of inflammation in these conditions and an
association with a pro-inflammatory state [36]. Further-
more, growth in research into the role of inflammation has
led to the redefinition of many diseases, such as heart
disease, Alzheimer’s disease, type 1 diabetes, type 2 dia-
betes, and obesity, as inflammatory disorders [13]. A pos-
sible mechanism for the role of inflammation in these
disorders is the alteration of the structural and functional
integrity of the central nervous system (CNS) by cytokines,
thereby contributing to the pathology of neuro-inflamma-
tion and neuropsychological disorders.

Peripheral cytokine signals are thought to access the
brain through three pathways: humoral (with antibody
involvement), neural, and cellular [30]. These communi-
cation pathways involve at least five mechanisms: (1)
passage of cytokines through leaky regions of the blood-
brain barrier; (2) active transport via saturable cytokine-
specific transport molecules on brain endothelium; (3)
activation of endothelial cells, which release second mes-
sengers within the brain parenchyma; (4) transmission of
cytokine signals via afferent nerve fibers, including the
vagus; and (5) entry into the brain parenchyma of periph-
erally-activated monocytes which release cytokines.

Cytokines may influence behavior through effects on
neurotransmitter function, neuroendocrine activity, neuro-
genesis, and alterations to brain circuitry [30]. For exam-
ple, cytokines have been shown to increase the release and
decrease reuptake of the excitatory neurotransmitter glu-
tamate, which can result in the pathological process of
excitotoxicity [37]. This type of mechanism could support
a model for some types of ASD; the model postulates an
increased excitation/inhibition ratio in key neural systems,
such as sensory, mnemonic, social, and emotional systems
[38].

An alternate communication pathway has recently been
proposed based on the groundbreaking work by Louveau
and colleagues who identified functional lymphatic vessels
in the CNS that carry fluid and immune cells from the
cerebrospinal fluid, and in doing so discovered a pathway
for immune cells to exit the CNS [39]. While the anatomy
and functional importance of these pathways and systems
have yet to be characterized in humans, this work provides
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a new perspective on the possible etiology of neuroin-
flammatory and neurodegenerative conditions. These
findings also provide an impetus for further consideration
of the relationship between immune responses and behav-
iors in other conditions that are characterized by immune
system dysfunction, such as ASD.

An understanding of the pathways and mechanisms
through which the immune system affects behavior is pri-
marily based on findings in animal models. For example,
mice deficient in T cells have cognitive deficits [25].
Interestingly, an altered activation profile for T cells has
been identified in ASD, with these perturbations of T cell
function possibly modulating behavior and core features of
ASD [40]. Recently, social behavior as operationalized
within an animal model, has been shown to be influenced
by meningeal immunity [41]. Mice deficient in adaptive
immunity, specifically an absence of interferon IFN-v,
display both hyper-connectivity in the prefrontal cortex
(PFC) and significant social deficits. This is particularly
interesting, given that hyperactivity in the PFC in the
context of social stimuli is known to be a feature of social
impairment in ASD [42]. Filiano and colleagues demon-
strated that CNS neurons respond to IFN-y derived from
meningeal T cells, elevating tonic GABAergic inhibition
[41]. This process prevents aberrant hyper-excitability in
the PFC and restores social behaviors through IFN-vy.
Previously, IFN-y released from T cells was thought to
predominantly stimulate and modulate immune responses
to infection. Interestingly, NK cells, recognized as major
producers of cytokines including IFN-y [12] in physio-
logical and pathological conditions, are dysfunctional in
ASD [43]. While a novel finding, the regulation of neural
activity and social behavior through IFN-y provides further
evidence for the interconnectedness of the immune system,
the nervous system, and behavior.

Immune System Deregulation in ASD

Evidence suggesting a pathophysiological relationship
between the immune system and ASD was first presented
over 40 years ago [44]. Subsequent research investigating
the complex relationship between the immune system and
ASD symptomatology has identified numerous potential
interactions and proposed associated mechanisms at both
the systemic and cellular levels [7, 45]. One of these areas
of research focuses on the prenatal period. Maternal
immune activation refers to the defensive response of the
mother’s immune system to an invading pathogen. A large
population-based study found that acute immune activation
caused by maternal viral infection during the first trimester
increases the risk of ASD in children [46]. Furthermore, a
recent meta-analysis of >40,000 ASD cases showed that
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maternal infection during pregnancy is associated with an
increased risk of ASD in the offspring, with hospitalization
during infection heightening the risk [47]. Moderators of
this risk include the type of infectious agent, the timing of
infectious exposure, and the site of infection. A recent
review has proposed that maternal infection leads to the
release of pro-inflammatory cytokines and activation of
Th17 cells in the mother’s bloodstream and that the
immune status and genetic predisposition of the fetus
determine its vulnerability to maternal immune activation,
a process considered a disease primer [48]. Peripheral
cytokine profiles at birth, including elevated IL-1f and IL-
4, are associated with an ASD diagnosis later in childhood
and vary with ASD symptom severity [49]. Elevation of
IL-1B and IL-4 may reflect a prenatal immune challenge,
and an association with both ASD risk and cognitive
developmental outcomes suggests the possibility of a glo-
bal impact of early cytokine dysregulation [49]. Familial
autoimmunity has also been implicated in the pathogenesis
of ASD, with an increased risk of ASD in children with a
maternal history of rheumatoid arthritis and celiac disease,
and an increased risk of infantile autism has been identified
in children with a family history of type 1 diabetes [50].
Another area of focus on immune involvement in the
pathogenesis and maintenance of ASD is the postnatal
period. Altered cytokine profiles have been consistently
linked to ASD in children during this period [7]. In high-
functioning male children with ASD, the plasma levels of
IL-1pB, IL-1 receptor antagonist (IL-1RA), IL-5, IL-8, IL-
12(p70), IL-13, and IL-17 are elevated relative to matched
controls [51]. IL-1B, a pro-inflammatory cytokine, acti-
vates neutrophils and macrophages to phagocytose invad-
ing pathogens [52]. IL-1RA inhibits the activities of IL-1,
suggesting that the levels of IL-1RA might be a function of
a negative feedback regulator role in response to the ele-
vation of IL-1B [51]. IL-1f is involved in the production of
IL-17 [53] and IL-17 is a potent mediator of the production
of IL-8, a chemokine with important roles in the innate
immune response. IL-5 and IL-13 stimulate B cells to
secrete immunoglobulins including IgE, which is a medi-
ator of allergic inflammation. IL-12(p70) is a pro-inflam-
matory cytokine that enhances Thl and NK cell responses
[54]. In addition to elevated expression of IL-1f3, as iden-
tified by Suzuki and colleagues, IL-6, IL-12, TNF-a, and
IL-23 are also elevated in ASD compared to healthy con-
trols, suggesting a dysregulated immune response [55].
TNF-o is a central regulator of inflammation and is ele-
vated in the cerebrospinal fluid of children with ASD [56].
IL-6 is typically regarded as a pro-inflammatory cytokine
and has been identified as a cytokine the brain recognizes
as a molecular signal of sickness [28]. However, it also has
regenerative or anti-inflammatory activity, and is involved
in the regulation of metabolic and neural processes [57].
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Finally, a further example of immune abnormalities in the
postnatal period involves activation of the monocytic and
Thl arm of the immune response, via increased IL-1RA
and increased IFN-v, respectively, and this has been found
in children with ASD [58].

Immune-mediated mechanisms have also been hypoth-
esized as reflecting a chronic state of specific cytokine
activation [59]. Immunocytochemical studies have identi-
fied marked activation of microglia and astroglia associated
with the increased production of two cytokines by neu-
roglia, macrophage chemoattractant protein (MCP)-1, and
TGF-B1 [59]. In addition, a unique profile of pro-inflam-
matory cytokines has been identified in cerebrospinal fluid
[59]. Another post-mortem study also demonstrated sig-
nificant increases in pro-inflammatory and Thl cytokines
relative to matched controls [60]. Elevation of IL-6 in
ASD, both centrally and peripherally, has been frequently
reported [59-62]. In a mouse model with elevated IL-6 in
the brain, Wei and colleagues have shown that IL-6 can
modulate autism-like behaviors through impairments of
synapse formation, dendritic spine development, and neu-
ronal circuit balance [63]. Acute and chronic psychological
stress and alterations in sleep duration and quality, a
commonly reported comorbidity in ASD [64], increase the
concentrations of IL-6 [65]. This evidence for abnormal
cytokine profiles in ASD suggests that immune system
disturbances may be active and continuous contributors to
the presentation of ASD. It is this accumulation of evi-
dence that has acted as the catalyst for efforts to charac-
terize possible subgroups of ASD patients who present with
immune system abnormalities or dysfunction and altered
patterns of symptom presentation [9, 66].

Associations between changes in peripheral cytokine
expression and the severity of behavioral impairments and
associated symptoms have been identified in children with
ASD (Table 2). Reduced levels of the regulatory cytokine
TGF-B1 are associated with reduced adaptive behavior and
worsening behavioral symptoms [67, 68]. While TGF-B1 is
involved in cell growth and differentiation, organ devel-
opment, migration, and apoptosis, its major role is to
control inflammation. This negative correlation with
behavioral impairment suggests that there is an ongoing
inflammatory process in children with ASD who present
with worsening behavioral profiles [67]. Increased levels of
the chemokines MCP-1, RANTES (regulated on activation,
normal T cell expressed and secreted), and eotaxin are
associated with more impaired behaviors and adaptive
functioning [69]. Chemokines are expressed in the devel-
oping brain and regulate neuronal cell migration, prolifer-
ation, and differentiation. They are also involved in
communication between neurons and microglia [70]. Ele-
vated IL-1PB and IL-6 have been associated with increased
stereotypical behaviors [62]. Dysregulation of IL-1f, a pro-

inflammatory cytokine expressed early in an immune
response, is implicated in impairments in memory and
learning [71]. IL-1p induces and inhibits neural progenitor
cell proliferation in the CNS, which can contribute to
region-specific deviant brain growth in ASD [72]. As
previously highlighted, IL-6 is elevated in most inflam-
matory states and has been implicated in a wide range of
conditions. Elevation of IL-8 and IL-12p40 is also associ-
ated with greater impairment of aberrant behaviors
including lethargy and stereotypy as measured by the
Aberrant Behavior Checklist (ABC) [62]. In addition, as
the expression of IL-8 decreases, cognitive and adaptive
ability improves [62]. IL-8 is a chemoattractant cytokine,
attracting and activating neutrophils in regions of inflam-
mation [73] and hence may contribute to the pathogenesis
of inflammatory diseases [74].

Other cellular markers of immune dysfunction identified
in children with ASD include significantly higher absolute
numbers of B cells and NK cells, and increased markers of
cellular activation compared to healthy controls [75]. These
findings suggest an immune response activation that leads
to an increased frequency of NK cells and activated B cells
and T cells. Increased levels of the IgG4 subclass have been
identified in children with ASD [76]. The IgG4 subclass has
features and biological function different from other sub-
classes of IgG, acting as a blocking antibody that binds
strongly to antibody receptors rather than a protective
antibody. A correlation between the severity of behavioral
measures and reduced levels of immunoglobulin has also
been found, suggesting suboptimal humoral function in
children with ASD [77]. Furthermore, an elevated preva-
lence of other immune-related comorbidities, including
autoimmune diseases, allergies, and psoriasis, has been
found in children with ASD compared to healthy controls
[6]. Overall, these relationships between immune dysfunc-
tion and behavioral symptoms associated with an ASD
presentation suggest an ongoing relationship impacting the
severity of the condition in children with an ASD diagnosis.

Altered Cytokine Profiles as Potential Biomarkers
in ASD

To facilitate improved communication about measure-
ments of disease and treatment effects, an expert working
group convened by the National Institutes of Health
Director’s Initiative on Biomarkers and Surrogate End-
points (USA) proposed the following definition of a bio-
logical marker or biomarker: a characteristic that is
objectively measured and evaluated as an indicator of
normal biological processes, pathogenic processes, or
pharmacologic responses to a therapeutic intervention [78].
Additional applications of biomarkers have been proposed,
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Table 2 Cytokines and associations with severity of autism-related symptoms.

Cytokine n (ASD) Medium Measures Finding Study
TGE-B1 75 Plasma ABC, VABS Reduced levels associated with reduced adaptive behavior and worsened Ashwood
behavioral symptoms including stereotypy, irritability, and hyperactivity et al. [67]
Eotaxin 80 Plasma  ABC, MSEL, Increased levels associated with increased severity of lethargy, stereotypy, = Ashwood
VABS and hyperactivity (ABC) et al. [69]
Increased levels associated with greater impairments in visual reception, fine
motor skills, and receptive and expressive language (MSEL)
Increased levels associated with greater impairments in communication, daily
living skills, socialization, and motor skills (VABS)
MCP-1 80 Plasma  ABC, MSEL, Increased levels associated with greater impairments in visual reception, fine Ashwood
VABS motor skills and expressive language (MSEL) et al. [69]
Increased levels associated with greater impairments in daily living skills
(VABS)
RANTES 80 Plasma  ABC, MSEL, Increased levels associated with increased severity of lethargy, stereotypy, = Ashwood
VABS and hyperactivity (ABC) et al. [69]
Increased levels associated with greater impairments in visual reception, fine
motor skills, and expressive language (MSEL)
Increased levels associated with greater impairments in communication and
socialization (VABS)
IL-1B 97 Plasma  ADI-R, ABC, Increased levels associated with increased stereotypy (ABC) Ashwood
MSEL, VABS et al. [62]
IL-4 97 Plasma  ADI-R, ABC, Increased levels associated with greater impairments in non-verbal Ashwood
MSEL, VABS communication (ADI-R) et al. [62]
IL-6 97 Plasma  ADI-R, ABC, Increased levels associated with increased stereotypy (ABC) Ashwood
MSEL, VABS et al. [62]
IL-8 97 Plasma  ADI-R, ABC, Increased levels associated with increased hyperactivity, stereotypy, and Ashwood
MSEL, VABS  lethargy (ABC) et al. [62]
Decreased levels associated with improved visual reception, receptive
language, and expressive language (MSEL)
Decreased levels associated with improved daily living skills (VABS)
IL-12p40 97 Plasma  ADI-R, ABC, Increased levels associated with increased stereotypy and lethargy (ABC) Ashwood
MSEL, VABS et al. [62]
TGF-p1 30 Plasma  CARS Reduced levels associated with increasing severity El Gohary
et al. [68]

ABC, Aberrant Behavior Checklist; ADI-R, Autism Diagnostic Interview—Revised; IL, interleukin; MCP-1, monocyte chemotactic protein-1;
MSEL, Mullen Scales of Early Learning; RANTES, regulated on activation, normal T cell expressed and secreted; TGF-B1, transforming growth
factor-B1; VABS, Vineland Adaptive Behavior Scales; WAIS-R, Wescheler Adult Intelligence Scale-Revised.

such as use as a diagnostic tool for the identification of
those patients with a disease or abnormal condition, and for
the prediction and monitoring of the clinical response to an
intervention. Specifically, with respect to using biomarkers
to guide better treatment of schizophrenia and other psy-
chotic disorders, Banati and Hickie have proposed clini-
cally useful properties of biomarkers, including
diagnostically non-specific, quantitative, longitudinal,
plausibly linked to underlying pathophysiology, and pre-
dictive of risk of impairment [79]. They also highlight the
clinical importance of the role of biomarkers in guiding
treatment selection, and demonstrating a correlation
between active interventions and the short-term clinical
response.

Numerous biomarkers have been proposed for ASD,
including biochemical, morphological, immunological,
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hormonal, neurophysiological, neuroanatomical, and neu-
ropsychological markers [80]. A recent clinical trial in
ASD involving an immunomodulatory pharmacological
intervention demonstrates a correlation between an active
intervention and a relevant short-term clinical response.
Greater improvement in symptoms of irritability, hyper-
activity, stereotypic behavior, social withdrawal, and
inappropriate speech was achieved when risperidone was
used adjunctively with pentoxifylline, an immune-modu-
lating drug and pro-inflammatory cytokine inhibitor [81].
Furthermore, another adjunct treatment trial in children
with ASD using risperidone and pioglitazone showed
reductions in the severity of symptoms of irritability, social
withdrawal, and hyperactivity in the adjunct treatment
group compared to the risperidone-only group, indicating
positive effects of pioglitazone [82]. Pioglitazone is a
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peroxisome proliferator-activated receptor, which inhibits
the production of pro-inflammatory cytokines and
chemokines by microglia [83, 84]. Furthermore, risperi-
done was found to be more effective when given adjunc-
tively with celecoxib, a nonsteroidal anti-inflammatory
drug, with significant improvements in the irritability,
social withdrawal, and stereotypy subscales of the ABC
[85]. However, in a recent open-label study of risperidone
treatment for children and adolescents with ASD, the
plasma levels of eotaxin and MCP-1 showed statistically
significant decreases after treatment, although these chan-
ges were not significantly associated with changes in
severity measures [86]. Eotaxin and MCP-1 are pro-
inflammatory and are elevated in brain specimens from
patients with ASD [59]. Overall, the results of these trials
suggest that treating immune-related symptoms may con-
tribute to behavioral changes in ASD.

The clinical trials of immune-modulating agents, taken
together with previous examples of immune system per-
turbations in children with ASD, suggest that cytokines are
worthy of consideration as potential biomarkers of a sub-
group of individuals with an ASD diagnosis and more
severe behavioral outcomes. However, the validity of
peripheral sampling of blood cells as a relevant biomarker
and as a surrogate for a CNS sample is still debated. Given
that peripheral blood cells comprise the major cellular
components of the immune system, they could be consid-
ered suitable for the assessment of immune-related markers
[87]. In addition, accessibility and speed of sampling for
regular assessments and analysis of peripheral blood sam-
pling are significant advantages over, for example, cere-
brospinal fluid sampling and brain imaging.

A National Research Council (USA) report on precision
medicine, which is the tailoring of medical treatment to the
individual characteristics of each patient, highlights a
critical need for the deconstruction of current diagnostic
groups using biomarkers to help identify the subgroups for
which treatment is highly effective [88, 89]. In addition to
physical signs and symptoms, it is recommended that
conditions should also be defined by their underlying
molecular causes and other factors, which would represent
an emergence of a new taxonomy based on biomedical
research and an extensive patient data network. A data
network would be needed to integrate current research on
the molecular composition of conditions with clinical data
on individual patients in an effort to drive precision med-
icine. Precision medicine also refers to the classification of
individuals into subpopulations that differ in their suscep-
tibility to a particular condition in the biology and/or
prognosis of those conditions they may develop, or in their
response to a specific treatment [89]. Similarly, the long-
term aim of the Research Domain Criteria (RDoC) project
of the National Institute of Mental Health (USA) is

precision medicine for psychiatry through the adoption of a
diagnostic system based on a comprehensive understanding
of the biological and psychosocial bases of conditions,
unhindered by the limitations of diagnostic categories [88].

A robust biological system is one that maintains its state
and functions against external and internal perturbations
[90]. It is possible that a robust immune system is protective
and that while the mechanisms leading to abnormal function
have yet to be established, it is tempting to consider that a
regulated and functional immune system, both pre- and
postnatally, is a prerequisite for a normal functioning brain
[91]. Consistent with the RDoC agenda, the non-specific
association found between inflammation and neuropsychi-
atric disorders, including ASD, and the identification of
common reliable inflammatory markers across those dif-
ferent disorders warrant further investigations to determine
if these processes play a role in the etiology of symptom
dimensions or symptom domains that overlap or are shared
by different conditions [35]. A diagnosis of ASD continues
to be behaviorally defined. However, the body of research
and accumulating evidence with respect to immune system
perturbations in ASD suggest that a broader approach
should be taken in order to understand biological systems as
they pertain to ASD and associated behaviors.

Conclusion

The hallmark heterogeneity of ASD is a key reason for the
focus of researchers on the identification of potential bio-
logical measures as a means of describing subsets within
ASD, and thereby facilitating the targeting of more indi-
vidualized therapies. Previously discussed cytokine aber-
rations in ASD have highlighted a possible relationship
between cytokine aberration and ASD. Altered cytokine
levels may facilitate the identification of ASD subtypes that
share similar traits and profiles, as well as provide bio-
logical markers that facilitate monitoring of the benefits of
active treatments over the time-course of clinical trials.
Biological markers, as objective measures of the response
to treatment in clinical trials, will assist with the identifi-
cation of efficacious interventions. Furthermore, the iden-
tification of objective markers of a pathological state
related to a subgroup in ASDs may assist in reducing the
heterogeneity of participants in clinical trials, and this may
lead to the identification of more targeted treatments for
autism-related symptoms.
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Abstract Transgenic mice carrying mutations that cause
Autism Spectrum Disorders (ASDs) continue to be valu-
able for determining the molecular underpinnings of the
disorders. Recently, researchers have taken advantage of
such models combined with Cre-loxP and similar systems
to manipulate gene expression over space and time. Thus, a
clearer picture is starting to emerge of the cell types, cir-
cuits, brain regions, and developmental time periods
underlying ASDs. ASD-causing mutations have been
restricted to or rescued specifically in excitatory or inhi-
bitory neurons, different neurotransmitter systems, and
cells specific to the forebrain or cerebellum. In addition,
mutations have been induced or corrected in adult mice,
providing some evidence for the plasticity and reversibility
of core ASD symptoms. The limited availability of Cre
lines that are highly specific to certain cell types or time
periods provides a challenge to determining the cellular
and circuitry bases of autism, but other technological
advances may eventually overcome this obstacle.
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Introduction

The neurobiological basis of Autism Spectrum Disorders
(ASDs) has been a growing area of research during the past
few decades. While substantial progress has been made to
uncover the molecular underpinnings of the disorders, the
cell types and circuits underlying autistic behaviors remain
largely unknown [1]. This knowledge, however, is critical
to developing targeted therapy. Neuroimaging in human
patients has provided correlates between the function of
certain brain regions and behavior [2, 3]. Such studies are
limited by the phenotypic heterogeneity that is character-
istic of ASDs, the individuals available for study, the low
resolution of imaging techniques, and the inability to
manipulate molecules and circuits in the human brain. For
these reasons, it is technically challenging to establish
causality between circuits and behavior in studies involv-
ing humans. However, animal models allow researchers to
determine causation because the genetic background and
environmental factors can be controlled. Furthermore, the
use of laboratory rodents allows for more invasive studies
that would not be feasible or ethical in humans.
Transgenic mice with ASD-causing mutations that are
present in the germline have provided clues to the molec-
ular underpinnings of the disorders, and some degree of
overlap is seen across multiple mouse models [4]. How-
ever, germline, or conventional, mutant mice do not pro-
vide enough evidence to causally link a particular brain
region or circuit to ASD-like behaviors. More recently,
several groups have taken advantage of tools that allow for
the manipulation of genes across space and time in animal
models to begin dissecting the cell types, brain regions, and
associated circuits contributing to ASD phenotypes. In this
review, we have focused on studies that utilize conditional
gene-expression technology combined with mouse models
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of ASD that have high construct validity (i.e. the molecular
consequences of the mutations mimic those observed in
humans) and report phenotypes that have strong face
validity (i.e. appear to mimic the behavioral features of the
disorders) for the core symptoms of ASDs, impaired social
communication and repetitive behaviors.

Assays for ASD-Related Behaviors

Currently, ASDs are diagnosed purely on the assessment of
behavioral features [5]. Therefore, behavioral analysis is an
important part of the strategy to model human mutations
and understand the cellular and circuitry bases of the dis-
orders. To help achieve this goal, a number of assays that
test behaviors resembling the core symptoms of ASDs have
been developed for laboratory mice [6, 7]. The behaviors
mentioned in this review are briefly described here and are
summarized in Table 1.

Tests to Assess Social Communication

The three chamber test consists of two phases. The first
phase has a caged stranger mouse in one of the chambers, a
novel object in the opposing chamber, and a neutral central
chamber [8]. The second phase has the caged mouse from
the first phase in one chamber, a neutral central chamber,
and a novel caged mouse in the opposing chamber. The

Table 1 Summary of behavioral assays.

first phase is considered a test for “sociability” where wild-
type mice tend to spend more time in the chamber with the
caged stranger mouse than in either other chamber. The
second phase is a test for “preference for social novelty” or
“social preference,” where most wild-type mice spend
more time with the novel stranger mouse than with the
familiar stranger mouse or in the neutral chamber.

The habituation/dishabituation test involves introducing
the test mouse to the same contained stimulus mouse over
several days and then introducing a novel contained stim-
ulus mouse [9]. Wild-type mice tend to spend less time
engaging with the familiar mouse over time, but have
increased interactions with the novel mouse. This is a
measure of social recognition.

In the partition test, the test mouse and a stimulus mouse
are in an arena on opposite sides of a clear acrylic barrier
with holes [10, 11]. The amount of time the test mouse
spends near the partition is a measure of social behavior.

In direct social interaction tests, the test mouse and
stimulus mouse are allowed to freely interact. The type,
duration, and amount of contacts are scored [12]. One
variant of this test is resident-intruder, where the stranger
mouse is introduced into the test mouse’s home cage [13].

Ultrasonic vocalizations (USVs) can be recorded in pups
(~postnatal days 3—12) and in adults [14]. For pups, this
simply involves briefly separating the pups from their
mother. For adults, the most common test involves
exposing male mice to females in estrous or their urine.

Assay Resemblance to core feature of ASDs

Quantitative measurements

Three chamber test Social communication deficits

Habituation/dishabituation Social communication deficits

Partition test Social communication deficits

Direct social interaction tests Social communication deficits
Ultrasonic vocalizations Social communication deficits

Nest-building Social communication deficits

Self-grooming
Jumping
Digging

Hole board test

Marble-burying test

Repetitive behavior
Repetitive behavior
Repetitive behavior

Repetitive behavior

Repetitive behavior

Phase 1: “Sociability” - preference for social stimulus (stranger
mouse) over an inanimate object

Phase 2: “Social novelty” - preference for an unfamiliar mouse
over the stranger mouse used in the sociability phase

Time spent interacting with the same mouse during the trial period
over several days and time spent with a novel mouse on the last
trial

Time spent near a barrier that separates the test mouse from a
stranger mouse

Duration, type (e.g. aggressive), and amount of social interactions
Number, duration, and complexity of vocalizations

Amount of nesting material used, size of nest, or numerical scoring
system

Time spent grooming or number of grooming bouts
Time spent jumping or number of jumping bouts
Time spent digging or number of digging bouts

Number of total hole-pokes or number of consecutive (2+) pokes
in the same hole

Number of marbles buried
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The number, duration, and complexity of USVs can be
compared.

Nest-building is considered to be another measure of
social behavior. The test mouse is given a small amount of
cotton or other material to build a nest in its home cage.
The amount of material used, the size of the nest, or a
scoring system can be used to compare experimental
groups [15].

Tests to Assess Repetitive Behavior

Spontaneous repetitive behaviors include excessive self-
grooming, jumping, or digging [16]. The time spent
engaging in each behavior or number of bouts can be
compared.

The hole board test also measures repetitive behavior.
Mice are placed on an apparatus with circular holes
arranged in a grid [17]. Mice that display repetitive
behavior have more nose-pokes into the holes, or explore
the same hole repeatedly.

Finally, in the marble burying test, the test mouse is
placed in a clean cage with marbles positioned on top of
bedding [18]. Mice with repetitive behavior bury more
marbles in the bedding than their wild-type littermates.

Tools to Manipulate Gene Expression

The Cre-loxP system is the approach taken most often to
manipulate gene expression in a cell-type-specific or time-
dependent manner [19]. For cell-type-specific manipula-
tions, this method typically involves breeding mice that
contain the Cre recombinase transgene under the control
of a specific promoter with mice that have the target gene
flanked by loxP sequences (floxed) [20]. Deletions, and
rarely duplications, of the target DNA occur when the
loxP sequences are oriented in the same direction in either
the cis or trans configuration, whereas inversions occur if
the loxP sequences are oriented in opposite directions. For
more precisely-timed manipulations, the Cre recombinase
protein is fused to a mutated estrogen receptor, so that
tamoxifen treatment causes translocation into the nucleus
and subsequent site-specific recombination [21]. Other,
but less common, methods for inducible gene expression
include the Tet-Off (tTA) and Tet-On (rtTA) systems,
where doxycycline treatment represses and activates
transcription, respectively [22].

While extraordinarily useful for temporospatial manip-
ulation of genes in mice, the Cre-loxP system is not
without its limitations. The major limiting factor is the
availability of Cre lines that meet the needs of an experi-
ment, in terms of timing and spatial distribution of Cre
expression. The specificity and efficiency of recombination

relies on the promoter, which may be expressed at various
levels in off-target tissues or cell-types. One way to cir-
cumvent this problem is to deliver a lentivirus or adeno-
associated virus construct containing Cre to mice with the
target gene floxed [23]. While this method may limit the
expression of Cre to a particular brain region, it is more
difficult to control the expression of Cre in different cell
types within a particular region. Another potential problem
is that Cre expression itself can induce a phenotype by
causing recombination at cryptic loxP sites in the mouse
genome [24], or by affecting the expression of surrounding
genes, depending on the insertion site of the transgene.
Therefore it is important that proper controls are imple-
mented to compare the phenotypes.

New advances in gene-editing technologies may eventu-
ally overcome the limitations of the Cre-loxP and similar
systems. For example, it has been demonstrated that CRISPR/
Cas9 can be used to edit the genome of adult mice and rescue
disease phenotypes [25]. Moreover, methods are being
developed to increase the cell-type specificity of CRISPR/
Cas9-mediated mutations [26]. However, off-target muta-
tions using this system remain a concern and must be assessed
individually [27]. Thus, some refinement of this newer
technology is necessary before using it to answer questions
about the neuroanatomical bases of ASDs.

The Roles of Excitatory and Inhibitory Neurons
in ASDs

The two major classes of neurons in the brain are excitatory
neurons, those which depolarize the neurons they project
onto and thus make them more likely to produce action
potentials, and inhibitory neurons, those which hyperpo-
larize their outputs and make them less likely to produce
action potentials. It has been proposed that a common
mechanism underlying ASDs is an imbalance between
inhibitory and excitatory synaptic transmission in particu-
lar circuits. This may reflect a relative increase of function
in excitatory neurons compared to that of inhibitory neu-
rons [28], or vice versa. Although support for this
hypothesis is currently somewhat limited, studies have
begun to address it.

One important question is whether disrupting the func-
tion of either major class of neurons is sufficient to produce
phenotypes related to ASDs and, if so, which types of
neurons within these major classes contribute to the phe-
notypes. Another important question is whether different
ASD-causing mutations affect the same neuronal types and
circuits, or have shared circuit-level mechanisms. This may
translate into whether patients with different mutations
require individualized therapy in the clinic. Fortunately, the
advent of conditional gene expression technologies and the
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production of multiple mouse models of ASDs with high
construct validity have made it possible to start exploring
these questions.

Manipulations in Large Groups of Excitatory
(Glutamatergic) Neurons

Most of the published work on conditional gene expression
for ASDs involves manipulation of the mouse version of
the genes that are mutated in syndromic autism, such as
Rett syndrome (MECP2), tuberous sclerosis complex
(TSC1 or TSC2), PTEN-related disorders, and Angelman
syndrome (UBE3A). One group found that restricting the
deletion of Mecp2 (loxP/y) to excitatory neurons in the
forebrain postnatally, starting around postnatal day 21
(P21), with Tg(Camk2a-cre)93KIn (CamKII-cre93;
EMMA 01137) results in mice that display reduced
sociability in a test similar to the first phase of the three
chamber test and reduced preference for the novel mouse
in the habituation-dishabituation test [29]. However,
another group used EmxI"™“®¥I (Emxl-cre; JAX
005628) to delete Mecp2 (loxP/y) in forebrain excitatory
neurons and glia embryonically, starting around embryonic
day 9.5 (E9.5), and found no significant changes in either
sociability or preference for social novelty in the three
chamber test [30]. Neither study reported any repetitive
behaviors. Deletion of Mecp2 (loxP/y) selectively in glu-
tamatergic neurons, the most abundant neurotransmitter
class of excitatory neurons, in embryos with
Slc17a6™Ccrotov (yolut2-cre; JAX 028863) does not
impact social behavior in the partition test or nose-pokes
on the hole board [31]. However, selectively expressing
Mecp2 (loxP-stop/y) in glutamatergic neurons with the
same Cre line rescues a hypersocial phenotype on the
partition test and repetitive nose-pokes on the hole board
that occur in the global knockout, which suggests that
restoring function to glutamatergic neurons may have
network effects that subsequently increase the function of
other excitatory neurotransmitters or inhibitory neurons as
well [31].

On the other hand, mice that carry a deletion of another
ASD candidate gene, Mef2c (loxP/loxP) with Emx1-cre
spend less time interacting with the social stimulus in the
first phase of the three chamber test, emit fewer USVs as
pups and adults, have lower nest-building scores, and dis-
play increased repetitive jumping and fine motor move-
ments [32]. Similarly, deletion of Cc2dla (loxP/loxP) with
Tg(CamK2a-cre)T29-1Stl  (CamKlIla-cre T29-1; JAX
005359) results in mice that display reduced sociability in
the first phase of the three chamber test, reduced social
approach in a direct social interaction test, reduced num-
bers of adult USVs, and increased repetitive self-grooming
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(but no changes in marble-burying) [33]. Mice with Tscl
(loxP/loxP) deleted with CamKlla-cre T29-1 also display
reduced sociability in the three chamber test and increased
marble-burying behavior [34].

Together, these findings indicate that disrupting the
function of excitatory neurons can be sufficient to pro-
duce ASD-like behaviors, but conflicting findings
between models indicate that manipulating one gene may
not be generalizable to all ASDs. Therefore, studies
using conditional gene expression of other ASD candi-
date genes are necessary to obtain a more complete
understanding.

Inhibitory (GABAergic) Neurons

Although there is some evidence that the dysfunction of
excitatory neurons contributes to ASD-like phenotypes,
there is accumulating evidence for a role of inhibitory
neurons as well. Using the line Tg(Slc32al-cre)2.1Hzo
(Viaat-cre; JAX 017535) to delete Mecp2 (loxP/y) specif-
ically in GABAergic cells in embryos results in mice that
show nearly the full spectrum of phenotypes observed in
the conventional knockout, including repetitive forelimb
stereotypies, increased grooming, sequential head-pokes on
the hole board task, decreased nest-building, and increased
sociability in the partition test and the three chamber test
[35]. Accordingly, selectively restoring Mecp2 (loxP-stop/y
and loxP-stop/+) to GABAergic cells with Viaat-cre res-
cues the hypersocial phenotype in the partition test and
nest-building deficits in both male and female mice (but
repetitive behaviors were not reported) [36]. Moreover,
deleting Mecp2 (loxP/y) in a subset of GABAergic cells in
the forebrain, embryonically, with Tg(Dlx6a-cre)1Mekk
(DIx5/6-cre; JAX 008199) recapitulates the nest-building,
hole board, and hypersocial phenotypes, but not grooming,
indicating that some features of ASD may involve other
brain regions or cell types [35].

Two of the major subclasses of GABAergic neurons are
parvalbumin-positive (PV+) and somatostatin-positive
(SOM+) neurons [37]. Thus, one important question is
whether either or both of these cell types contribute to ASD
phenotypes. Mice that lack Mecp2 (loxP/y) in PV+ neu-
rons, embryonically, created by crossing the floxed mice
with Pvalb™ €A™ (py_cre: JAX 008069), display a
hypersocial phenotype on the partition test, but show no
differences on the hole board [38]. In contrast, mice that
lack Mecp2 (loxP/y) in SOM+ neurons, embryonically,
created by crossing floxed mice with Sst™%!™®%h (SOM-
cre; JAX 013044), display repetitive nose-pokes on the
hole board, but have no social phenotype [38]. A different
study found no differences in sociability in mice lacking
Mecp2 in PV+ neurons, using the same PV-cre [39].
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However, another study confirmed that dysfunctional PV+
neurons contribute to social phenotypes whereas SOM+
neurons do not by heterozygous deletion of the mouse
version of the gene underlying Dravet syndrome, Scnla
(loxP/+), in either type of neuron using PV-cre and SOM-
cre, respectively [40]. In this case, the mice lacking Scnla
in PV+ neurons show decreased sociability in the three
chamber test [40].

It is likely, given that the conditional knockouts
restricting Mecp2 deletion to GABAergic neurons almost
completely recapitulate all of the phenotypes observed in
the conventional knockout, that the pathogenesis of Rett
syndrome primarily involves dysfunctional inhibitory
neural networks. Some behavioral deficits have also been
reported in conditional Mecp2 knockouts where the dele-
tion is limited to excitatory neurons, but the decrease in
social behavior is distinct from the global knockout, which
shows increased social interest in the partition test. It is less
clear at this time whether this is generalizable to other
ASDs. Therefore, more research is needed that uses con-
ditional gene expression technology and highly penetrant
ASD-causing mutations.

Other Neurotransmitter Systems

Other neurotransmitters can either be excitatory or inhibi-
tory, depending on the action of the postsynaptic receptors
that are expressed. Since the majority of neurons in the
brain are either glutamatergic or GABAergic, less is known
about the roles of other neurotransmitters in ASD models.
However, some groups have started dissecting the roles of
dopamine, serotonin, acetylcholine, and oxytocin.
Restricting the deletion of Mecp2 (loxP/y) to seroton-
ergic neurons, embryonically, with Tg(Fev-cre)1Esd (PET-
1 cre; JAX 012712) results in mice that display a hyper-
social phenotype on the partition test as well as increased
aggression during the resident-intruder test [41]. On the
other hand, selectively deleting Mecp2 (loxP/y) in
dopaminergic neurons, embryonically, with Th'™!'creTe
(TH-cre; EMMA 00254) does not influence social behavior
in these assays [41]. The PET-1 cre knockout does not have
repetitive grooming or marble-burying, but these behaviors
were not assessed in the TH-cre knockout [41]. This study,
along with others, suggests that dysfunctional serotonergic
neurons may contribute to the core symptoms of ASDs,
whereas dopaminergic neurons are implicated in comorbid
motor functions [42—44]. More support for the role of
serotonergic neurons in ASD behaviors comes from
deleting T'scl (loxP/loxP) selectively in serotonergic neu-
rons, embryonically, with Tg(Slc6a4-cre)ET33Gsat (SI-
c6ad-cre; MMRRC 031028-UCD), which results in mice
with decreased sociability in the first phase of the three

chamber test and increased repetitive marble-burying
behaviors [34].

Recently, the cholinergic system has also been impli-
cated in the pathogenesis of ASD with conditional gene
expression in mice. Selectively deleting Mecp2 (loxP/y) in
cholinergic neurons, embryonically, with Chat™2®Low!
(Chat-cre; JAX 006410) produces mice that fail to show a
preference for social novelty in the three chamber test,
show decreased social investigation in a direct interaction
test, and have impaired nest-building [45]. Interestingly, re-
expression of Mecp2 (via microinjection of an AAV) in the
basal forebrain, but not in the caudate-putamen, of adult
mice rescues the social deficit in the three chamber test
[45]. Again, this phenotype is distinct from that in the
global Mecp2 knockout, but nonetheless provides insight
into circuits underlying ASDs.

So far, the role of oxytocinergic neurons is less clear.
Neither heterozygous (loxP/4) nor homozygous (loxP/
loxP) deletion of Pten in oxytocinergic neurons, embry-
onically, with Oxt™!1€rebolsn Oyt cre; JAX 024234)
results in deficits in the three chamber, habituation/disha-
bituation, or marble-burying tests [46]. This is somewhat
puzzling, given that Pten haploinsufficient, oxytocin
knockout, and oxytocin receptor knockout mice show some
overlapping impairments on these assays [47-50]. Perhaps
mutations in PTEN and other ASD-causing mutations have
more of an effect on neurons expressing the oxytocin
receptor, rather than on oxytocinergic neurons. More work
needs to be done to clarify the role of oxytocin and other
neurotransmitters in ASDs.

The Role of the Cerebellum in ASDs

In recent years, the cerebellum has emerged as a brain
region that may be implicated not only in motor impair-
ments, but also in the core behaviors of ASDs, particu-
larly because cerebellar Purkinje cells project to the
thalamus and, for example, affect dopamine efflux in the
prefrontal cortex [51]. Mice with heterozygous (loxP/+)
or homozygous (loxP/loxP) deletion of Tscl mostly
restricted to Purkinje cells, postnatally, by means of
Tg(Pcp2-cre)2Mpin  (L7-cre; JAX 004146) fail to
demonstrate preference for a social stimulus over a non-
social stimulus or for novel social interactions over
familiar ones in the three chamber test [52]. These mice
also engage in elevated rates of self-grooming [52].
Similarly, mice with Tsc2 homozygously deleted in
Purkinje cells with L7-cre and heterozygously deleted in
all other cell types (loxP/-) have impaired social interac-
tions and increased rates of marble-burying [53]. Mice
with Pten deleted (loxP/loxP) in Purkinje cells by L7-Cre
display reduced sociability and engage in repetitive
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upright scrabbling, but have reduced self-grooming [54].
Interestingly, deleting Pten (loxP/loxP) primarily in
cerebellar granule cells with Tg(Gfap-cre)1Sbk (Gfap-cre)
results in mice that are hyposocial in the partition test and
show reduced sociability in the three chamber test, but
show reduced repetitive behaviors in the marble-burying
and hole board tests, and have no changes in USVs as
pups [55].

Most recently, two similar studies produced opposite
conclusions regarding the cerebellum’s role in social
behavior. Purkinje cell deletion of exon 7 of Shank2 (loxP/
loxP) with L7-Cre resulted in mice that failed to demon-
strate a preference for sociability or for social novelty [56].
However, mice with a deletion of exons 6-7 of Shank2
(loxP/loxP) with Tg(Pcp2-cre)3555Jdhu (Pcp2-cre; JAX
010536) were similar to controls on the three chamber task
and had similar USVs, but had increased nose-pokes on the
hole board [57]. Both groups of mice showed normal levels
of self-grooming and marble-burying.

The divergent findings regarding social behavior
between the two studies using Shank2 conditional mutants
have several possible explanations. One is that minor dif-
ferences in the exonic deletions could disrupt the expres-
sion of different sets of Shank2 isoforms, but current
knowledge regarding the structure of Shank2 suggests this
unlikely to be the case [58]. Another possibility is that the
use of different Cre lines (JAX 004146 vs. JAX 010536) in
the two studies may have some effect on behavior;
although both Cre lines involve the same promoter, there
may be differences in the spatial pattern and timing of Cre
expression. The most likely explanation is that the two labs
used different methods for determining behavioral pheno-
types (for example, strains chosen for the stranger mice and
habituation times). This last explanation is especially
convincing because the wild-types in one study showed a
preference for social novelty [56], whereas those in the
other study did not [57], most likely indicating differences
in behavioral methods.

Further investigation into the cerebellum’s contributions
to ASD phenotypes is clearly warranted. Moreover, the
contradictory findings from similar studies underscore the
need for stricter standards for behavioral methods or more
side-by-side comparisons between lines of mice within
investigating laboratories to make the strongest conclu-
sions. It is unclear at this time whether, for instance, Tsc/,
Tsc2, Pten, and Shank2 deletions in the cerebellum have
different effects on self-grooming, or whether the dis-
crepancies between the studies are due to varying methods.
It is even less clear which cerebellum-related circuitry is
responsible for the ASD-like behaviors and whether there
is any translational value of these findings for human
patients.

@ Springer

Developmental Time Points Implicated through
Inducible Mutations and Rescues

Clinically, ASDs are classified as a group of neurodevel-
opmental disorders. However, the developmental origin of
ASDs has not been clearly defined. This knowledge is
likely critical for effective clinical intervention. Condi-
tional gene expression, through inducible mutations and
rescues, allows researchers to determine whether ASDs are
the result of disrupted development and/or ongoing neu-
ronal dysfunction. Conditional-rescue mice also provide
proof of principle for the potential of gene therapy. One
attractive hypothesis for the origin of ASDs is that per-
turbations to synaptic development prevent patients from
developing skills during a limited window of opportunity,
or a critical period [59]. This would suggest that reversing
the symptoms of ASD may be difficult, if not impossible.
Some studies suggest that early intervention is necessary
for preventing the onset of ASD-like phenotypes. However,
multiple studies have also challenged the notion that ASDs
represent an irreversible disruption of brain development.

Deleting Mecp2 in adulthood (loxP/y) using the ubiq-
uitously-expressed, inducible Cre line, Tg(CAG-cre/Es-
r1*)5Amc (CAGGS-CreER; JAX 004453) and tamoxifen
administration, causes the impaired nest-building pheno-
type that is observed in germline knockouts [60]. Reacti-
vating Mecp2 in male (loxP-stop/y) and female (loxP-stop/
+) model mice with the same Cre line and tamoxifen
administration partially and completely rescue this nest-
building impairment, respectively [61]. Neither of these
studies reported any other ASD-related behaviors, nor did
two other studies that reactivated Mecp2 expression
[62, 63]. However, reinstating Ube3a (loxP-stop/p+) using
the same inducible Cre line fails to rescue impaired nest-
building in these mice, even when tamoxifen is adminis-
tered to newborn mice; only embryonic reinstatement of
Ube3a successfully rescues this phenotype [64].

On the other hand, several ASD-related behaviors are
rescued by repressing the expression of a dominant-nega-
tive form of Nrxnlf in excitatory neurons in adulthood
using Tg(Camk2a-tTA)IMmay (CaMKII-tTA; JAX
003010) with the administration of doxycycline, which
reverses increased self-grooming and impaired sociability
and preference for social novelty in the three chamber test
[65]. Similarly, re-expressing normal Shank3 isoforms by
reverting an inverted portion of the gene after administer-
ing tamoxifen to adult mice (loxP/loxP; CAGGS-CreER)
rescues increased grooming, impaired sociability in the first
phase of the three chamber test, and reduced preference for
social novelty in the second phase of this test [66].

While in general these studies provide some promising
evidence for the reversibility of the core symptoms of
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ASDs, research using other models and additional ASD-
relevant behaviors is necessary to make more definitive
conclusions. An interesting and important question is
whether the findings from mouse models can be translated
to humans and if the reversibility of symptoms holds true.

Concluding Remarks and Future Directions

It is clear that, at least in some cases, disrupting the
function of either excitatory or inhibitory neurons is suf-
ficient to cause the core behaviors of ASD. Likewise,
manipulations of either forebrain or cerebellar neurons can
induce ASD-like phenotypes in mice. The study of specific
regions outside of the cerebellum is one particularly
important direction for future study. For example, several
studies have implicated the striatum in the pathophysiology
of ASDs by showing region-specific molecular and elec-
trophysiological alterations [67, 68]. Moreover, suppres-
sion of Shank3 expression using shRNA targeted to the
ventral tegmental area can induce social deficits [69].
However, specific circuits have not yet been causally
linked to ASD-relevant behaviors using cell-type specific
Cre lines.

The findings reviewed here (summarized in Table 2)
support the value of conditional gene-expression technol-
ogy to delineate the cells and circuits underlying ASDs.
However, because these studies are mostly conducted in
syndromic ASD models, it remains to be seen whether
these findings and conclusions are unique to these specific
ASD-causing mutations. Since there are inconsistencies
between studies that manipulate the same gene, it may be
premature to generalize the limited available evidence.
Human genetics studies have supported the role of several
hundreds of genes in ASDs, so one challenge is to find out
whether there are shared circuit-level mechanisms among
ASDs caused by different mutations or etiologies. Caution
must be taken when interpreting the results from studies
that utilize conditional gene expression. Too often the
efficiency and specificity of the Cre lines are overesti-
mated. Moreover, disruption of one set of cells may have
downstream or compensatory effects on other cell types in
the same brain region, or even in different brain regions
due to axonal projections. Hopefully, the development of
more precise technology for manipulating cell types and
circuits will facilitate a more complete understanding of the
neural underpinnings of ASDs.
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Abstract Searching for effective biomarkers is one of the
most challenging tasks in the research field of Autism
Spectrum Disorder (ASD). Magnetic resonance imaging
(MRI) provides a non-invasive and powerful tool for
investigating changes in the structure, function, maturation,
connectivity, and metabolism of the brain of children with
ASD. Here, we review the more recent MRI studies in
young children with ASD, aiming to provide candidate
biomarkers for the diagnosis of childhood ASD. The
review covers structural imaging methods, diffusion tensor
imaging, resting-state functional MRI, and magnetic reso-
nance spectroscopy. Future advances in neuroimaging
techniques, as well as cross-disciplinary studies and large-
scale collaborations will be needed for an integrated
approach linking neuroimaging, genetics, and phenotypic
data to allow the discovery of new, effective biomarkers.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental
disorder that has a strong genetic basis, a heterogeneous
etiology, and various clinical presentations. The core
symptoms of ASD include: (1) deficits in social commu-
nication and social interaction, and (2) restricted, repetitive
patterns of behavior, interests, or activities [1]. The
prevalence of ASD has dramatically increased recently
from 4 in 10000 to 1 in 68 children [2, 3]. Along with the
soaring incidence of ASD, significant financial and emo-
tional costs to the individuals and their families, as well as
the numerous pressures on our medical, social, and politi-
cal lives have been engendered [4]. Hence, determining the
causes and making an accurate diagnosis as well as early
and effective intervention seem crucial for society [5].

So far, the diagnosis of ASD and the selection criteria
for clinical trials have been guided by the Diagnostic and
Statistical Manual of Mental Disorders or behavioral
diagnostic scales. The apparent disadvantage of symptom-
based criteria is that a similar symptom or phenotype may
arise from diverse sets of biochemical processes, especially
for disorders with numerous genetic or environmental
factors like ASD [6]. In the past decade, searching for
genetic biomarkers has been one of the hottest spots in
ASD research. Numerous related genes have been reported
including NRXNI1, SHANK3, SHANK2, MECP2, SNC2A,
CHDS8, DYRKIA, POG2, GRIN2B, KATNAL2, NLGNS3,
NLGN4, CNTN4, CDHI10, CDH9, and SEMA5A [7-17].
Unfortunately, the genetic underpinnings of ASD are nei-
ther simple nor consistent, considering that only 10%—38%
of ASD cases have been reported with known genetic
deficits [18-20]. Because of this heterogeneity and com-
plexity, interest and efforts into searching for more
biomarkers and quantifiable parameters are increasing in
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order to facilitate early and reliable diagnosis, as well as to
subgroup patients sharing common pathophysiological
underpinnings.

Magnetic resonance imaging (MRI), a non-invasive
examination tool, has been widely applied to ASD popu-
lations to delineate the developmental trajectory of the
brain. Major advances in structural and functional MRI
techniques in the past decades have greatly enriched our
understanding of neuropathological differences in ASD
[19, 21, 22]. Generally, structural MRI has revealed ASD
to be a disorder with general and regional brain enlarge-
ment, especially in the frontotemporal cortices, while
functional MRI studies have highlighted diminished con-
nectivity, especially between frontal-posterior regions
[19, 21-25].

Here, we review recent MRI studies (since 2000) in
young children with ASD, aiming to provide effective
biomarkers for the diagnosis of childhood ASD. We focus
on studies using structural imaging methods, structural
connectivity analyses, diffusion tensor imaging (DTI),
neurochemical or metabolic quantification methods, and
magnetic resonance spectroscopy (MRS), as well as func-
tional connectivity analyses with resting-state functional
MRI (rs-fMRI). We do not consider task-based functional
methods, since it is almost impossible to keep a young
child awake and still during a functional scan. We place the
emphasis on young ASD children because in adolescents
and adults the altered brain structures and activities may
merely reflect the social deprivation experience elicited by
reduced social attention during childhood. Therefore, it is
impossible to tell whether observed functional or structural
differences are the cause or the result of ASD neu-
ropathology. Another reason is based on brain plasticity.
There is growing evidence that the first 3 years of life is a
particularly critical developmental period for children with
ASD [26, 27]. Thus, the earlier the abnormal neurodevel-
opmental trajectory (even in infants and toddlers) is iden-
tified, the better guided intervention strategies for ASD
children can be achieved.

Structural MRI

Structural MRI analysis for neurodevelopmental disorders
began to emerge in the 1990s when it focused on the
neuroanatomical aspects of brain development. It has been
used to measure the total brain volume and volumes of
specific structures. Earlier studies used manual delineation
for the gray (GM) and white matter (WM) to calculate the
volumes of specific regions of interest (ROIs). With tech-
nical developments, it is now possible to use program
codes to measure the volumes automatically, allowing
large data sets to be processed more efficiently [28]. Based

@ Springer

on the different analytic methods for structural data,
structural MRI studies can be classified into voxel-based
morphometry (VBM) and surface-based morphometry
(SBM) [29]. VBM targets tissue density and usually
focuses on relative GM concentration or volume, or
regional volume differences of a certain tissue. SBM
addresses topological features, like surface curvature and
degree of folding [29, 30]. Notably, brain volume and
surface curvature have been hypothesized to have disso-
ciable developmental trajectories with, putatively, different
genetic and neurodevelopmental bases [22, 31, 32].
Table 1 summarizes the findings of structural MRI studies
in children.

Cortex

The most consistent observation regarding structural cor-
tical changes in young ASD children versus controls is the
increased total volume both in the cortical GM and WM
[22, 30, 33, 34]. Increased GM volume (GMV) and WM
volume (WMYV) have been found in the frontal and tem-
poral lobes and are less pronounced in the parietal and
occipital lobes. For example, Carper et al. (2002) revealed
increased frontal and temporal GMV and frontal and
parietal WMV at young ages (2—4 years old) [35]. Sparks
et al. (2002) likewise observed increased cerebral volumes
in autistic children aged 4—6 years [36]. Akshoomoff et al.
(2004) reported increased total brain volume (TBV), as
well as significantly increased WMV and GMYV in children
of 4-6 years with low-functioning autism compared with
high-functioning autism (HFA) [37]. Hazlett et al. (2006)
investigated 51 younger autistic children and 25 typically-
developing controls (aged 18-35 months). They reported
increased cerebral GMV and WMV in the brains of the
autistic group [38]. In a group of 1.5-5 year-old autistic
children, Schumann et al. (2010) found no changes in the
occipital lobe but enlarged cerebral GMV in the frontal,
temporal, and parietal lobes, as well as in the cingulate
gyrus (located in the limbic lobe) [39]. Hazlett et al. (2011)
compared the TBV of 6-month-old high-risk infants with
autistic siblings with low-risk infants without autistic
family members. They found no significant difference in
the cerebrum or lateral ventricle volumes, consistent with
the hypothesis that the brain enlargement might be a
postnatal event, occurring at ~ 12 months of age [34].
However, Shen et al. (2013) identified excessive cere-
brospinal fluid (CSF) over the frontal lobes at 6-9 months
of age but no such difference at 12-15 and 18-24 months
[40]. Recently, Gori et al. (2015) extracted features from
GM, WM, and CSF measurements to classify autistic and
control brains in 4-year-old males. They found that only
GM features in different sub-regions showed up to 80%
classification performance [41].
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SBM studies have only been performed with older
autistic children. For instance, Hardan et al. (2006) applied

S atlas-based SBM to children aged 10 years. They found no
% changes in the frontal or occipital lobes but increased total
£ ] cerebral sulcal and gyral thicknesses in the temporal and
E £ parietal lobes [42]. Two years later, Hardan er al. (2009)
%‘ 3 g performed follow-up scans on the same group of autistic
5 é’ = children, and revealed decreased cortical thickness in the
2: g E " frontal, temporal, and occipital lobes compared to controls
= E % _Z::-j [43]. Moreover, another SBM study by Jiao et al. (2010) on
& £ g g 9-year-old autistic children showed decreased thickness in
'—g § "2 E, the right entorhinal, right lateral orbitofrontal, left lateral
|- =z orbitofrontal, right medial orbitofrontal, left medial orbi-
tofrontal cortex, and right pars triangularis, as well as
§ increased thickness in the left caudal anterior cingulate
% cortex and left frontal pole [44]. More recently, Dierker
= ; et al. (2015) found bilateral differences in sulcal depth in
% ol the anterior-insula, frontal-operculum, and temporal-pari-

5 g etal junctions [45].
g g According to the above studies, the main differences in
-1 s g the cerebrum of young autistic children are the enlarged
E E’ i total volume of both GM and WM. The most prominent
g’ < g differences were found in the frontal and temporal lobes as

well as precentral regions. The growing cerebral volume in
early childhood indicates simultaneously decreasing GM
and WM density [40]. Interestingly, the changes seem to
begin in the autistic cerebrum at the age of ~ 12 months,
i.e., the cerebral enlargement does not occur earlier than 12
months of age [34, 46].

Cerebellum and Subcortical Areas

Cerebellum and Vermis

Amygdala; hippocampus

Brain regions
Corpus callosum

Cerebellar dysfunction may play a crucial role in the eti-
ology of ASD [47, 48]. The cerebellum is considered to be
one of the most consistent sites of abnormality in autism
[49, 50]. Most morphometric studies of ASD children have
reported increased total cerebellar volume [36, 51, 52] and
decreased GMV in some subregions, e.g., crus I and lob-
ules VIII and IX [53-55]. However, the results on WMV
have been inconsistent. For instance, Courchesne et al.
(2001) found a larger cerebellar WMV in 2-3 year-old

(Longitudinal) 8-12 years; 10—14 years

WM, white matter; GM, grey matter; TBV, total brain volume; ROI, region of interest; SBM, surface-based morphometry; VBM, voxel-based morphometry; GLM, general linear models;
ANOVA, analysis of variance; ANCOVA, analysis of covariance; rm-ANOVA, repeated measures ANOVA; LMM, linear mixed models; NLMM, non-linear mixed models; SPM, Freesurfer,

) Z 4
%D § £y autistic children [33], while McAlonan et al. (2005)
“Eo ‘;l‘ f‘g reported decreased WM density in the cerebellum [56].
<= ;“ Regarding the vermis, the results are also contradictory. In
% older children, Elia et al. (2000) measured the sizes of the
2 ) NE 8 cerebellar areas in 22 autistic children and reported no
E 8 ; _% abnormalities in the total vermis, vermis lobules VI-VII,
§ . < Tg g g pons, and midbrain [57]. In contrast, Akshoomoff et al.
—-| 2 § (i S 2 (2004) revealed larger cerebellar WMV and GMV and
= iﬁ é 3 §§ & increased areas of the anterior and posterior cerebellar
ElglEg= &~ ® vermis in 6-year-old autistic children [37].
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Amygdala

The amygdala has been the focus of several studies in
children with ASD, given its important role in socio-
emotional processing [58—61]. Sparks et al. (2002) inves-
tigated 29 autistic children and typically-developing con-
trols with an average age of 3.9 years and showed bilateral
enlargement of the amygdala that was proportional to the
overall increase in total cerebral volume [36]. Munson
et al. (2006) argued that the enlargement was only found in
the right amygdala at the age of 3—4 years [62]. Nordahl
et al. (2012) scanned 85 autistic children aged 37 months
on average, and re-scanned 45 members of the same group
one year later. They found an increased amygdala volume
in both cases, confirming that the enlargement starts at ~3
years [63].

Corpus Callosum

A decreased corpus callosum (CC) size in the autistic pop-
ulation has been consistently reported, including reductions
localized in the mid-sagittal area, anterior CC, body, and
posterior splenium [2, 22, 43, 64-69]. A reduced CC has
been associated with reduced integration of information and
slower processing [2, 68, 69]. However, to our knowledge,
CC changes in the early childhood period have not yet been
studied. A report by Frazier et al. (2012) investigated 19
autistic children with a mean age of 10.6 years and found
consistent reductions in the total CC volume [65].

Basal Ganglia

The basal ganglia play an important role in cognition and
motor control via participation in frontostriatal, thalamo-
cortical, and limbic circuits [70-73]. In neuroimaging
studies of ASD, the basal ganglia have been studied
regarding their association with repetitive behaviors
[74, 75]. The most consistent finding is an increased cau-
date volume [76, 77]. Unfortunately, most of the studies
were conducted in adults or late adolescence but not in
childhood.

Hippocampus

Sparks et al. (2002) found enlarged hippocampi in autistic
children at the ages of 3—-4 years [36]. Similarly, in
7.5-12.5 year-olds, Schumann et al. (2004) also revealed
enlarged hippocampi, especially in an HFA group [78],
while in a 10 year-old group, Barnea-Goraly et al. (2014)
observed an enlargement only in the right hippocampus
[79]. Interestingly, in an older group, Barnea-Goraly et al.
(2014) reported no difference in the hippocampus of both
hemispheres. These findings indicate that the hippocampus

in ASD has an unbalanced growth pattern during early
brain development [79].

Conclusions

The most consistent structural MRI finding is the increased
growth of total cortical volume in early ASD children. A
similar trend has also been demonstrated in some subcor-
tical brain regions (e.g., amygdala and hippocampus) and
the cerebellum. Interestingly, studies comparing ASD
adolescents or adults with controls did not find such dif-
ferences and have even reported decreased TBV in ASD
patients [35, 80]. Thus, it seems as if brain development
during early childhood in ASD is more voluminous than in
a typically-developing brain, especially in the frontal and
temporal lobes, followed by a possibly reduced volumetric
capacity of the brain after adolescence [81, 82].

Diffusion Tensor Imaging (DTI)

Molecular studies have demonstrated dysmaturation of the
WM characterized by microstructural changes or disorga-
nization in the brains of autistic populations [83, 84]. It has
been reported that synaptogenesis is altered in children
with ASD, affecting myelination, and thus compromising
WM integrity [85]. DTI, as a non-invasive tool, has been
applied in the last decade to developing brains to study
both the local connectivity and WM tracts as well as fas-
ciculi that connect regions and lobes [2, 86-90]. Metrics
such as fractional anisotropy (FA), and mean diffusivity
(MD) have been used to measure the directionality and the
amount of diffusion, respectively, in a particular ROI or at
the level of individual voxels. The most commonly-used
DTI methods are tractography, voxel-wise analysis, and
tract-based spatial statistics (TBSS). Table 2 summarizes
the findings of DTI studies in children.

Tractography

The majority of tractography studies have found reduced
FA and increased MD, indicating more WM microstruc-
tural disorganization in the frontal and temporal lobes or
dominant tracts. For example, Sundaram et al. (2008)
applied deterministic tractography to analyze WM abnor-
malities in the frontal lobe and checked for short-range
connectivity changes in ASD children. They reported
higher MD in the whole frontal lobe as well as reduced FA
for short-range fibers in ASD children [91]. Hong ez al.
(2011) also used deterministic tractography to examine
connectivity in the CC in HFA children. They revealed
decreased WM density in the anterior third of the CC, as
well as higher MD and a lower fiber number in the anterior

@ Springer
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£ 8 273 third of the transcallosal fiber tracts [92]. Using deter-
«? E é 2 ministic tractography, Nagae et al. (2012) revealed higher
% % S Tg MD in the temporal portion of the left superior longitudinal
i A %ﬁ ” fasciculus in ASD children with language impairment, as
= = g E well as a significant negative correlation between MD and
g* ; z g 2 language score [93]. Wolff er al. (2012) investigated WM
0 IS g g £ fiber tracts in a group of high-risk infants from 6 to 24
2; ? é 2 2 g months old. Higher FA values were found in the fornix,
= E RS 2o uncinate fasciculus, and inferior longitudinal fasciculus at 6
% ?_ ; q‘é §§ months, whereas no such differences were observed at 12
'—§ < 55 '§ é g months [94]. Nair et al. (2013) used both fMRI and prob-
L]l - - o=y abilistic DTI tractography to assess the integrity of thala-
§ % mo-cortical connectivity in children and adolescents with
E v & ASD. They reported increased MD in the thalamo-cortical
:)» (é 2 connections, and decreased functional connectivity in the
& o % thalamo-cortical circuitry, as well as a negative correlation
s E g between the fronto-thalamic FA and the social and total
S 23 Autism Diagnostic Observation Schedule score [95]. More
3 A ; & recently, Joseph et al. (2014) applied both structural MRI
g ?2 : EDE and probabilistic DTI tractography to investigate the ana-
z 2 7 o § tomo-behavioral relationship addressing language ability in
== F > 8 young ASD children. In the ASD children, they found no
24 difference in GM asymmetries but decreased leftward
5 % g volume and radial diffusivity of the arcuate fasciculus [96].

3 g % Voxel-Wise Analysis

2 =0

% § g % 4 Voxel-wise analysis is used to find areas of significant
) s o 8 E) difference and to overcome possible user bias. Cheung
Z % é‘ <>C é et al. (2009) reported reduced FA in bilateral prefrontal and
z ig E 2 % é temporal regions as well as the frontal striato-temporal and
=, g kS § E <'g posterior brain pathways that are associated with commu-
E E 5 F % é ; nication and social reciprocity impairment and repetitive
E‘ 8 a é g g % behavior [97]. Ke er al. (2009) investigated the WM
T 58 abnormalities in a group of Chinese HFA children. The
£ E 2 voxel-wise whole-brain analysis of FA showed decreased
g‘g 2 WM density in the right frontal lobe, left parietal lobe, and
;.% a; right anterior cingulate [98]. Barnea-Goraly et al. (2010)
= oy found reduced FA in age-matched unaffected siblings as
E & 2 compared to children with ASD, suggesting that this may
€8 be a potential marker of genetic risk [99]. Poustka et al.
g g-g (2012) revealed decreased FA values in the uncinate fas-
e g ) ciculus and right superior longitudinal fasciculus as well as
E R g g 'é a negative correlation between the FA values of the
E ? E 53 E affected fiber tracts and the severity of ASD symptoms
2l 4 ‘50 Z_Tg g [100]. A more recent study by Peterson et al. (2015) found
(ED fé‘ z widespread increases in MD in many regions of the left
! S f;;': 5 E: E' hemisphere in children with ASD as compared to typically-
E & 4 =) developing children [101], supporting the left hemispheric
§ S E = %‘ abnormality or atypical hemispheric dominance that has
| 8 § S_ 4 gﬁg been hypothesized in ASD for the past three decades
% iﬁ z9 % § =l = '@ [102-104]. Peterson et al. (2015) used an atlas-based ROI
SlelE==z"15E¢ analysis in HFA children and found significantly increased

@ Springer
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MD of the outer-zone cortical WM, suggesting
hypomyelination and increased short-range cortico-cortical
connections which might be due to the early WM over-
growth [101].

Tract-Based Spatial Statistics (TBSS)

A further innovative method of DTI analysis is TBSS
[105]. This method provides advantages over traditional
voxel-wise analysis, since it does not require smoothing
and allows for a higher spatial comparability. A mean FA
skeleton is built and thresholded to exclude areas of high
inter-individual variability. Each individual’s FA map is
then projected onto the skeleton to collect standard voxel-
wise FA statistics across all the individuals. Kumar er al.
(2010) combined deterministic tractography and TBSS to
investigate the CC region in 5-year-old ASD children.
They found lower FA, higher MD, larger numbers of
streamlines and voxels, and longer streamlines as well as
correlation between macrostructural changes in the unci-
nate fasciculus and the score on the Gilliam Autism Rating
Scale [106]. Weinstein et al. (2011) reported increased FA
within the genu and body of the CC, left superior longi-
tudinal fasciculus, and right and left cingulum in a group of
very young ASD children using TBSS. The tractography
revealed that the increased FA was concentrated in the
mid-body of the CC and in the left cingulum [107]. Jou
et al. (2011) found reduced FA in the forceps minor,
inferior fronto-occipital fasciculus, and superior longitu-
dinal fasciculus [88]. Shukla et al. (2011) demonstrated
reduced FA and higher MD in the CC, anterior and pos-
terior limbs of the internal capsule, inferior longitudinal
fasciculus, inferior fronto-occipital fasciculus, superior
longitudinal fasciculus, cingulum, anterior thalamic radia-
tion, and corticospinal tract [85]. Similarly, Walker et al.
(2012) revealed decreased FA values in various brain
regions and increased MD in some tracts [108].

Conclusions

Studies using voxel-wise analysis have revealed decreased
FA and increased MD in the major WM tracts of ASD
children. However, the voxel-wise analysis of DTI has
methodological disadvantages such as the dependency on
the size of the smoothing kernel and the hindrance of
confident conclusions [30]. TBSS overcomes these flaws
and has been used in the majority of more recent and on-
going tractography studies. Predominantly the latter have
revealed reduced FA and higher diffusivity in the main
tracts in ASD children, including the uncinate fasciculus,
arcuate fasciculus, cingulum bundle, inferior longitudinal
fasciculus, and inferior fronto-occipital fasciculus.

@ Springer

Resting-State Functional Magnetic Resonance
Imaging

Brain connectomics is a relatively new field of research
that maps the brain’s large-scale functional networks “at
rest”. Correlated and anti-correlated fMRI signals are
measured without performing specific tasks. These signals
imply a functional connectivity that reflects structural
connectivity [109, 110]. They can be used to explore both
the spatial and temporal deviations of the topology of
atypical neurodevelopmental processes [111]. Table 3
summarizes the findings of rs-fMRI studies in children.

In an attempt to elucidate putative neurobiological
underpinning mechanisms, Just ef al. (2004) proposed the
“hypoconnectivity theory of ASD”, claiming that the deficit
of integration of neuronal information in ASD might be
associated with an overall under-functioning of the brain’s
integrative circuitry [112]. However, Courchesne and Pierce
(2005) suggested that the developmental trajectory for
functional brain connectivity in ASD individuals is charac-
terized by both an early local hyperconnectivity and a long-
distance hypoconnectivity of the prefrontal cortex based on
the findings of an increased short-range (local) connectivity
within the frontal lobe but a decreased degree of functional
long-range (global) connectivity with the rest of the brain
[113]. Di Martino et al. (2011) found only hyperconnectivity
in the superior temporal gyrus, insula, and brainstem areas
[114]. Moreover, Lynch et al. (2013) and Uddin ez al. (2013)
both demonstrated increased connectivity in the cingulate
cortex and inferior and superior frontal gyri, as well as other
specific areas [115, 116]. However, other childhood ASD
studies mostly revealed reduced long-range connectivities
across different brain regions [95, 117-119]. Thus, it has
been suggested that the increased local connectivity in ASD
children results from overcompensation for the reduced
long-range connectivity [95].

'H-MRS Metabolite Spectrum

Neurochemicals are involved in cortical activity as well
as in the metabolic processes in the brain. Each
metabolite has a unique chemical shift which acts as a
signature that is used for the quantification of that specific
metabolite. The most common method of metabolite
quantification in vivo is through the proton resonance of
hydrogen (‘H) atoms [120]. 'H-magnetic resonance
spectroscopy ('"H-MRS) is a non-invasive imaging tech-
nique that estimates specific chemical metabolites [121].
Previous studies mainly used '"H-MRS to quantify creatine
and phosphocreatine (Cr+-PCr), a measure of cellular
energy metabolism [122]; N-acetylaspartate (NAA), a
marker of neuronal density and activity [123]; choline-
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Table 3 Resting-state functional MRI studies in ASD children.

Seed brain regions

Findings in ASD group

Striatal regions (caudate, putamen)

Posterior cingulate cortex

Retrosplenial cortex

Anterior cingulate cortex

Superior temporal gyrus

Postcentral gyrus

Lateral occipital cortex

Reference Age range (years)
Di Martino et al. (2011) [114] 7-13
Lynch et al. (2013) [115] 7-12 Precuneus
Uddin et al. (2013) [116] 7-12

Precuneus
Wiggins et al. (2011) 119] 10-18

Right superior frontal gyrus

1 Connectivity in striatal-cortical circuitry

1 Striatal functional connectivity with the
pons

1 Connectivity of brainstem area, with
bilateral insular regions

| Connectivity to cuneus, caudate, and
thalamic nuclei

1 Connectivity to medial and anterolateral
temporal cortex, lingual gyrus, posterior
parahippocampal gyrus, temporal pole,
entorhinal cortex, and perirhinal cortex
within the anterior aspect of the medial
temporal lobe

1 Connectivity to inferior frontal and
middle frontal gyrus, dorsal medial
prefrontal cortex, posterior insular
cortex, lingual gyrus, posterior
parahippocampal gyrus, temporal pole,
posterior superior temporal sulcus, and
anterior supramarginal gyrus

1 Connectivity to superior frontal gyrus,
thalamus, and bilateral insular cortex

1 Connectivity to posterior cingulate
cortex and left angular gyrus

1 Connectivity to middle temporal gyrus

1 Connectivity to precentral gyrus, left
posterior insular cortex, and thalamus

1 Connectivity to intracalcarine cortex,
and occipital pole

| Connectivity to posterior superior

Rudie et al. (2012) [118]

Abrams et al. (2013) [117] 8-12

Nair et al. (2013) [95] 9-17

Thalamus

10-15 (+/-MET mutatid®osterior cingulate cortex

Posterior superior temporal sulcus

Right thalamus

frontal gyrus

| Connectivity of overall default mode
network

| Connectivity to medial prefrontal cortex
in MET-homozygous

| Connectivity to medial prefrontal cortex
within ASD group

| Connectivity of bilateral ventral
tegmental area, nucleus accumbens,
putamen of basal ganglia, ventromedial
prefrontal cortex, left caudate, anterior
insular cortex, and orbitofrontal cortex

1 Connectivity to temporal areas

| Connectivity to prefrontal, parietal-
occipital, and somatosensory cortical
regions

containing compounds, a measure primarily reflecting the
constituents of cell membranes [122]; and glutamine/
glutamate/gamma-aminobutyric acid (GABA) (“GIx”).
Recent '"H-MRS studies in ASD patients showed gener-
ally decreased NAA [124, 125], Cr+PCr, choline, and
Glx [125], as well as increased GIx in adults [126].
However, previous studies also exhibited some

inconsistencies, such as decreased [127-131], unchanged,
or increased NAA in ASD children compared with con-
trols [127, 132—135]. In the following, we categorize the
recent 'H-MRS studies in young individuals with ASD
according to the four main detectable chemical metabo-
lites: Cr+PCr, NAA, choline, and GIx. Table 4 summa-
rizes the findings of MRS studies in children.
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Table 4 MRS studies in ASD children.

Reference

Age range
(years)

Cr+PCr

NAA Cho

Findings in ASD group

Friedman et al. (2003) [129]

DeVito et al. (2007) [128]

Hardan et al. (2008) [130]

Corrigan et al. (2013) [138]

Levitt et al. (2003) [131]

Friedman et al. (2006) [144]

Corrigan et al. (2013) [138]

Fujii et al. (2010) [145]

Fayed et al. (2005) [178]

Vasconcelos et al. (2008) [148]

Gabis et al. (2008) [146]

Doyle-Thomas et al. (2014) [151]

34

34

34

8-14

7-18

Vv

J

S N .

J

A N

| Cr+PCr in frontal, parietal, temporal, occipital and
thalamus

| NAA in bilateral frontal, parietal, and cingulate areas,
and in right superior temporal gyrus and left putamen

| Cho in cortical areas, temporal lobes, and thalamus

| Cr+PCr in GM of frontal, temporal, occipital cortices
and cerebellum

| Cho in cortical areas, temporal lobes, and thalamus

| GIx in GM of frontal, occipital, and temporal regions
as well as cerebellum

| Cr+PCr in bilateral thalamus
| Cho in cortical areas, temporal lobes, and thalamus

1 Glx of thalamus is associated with abnormal sensory
sensitivity and deficits in body movement modulation

| Cr+-PCr in GM and WM generally

| Cho in cortical areas, temporal lobes, and thalamus
generally

| Cr+PCr in frontal, parietal, temporal, occipital, and
thalamus

| NAA in bilateral frontal and parietal areas, and in the
left caudate

| Cho in cortical areas, temporal lobes, and thalamus

1 Cho in caudate, anterior cingulate cortex and
hippocampus-amygdala complex

| NAA in both GM and WM generally

| Cho in cortical areas, temporal lobes, and thalamus
| NAA in both GM and WM in cortical regions

| GIx in both cortical GM and WM generally

| NAA/Cr+PCr in anterior cingulate cortex and a
deficit in executive functions

| Cho in both GM and WM of cortical areas, temporal
lobes and thalamus

| Cr+PCr in cerebellum and striatum
| NAA in frontal areas

1 Cho in caudate, anterior cingulate cortex, and
hippocampus-amygdala complex

| NAA in Hippocampus-amygdala complex

1 Cho in caudate, anterior cingulate cortex, and
hippocampus-amygdala complex

| GIx/Cr+PCr in cerebellum and 1 Glx/Cr+PCr in
putamen

| NAA/Cr+PCr in thalamus and T NAA/Cr+PCr in
caudate

Cho, Choline; Cr+PCr, creatine and phosphocreatine; Glx, glutamine,glutamate and GABA; GM, grey matter; NAA, N-acetylaspartate; WM,

white matter.

Creatine and Phosphocreatine

In "H-MRS, Cr and PCr are quantified together [136]. They
play a crucial role in the adenosine triphosphate (ATP) and
adenosine diphosphate (ADP) energy-transfer process.

@ Springer

ATP results from oxidative phosphorylation in neuronal
and glial mitochondria and glycolysis in the cytosol. A
phosphate bond is released from ATP through the enzyme
creatine kinase to store energy. The free phosphate bond
then binds with Cr to form PCr. When cellular
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mitochondria require energy, ADP and a third phosphate
bond are resynthesized to ATP via oxidative phosphory-
lation [122, 136, 137]. Cr is highly-expressed in the
mitochondria of neurons and is crucial for cellular energy
production and in the maintenance of cortical homeostasis
[122, 137].

In children with ASD, reduced Cr+PCr levels have been
reported across the cortical regions [128-130, 138]. Turner
and Gant (2014) reviewed the biochemistry of Cr and
revealed an association between reduced Cr+PCr and
ASD-like behaviors, such as abnormal learning skills,
intellectual disability, and repetitive and compulsive
behaviors. This correlation could be due to delayed or
impaired axon growth during brain development, in which
Cr+PCr are crucial elements [139]. However, no correla-
tion between Cr+PCr levels and autistic symptom severity
has been found in children with ASD [140]. Moreover,
cortical Cr+PCr is commonly considered to be stable and
has been extensively used as a reference for other
metabolites [120, 122, 127, 136].

N-Acetylaspartate (NAA)

NAA is synthesized in the mitochondria of neurons and is
catabolized in glial cells and oligodendrocytes, acting as a
precursor of fatty-acids to form the myelin around axons
[137]. Quantified by "H-MRS, the NAA level is considered
to reflect neuronal density, integrity, and metabolism
[104, 131, 136, 141]. It is well accepted that NAA is
comparable across both GM and WM, while it is more
abundant in WM than in GM, due to its role in transmission
of action potentials [142, 143].

Research on NAA has revealed a consistent phe-
nomenon, i.e., it is generally reduced in children with ASD.
In a group of 3—4 year-old ASD children, Friedman et al.
(2003) reported NAA reduction in the frontal, parietal, and
cingulate areas of both hemispheres, as well as in the right
superior temporal gyrus and left putamen, compared with
typically-developing children [129]. In an older group of
ASD children with a mean age of 10.4 years, Levitt et al.
(2003) revealed similar findings of reduced NAA in both
left and right frontal and parietal areas, as well as in the left
caudate. They also claimed that reduced parietal axon
density, marked by reduced WM NAA, is associated with
deficits in eye gaze, spatial perception, and memory [131].
Comparing children with ASD and those with pervasive
developmental disorder, Friedman et al. (2006) found an
extensively decreased NAA level in the ASD group across
both GM and WM [144]. Similarly, Corrigan et al. (2013)
found a general NAA reduction across most cortical
regions in both GM and WM [138]. Interestingly, Fujii
et al. (2010) reported a relationship between a reduced
NAA/Cr+PCr ratio in the anterior cingulate cortex and a

deficit in executive functions. Moreover, they also found a
correlation between decreased NAA/Cr+PCr and social
and communication disabilities [145].

Choline

Choline is synthesized in the liver and is essential for the
synthesis of the neurotransmitter acetylcholine. Choline-
containing compounds along with membrane phospho-
lipids make up 40% of myelin. In '"H-MRS, the choline
level is highest in the WM [120]. The cortical choline
levels indicate the equilibrium of neuronal cellular mem-
brane phospholipid metabolism [120, 137, 146, 147].

In children with ASD, choline-containing compounds
are generally decreased in cortical areas, the temporal
lobes, and thalamus [128-131, 138], indicating a deficit in
membrane phospholipid turnover. However, studies have
also reported increased choline levels in ASD children in
different brain regions, e.g. caudate, anterior cingulate
cortex, and hippocampus-amygdala complex
[131, 146, 148]. Even though the findings are contradic-
tory, they revealed a similar phenomenon, that ASD chil-
dren have neural maturation different from typically-
developing children.

GIx (Glutamate, Glutamine, and GABA)

GIlx are the most abundant neurotransmitters (90% in
synapses), taking up to 60%—-80% of the glucose oxidation
and energy consumption in cortical neurons [149, 150].
They are most concentrated in GM and play essential roles
in neural migration, differentiation, and plasticity
[125, 132, 136, 140]. In ASD children, De Vito et al.
(2007) reported extensive reduction of GIx in the GM of
frontal, occipital, and temporal regions as well as the
cerebellum [128]. Corrigan et al. (2013) reported a general
decrease in GlIx in both cortical GM and WM [138]. Har-
den et al. (2008) pointed out that abnormal sensory sensi-
tivity and deficits in body movement modulation are
associated with increased thalamic Glx [130]. In addition,
Doyle-Thomas et al. (2014) demonstrated that an increased
thalamic Glx level is associated with disabled social
interaction [151].

MRI and Genetics

As outlined in the introduction, ASD has a strong genetic
basis. Biological studies have revealed that many ASD-
related genes influence the formation of neuronal circuits
[21, 152, 153]. However, little is known about how these
genes affect brain structure and function. As reviewed
above, altered brain structures and functions have
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continuously been reported in ASD with a satisfying
amount of consistency. Since brain structure and function
are heritable [21, 154-156], gene-related imaging may
serve to demonstrate the possible neural mechanisms
through which phenotypic heterogeneity arises from
genetic heterogeneity in ASD [21].

One innovative gene-related imaging study has com-
pared ASD children carrying positively testable
ASD-related gene(s) with typically-developing controls
[118]. In particular, the authors were interested in the
MET (Met Receptor Tyrosine) gene. They combined
fMRI, rs-fMRI, and DTI in a large sample of ASD
children (n = 164) with MET gene classification and
controls. Indeed, the presence of risk alleles in ASD
children had a significantly larger impact on functional
connectivity than controls. In the ASD risk-allele group,
the fMRI showed reduced functional connectivity from
posterior cingulate to medial prefrontal cortex. DTI
exhibited decreased FA in the splenium portion of the
CC that connects to the posterior cingulate. Moreover,
group-by-genotype interactions revealed more deactiva-
tion of the posterior cingulate, medial prefrontal, and
primary auditory cortices, lower functional connectivity
of these regions, and lower WM integrity in tracts con-
necting these regions (splenium, cingulum, and superior
and inferior longitudinal fasciculus). Investigating the
impact of another ASD-related gene (CNTNAP2; con-
tactin-associated protein-like 2), Scott-Van Zeeland et al.
(2010) revealed that risk-allele-carrying ASD children
showed a pattern of diffusely increased functional con-
nectivity between the frontal cortex and temporal lobes,
while typically-developing controls exhibited a clear
connectivity between frontal cortex- and language-related
cortical regions [157].

According to these limited findings, we can only spec-
ulate that ASD-related genes may contribute to atypical
connectivity and development. More studies combining
genetic information and multimodal neuroimaging data are
needed to understand the relationship between heteroge-
neous neuropathological phenotypes and the clinical man-
ifestations of ASD, as well as to improve diagnostic tools
and treatment strategies [158].

Support Vector Machine Technologies

The findings of MRI studies have substantially advanced
our understanding of the neural mechanisms underpin-
ning ASDs. However, the integration of neuroimaging
tools into clinical practice has so far been limited, partly
because it is unclear which information revealed by these
tools is relevant to diagnosis and treatment decisions.
Support Vector Machine (SVM) technology is a specific
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type of supervised machine learning that aims to classify
data points by maximizing the margin between classes in
a high-dimensional space [159, 160]. The optimal SVM
algorithm is developed through a “training” phase in
which training data are used to develop an algorithm
able to discriminate between groups previously defined
by the operator (e.g. patients versus controls). Once a so-
called “decision function” or “hyperplane” is learned
from the training data, it can be used to predict the class
of a new test example. The interesting aspect of the
SVM is that it is multivariate and takes into account
inter-regional correlations. Therefore, it is extremely
well-suited to take into account and test subtle differ-
ences in intra-regional correlations of brain metabolism,
function, and anatomy [161, 162]. This may be of par-
ticular relevance to ASD, in which the abnormalities are
usually in the development of the whole neural system
rather than isolated regions.

SVMs have been widely used to aid the diagnosis of
neurological disorders, such as Alzheimer’s disease
[163—-166] and Parkinson’s disease [167, 168], as well as
to identify those brain areas in stroke patients that are
involved in a particular (cognitive) function [169, 170].
Among ASD patients, the SVM was first applied in
adults. Singh er al. developed a diagnostic model gen-
erated by the LPboost-based algorithm to distinguish
autistic children from controls, based on voxel-wise
cortical thickness and ~40,000 points for each individ-
ual; they reported 89% classification accuracy based on
cross-validation [171]. Ecker et al. (2010) applied SVM
classifiers to investigate the predictive value of whole-
brain structural volumetric changes in ASD, and obtained
81% classification accuracy based on cross-validation
[172]. More recently, Ecker et al. (2013) pooled regional
WM and GM volumes in ASD patients using SVMs and
classified ASD patients with a high true positive rate
[173]. As for ASD children, the number of reports is
relatively limited. In a group of ASD children (mean age
9.2 + 2.1 years), Jiao et al. (2010) used 4 different
machine-learning techniques (including SVMs) to gen-
erate diagnostic models from both the VBM and SBM
results. They reported a better classification performance
for the thickness-based data than those based on regional
volumes [44]. Lately, Jin et al. (2015) used an SVM
classifier to identify high-risk ASD infants from WM
tracts and whole-brain connectivity. Their proposed
function achieved an accuracy of 76% and an area of 0.8
under the receiver operating characteristic curve [174].

To conclude, SVM technology is extremely promising
in its contribution to an accurate and valid diagnosis of
ASD. However, for ASD in children, the application of
SVM is still at the beginning. More studies are needed to
produce reliable diagnostic models based on imaging data.
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Table 5 Summary of main MRI findings.

MRI approaches Findings

Structural MRI Cortex

Increased total GM and WM volumes

Increased GM and WM volumes in frontal and temporal areas

Increased cingulate cortex

Atypical variation of cortical thickness in frontal, temporal, and parietal lobes

Cerebellum and subcortical areas
Cerebellum

Increased total volume

Increased GM volume

Decreased WM density
Amygdala

Increased volumes in younger children bilaterally

Trajectory of development of amygdala follows overall trajectory of TBV

Corpus callosum

Decreased overall size
Increased regional volume
Basal ganglia

Increased caudate volume
Atypical shapes of the structures
Hippocampus

Increased size of hippocampi in young children

Enlargement located especially on the right side

No difference between sides in older children

Diffusion tensor imaging
radiation

Decreased FA in the whole brain, frontal lobe, arcuate fasciculus, across the entire CC, and in anterior thalamic

Increased FA in arcuate fasciculus and in CC in young children

Increased MD in whole brain, frontal and temporal lobes, and across the entire CC

Resting-state fMRI

Altered functional connectivity in the default mode network

Hyper-connectivity in striatal-cortical circuitry, precuneus, cingulate cortex, and temporal-frontal circuity

Under-connectivity in anterior-posterior connections

Magnetic resonance
spectroscopy

thalamus

Decreased NAA levels in general GM and WM, especially in frontal, temporal, cingulate, and caudate areas

Decreased Cr+PCr levels in general GM and WM, especially in frontal, parietal, temporal, occipital cortex, and

Decreased choline levels in cortical areas, temporal lobes, and thalamus

Increased choline levels in caudate, anterior cingulate cortex, and hippocampus-amygdala complex

Decreased Glx in GM of frontal, occipital, temporal cortex, and cerebellar regions

Increased Glx in thalamus and putamen

Summary and Future Direction

The main findings of MRI studies in children are summa-
rized in Table 5.

Young ASD children exhibit differences in brain mor-
phometry, neurochemical components, and structural and
functional connectivity. So far, a diverse set of potential
biomarkers including genetic, biochemical, morphological,
hormonal, immunological, neuropathological, neuropsy-
chological, and behavioral biomarkers have been identi-
fied. However, for most of these markers it is not yet clear

if they are contributing factors to the development of ASD
or are a result of another underlying abnormality. Longi-
tudinal studies — especially covering very young children
with ASD — may help answer this question.

It should be kept in mind that MRI techniques are limited to a
certain level of spatial and temporal resolution. If this level is
not precise enough to visualize the synaptic or neuronal
abnormalities where the core features or heterogeneity of ASD
arises neuroimaging may ultimately not be the best tool for
parsing these differences. However, in combination with post-
mortem tissue analysis or animal models, neuroimaging studies
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have the potential to provide a critical intermediate step
between the genetic basis and the phenotype. Such approaches
allow us to deconstruct the conceptions of ASD deeply to where
they can be grounded in biology [87, 175].

While most of the studies reviewed here are still char-
acterized by methodological variability and relatively small
sample sizes, studies with pooled data samples and
homogeneous analytical approaches are needed. Large-
scale collaboration networks of that type are ABIDE
(“Autism Brain Imaging Data Exchange”) [114, 176, 177]
and NDAR (“National Database for Autism Research”).
They combine imaging data from multiple sites and inte-
grate both genetic and behavioral data. These projects will
allow researchers to achieve sufficient power to detect true
brain-gene-behavior relationships [21]. In general, multi-
site and multi-modal studies based on large patient groups
is one of the key strategies to increase the probability of the
discovery of new effective biomarkers in ASD and to
comprehensively characterize the clinical, behavioral, and
cognitive symptoms of this disorder.

Along with the growing numbers of gene-related MRI
studies, the application of multimodal MRI scanning and
collaboration networks, as well as advanced analytical
methods are needed. Techniques, such as a machine
learning classifier or prediction, may serve to identify
patterns of biomarkers across different modalities, relevant
to clinical diagnosis and genotype, severity rating, prog-
nosis, and/or response to treatment. Last but not least,
further large-sample studies on ASD children are needed to
search for reliable biomarker patterns and diagnostic
models based on imaging data.
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Abstract Autism spectrum disorder (ASD) is a highly
heritable neurodevelopmental disorders characterized by
impaired social interactions, communication deficits, and
repetitive behavior. Although the mechanisms underlying
its etiology and manifestations are poorly understood,
several lines of evidence from rodent and human studies
suggest involvement of the evolutionarily highly-conserved
oxytocin (OXT) and arginine-vasopressin (AVP), as these
neuropeptides modulate various aspects of mammalian
social behavior. As far as we know, there is no compre-
hensive review of the roles of the OXT and AVP systems
in the development of ASD from the genetic aspect. In this
review, we summarize the current knowledge regarding
associations between ASD and single-nucleotide variants
of the human OXT-AVP pathway genes OXT, AVP, AVP
receptor la (AVPRIa), OXT receptor (OXTR), the
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oxytocinase/vasopressinase (LNPEP), and ADP-ribosyl
cyclase (CD38).

Keywords Oxytocin - Arginine-vasopressin - Single-
nucleotide polymorphisms - Autism spectrum disorder

Introduction

Autism spectrum disorder (ASD) is a pervasive neurode-
velopmental disorders involving deficits in social interac-
tion and social communication, as well as the presence of
restricted interests and repetitive and stereotypic patterns of
behavior. The estimated prevalence of ASD based on the
2014 National Health Interview Survey was 2.24%, more
than three-fold increase since 2000 [1]. The rapid increase
of ASD cases has stimulated research in recent decades.
However, the etiology of ASD remains obscure, partly
because of its etiological heterogeneity. Rather than a
single causative factor, the combined effects and interplay
between genetic heritability and environmental risk factors
may be more important in the etiology of ASD. However, it
is generally accepted that the etiology can, at least, be
partly explained by genetic studies [2]. Specifically, studies
in twins have shown a high concordance among homozy-
gous twins (70%—90% [3]), which is much lower in dis-
cordant twins [4, 5]. The risk for a newborn child is >10-
fold higher if a previous sibling has an ASD [6]. Family-
based association testing (FBAT) and population-based
case-control tests have increased knowledge about the
genetic causes of ASD. Known variants conferring sus-
ceptibility include single-nucleotide variants, short inser-
tions and deletions, and genomic copy-number variants [3].
Based on studies using quantitative molecular genetic
techniques, the proportion of ASD explained by common
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genotyped single-nucleotide polymorphisms (SNPs) is
estimated to be 17%—-60% [7]. Therefore, the contribution
of common variants to ASD is important and should not be
neglected.

Oxytocin (OXT) and arginine vasopressin (AVP) are
closely-related nonapeptides that only differ in two amino-
acids and originate from separate genes derived from the
duplication of a common ancestral gene [8]. In the verte-
brate brain, both OXT and AVP are mainly synthesized in
the paraventricular and supraoptic nuclei and processed
along the axonal projections to the posterior lobe of the
pituitary, where they are stored in secretory vesicles and
released into the peripheral circulation. Besides, they are
also released from dendrites and somata within the brain.
In addition, these neurons project directly to other brain
regions including the amygdala, striatum, hippocampus,
bed nucleus of the stria terminalis, and the suprachiasmatic
nucleus [9]. Recently, they have become increasingly
attractive as potential therapeutic targets in the context of
ASD research due to their regulatory roles in social pref-
erence, social behaviors, and recognition, as revealed by
studies in both humans [9] and rodents (reviewed by Lukas
and Neumann [10]). OXT and AVP function as “social
factors” in the brain via binding to their corresponding
receptors: the OXT receptor (OXTR) and AVP receptor 1A
(AVPRI1A). Evidence suggests that malfunction of these
receptors is involved in the pathogenesis of ASD [11, 12].
CD38 is a nicotinamide adenine dinucleotide ectoenzyme
that plays a role in hormone secretion and cell prolifera-
tion, differentiation, and migration [13]. Interestingly, this
protein is highly expressed in the brain, plays an obligatory
role in the central release of OXT [14] and is relevant to the
development of ASD [15].

In this review, we focus on the associations between
ASD and polymorphisms of genes encoding the elements
of the OXT-AVP neuronal pathways OXT (OXT/neuro-
physin-I) and AVP (AVP/neurophysin-II), their receptors
(OXTR and AVPRIa), CD38, and oxytocinase/vasopressi-
nase (LNPEP), a peptidase responsible for the degradation
of OXT and AVP into shorter peptides [16] (summarized in
Table 1).

OXT and AVP

The human OXT-neurophysin I (NPI) and AVP-neuro-
physin II (NPII) loci are closely linked at chromosome
20p13, separated by only 12 kb of intergenic sequence,
and are oppositely transcribed [17]. This type of genomic
arrangement could result from the duplication of a com-
mon ancestral gene followed by the inversion of one of
them [18]. The OXT-NPI gene encoding the OXT pre-
propeptide consists of three exons: the first encodes sev-
eral peptides including a translocator signal, the

nonapeptide hormone, the tripeptide processing signal,
and the first 9 residues of neurophysin; the second
encodes the central part of neurophysin; and the third
exon encodes the C-terminal region of neurophysin [19].
The OXT prepropeptide undergoes cleavage and other
modifications as it is transported along the axon to the
terminals. The mature products OXT and its carrier
molecule neurophysin I, are provisionally stored in the
axon terminals until neural inputs elicit their release.
AVP-NPII has almost the same gene structure and post-
translational processing as OXT-NPI [20].

A linkage study by Allen-Brady and colleagues provi-
sionally identified a susceptibility locus for ASD near the
OXT-NPI gene region that met the genome-wide signifi-
cance criteria [21]. In addition, Ebstein er al. reported
nominal associations between ASD and OX7T rs6133010, as
well as the haplotypes in 170 individuals with ASD [22].
At the behavioral level, investigators found an association
between OXT rs2770378 and autism-like traits including
language impairment and restricted behaviors in females
with ASD [23]. In a study of ASD and hormonal genes, two
SNPs in the OXT-NPI gene region were examined and a
single SNP, rs2740204, was associated with stereotyped
behavior but not overall diagnosis in the 177 probands with
ASD [24]. A recent study has also shown that various SNPs
(including rs6084258, rs6133010, and rs2740204) near the
OXT and AVP genes are associated with a diagnosis of
ASD, social behaviors, restricted and repetitive behaviors,
and intelligence quotient (IQ), as well as plasma OXT level
[25].

Interestingly, in healthy individuals, polymorphisms
near or within the OXT gene are also associated with
phenotypes of brain function in social interactions such as
empathy [26], maternal behaviors (breast-feeding [27] and
maternal vocalization [28]) and social anxiety [29].

LNPEP

The OXT and AVP peptides have a half-life of ~20 min in
cerebrospinal fluid [30] and 3 min in plasma [31]. When
released centrally they are degraded within brain tissue by
LNPEP, also referred to as placental leucine aminopepti-
dase, which preferentially degrades OXT and is thus
regarded as an oxytocinase [16]. The enzyme also effec-
tively degrades vasopressin and angiotensin III. LNPEP is
detectable in various brain regions including the basal
ganglia, cerebral cortex, and cerebellum [32]. In these
regions, immunoreactive staining of LNPEP is specific for
neurons, and not non-neuronal cells [32].

As far as we know, there is only one published study on
LNPEP variants. The investigators found that the SNPs
rs18059 and rs4869317 are associated with 28-day mor-
tality in patients with septic shock. Moreover, the
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Table 1 Polymorphisms of genes encoding elements of the OXT and AVP pathways that are associated with ASD and autistic symptoms.

Genes Year Design Sample size Ethnicity Significant polymorphism Refs.
OXT 2009 Family 149 families Israeli rs6133010 [22]
2014 1771 children Swedish rs2770378 [23]
2016 Family 156 families Not specified rs6084258, rs6133010 and rs2740204 [25]
OXTR 2005 Family 195 families Han Chinese rs2254298, rs53576 [35]
2007 Family 57 families Caucasian rs2254298 [37]
2008 Family 133 families Israeli rs2268494, rs1042778 [38]
2010 Family 215 families Japanese No [39]
2010 Case-control 280 cases, 440 Japanese 1237887, rs2264891, rs2254298, rs2268495  [39]
controls
2010 Family 199 families Caucasian No [44]
2010 Family 100 families Caucasian rs2270465 [45]
2011 Family 1238 families Caucasian 12268493, rs1042778, rs7632287 [43]
2013 Case-control 132 cases, 248 Japanese rs35062132-G [42]
controls
2014 Case-control 76 cases, 99 controls Swiss rs2254298, rs53576 [36]
2014 Case-control 118 cases, 412 Caucasian rs2268493 [41]
controls
2015 105 cases Japanese 28 variants [46]
2015 (a Family and 2525 families, 454 Han Chinese, Israeli, 1s7632287, rs237887, rs2268491, and [11]
meta- case- cases, 595 control Caucasian, Japanese 1s2254298
analysis) control
2016 Family 175 families German rs237889-A [40]
AVPRIa 2002 Family 115 families Caucasian, African- RS3 [72]
and Asian-American
2004 Family 65 families Not specified RS1 and RS3 [12]
2006 Family 116 families Not specified Haplotype RS1-RS3-AVR [73]
2010 Family 148 families Korean RS1 and RS3 [74]
2011 Family 177 families Irish RS1 (short alleles), rs11174815 [75]
2015 Family 205 families Finnish RS1 (short alleles), Haplotype rs7307997- [76]
rs1042615, and RS3-rs1042615
AVPRIb 2016 Family 207 families Caucasian, African- rs35369693 and rs28632197 [78]
and Asian-American
CD38 2010 Family 104 families Caucasian 1s6449197, rs3796863 [66]
2010 Family 170 families Israeli rs3796863, rs3796878, rs3796867, [15]
rs4516711, rs10805347, rs1803404,
rs1130169
2010 Family 188 families Japanese - [66]
2014 1771 children Swedish rs6449182 [23]

OXT, oxytocin; OXTR, oxytocin receptor; AVPRIa, AVP receptor 1a; AVPRIb, AVP receptor 1b; CD38, cyclic ADP ribose hydrolase; RS1 and

RS3, promoter microsatellites of AVPRIa.

rs4869317 TT genotype is associated with increased
plasma vasopressin clearance [33]. Although there has
been no direct evidence for the involvement of LNPEP in
altered human behavioral phenotypes, we speculate that
this aminopeptidase may play a regulatory role in human
social behaviors via influencing the central OXT and/or
AVP levels and perhaps is a target for drug intervention in
some disorders with social defects, such as ASD.

@ Springer

OXTR

In the brain, OXT regulates a variety of social behaviors
via binding to its sole receptor OXTR in various regions.
The OXTR gene is present in a single copy in the human
genome and has been mapped to the gene locus 3p25-
3p26.2. The gene spans 17 kb, contains 3 introns and 4
exons [34], and encodes a 389-amino-acid polypeptide
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belonging to class I of the G protein-coupled receptor
family [18].

OXT as a genetic risk factor for ASD is also supported
by linkage analysis and disease association with common
variants in OXTR. In a study involving Han Chinese indi-
viduals, Wu et al. [35] used the FBAT and found a sig-
nificant genetic association between ASD and two OXTR
SNPs, 152254298 and rs53576. A number of haplotypes
constructed with two, three, or four markers, particularly
those involving rs53576, were significantly linked to ASD
[35]. Nyffeler er al. [36] also found similar associations in
a Caucasian population with high-functioning autism.
Jacob et al. [37] replicated the study of Wu ef al. in a
Caucasian sample with a strictly-defined autistic disorder.
Interestingly, the SNP rs2254298 but not rs53576 was
found to be associated with ASD. Moreover, over-trans-
mission of the G-allele to probands with ASD was repor-
ted, which was inconsistent with a previous study in a Han
Chinese population. Lerer et al. [38] conducted a com-
prehensive study examining all the tagged SNPs across the
OXTR gene region. As expected, significant associations
were found for single SNPs and haplotype with ASD.
Notably, these polymorphisms of OXTR showed significant
associations with IQ and the Vineland Adaptive Behavior
Scales for ASD. In a Japanese population, Liu et al. [39]
analyzed 11 OXTR SNPs but did not detect any significant
signal in the FBAT test. However, case-control analysis
revealed significant associations between four SNPs and
ASD. The most significantly associated SNP was
rs2254298 with “A” as the risk allele [39]. This result was
similar to those in a Han Chinese population, but in con-
trast to the observations in Caucasians. The ethnic differ-
ence in the linkage disequilibrium structure between Asian
and Caucasian populations may contribute to the difference
in the role of OXTR polymorphisms in ASD in the two
populations. A recent meta-analysis of 16 OXTR SNPs
including 3941 individuals with ASD from 11 independent
samples [11] revealed associations between ASD and the
OXTR SNPs 157632287, 15237887, 152268491, and
1s2254298. OXTR was also associated with ASD in a gene-
based test. These results are the most comprehensive
examination of the association of common OXTR variants
with ASD to date. Furthermore, Kranz et al. [40] tested two
additional OXTR SNPs (rs237889 and rs237897) for asso-
ciation with ASD in German cohorts and found nominal
over-transmission for the minor A allele of variant
1s237889G>A. Di Napoli et al. [41] focused on Asperger
Syndrome, a subgroup of ASD, and discovered a signifi-
cant association with rs2268493 in OXTR. Ma et al. [42]
reported that the G allele of variant rs35062132C>G was
correlated with an increased likelihood of ASD. Further
cell experiments showed that rs35062132C>G accelerates

OXT-induced receptor internalization and recycling, indi-
cating a functional variant.

However, OXT SNPs were not always associated with
ASD in the association studies, especially when adjustment
was made for multiple comparisons. Campbell er al. [43]
examined 25 genetic markers spanning the OXTR locus in a
relatively large American sample, and an association of the
three markers rs7632287, rs2268493, and rs1042778 was
found. However, all the significant associations disap-
peared after correction for multiple testing. Similarly, in a
combined sample from Ireland, the UK, and Portugal, the
findings of Wu er al. [35] and Jacob et al. [37] were not
replicated, with no marker survived for association with
ASD [44]. In addition, Wermter et al. [45] genotyped 22
SNPs in the OXTR genomic region in 100 families with
high-functioning and atypical ASD, and found no associ-
ation after correction for multiple comparisons.

Research focusing on epigenetic modifications and rare
variations of the OXTR may provide additional evidence
for a role of this gene in ASD. In 105 ASD individuals
from Japan, investigators identified 28 novel variants
including potential functional variants in the intron region
and one rare mis-sense variant (R150S) [46]. Gregory et al.
[47] examined copy number variations and epigenetic
changes in the OXTR gene, and interestingly revealed that a
genomic deletion containing the OXTR gene was present in
an autistic proband. DNA methylation analysis indicated
that the promoter region of OXTR is hypermethylated in
independent datasets of individuals with autism as com-
pared to control samples, in both peripheral blood
mononuclear cells and temporal cortex. In healthy adults,
OXTR methylation has been associated with activity in the
dorsal anterior cingulate cortex and temporal parietal
junction, regions strongly associated with social perception
[48].

In healthy populations, SNPs across the human OXTR
gene have been associated with pair-bonding behaviors
[49], parenting [50, 51], face-recognition skills [52, 53],
and emotional and cognitive empathy [54, 55]. Neu-
roimaging studies have shown that carriers of the OXTR
1s53576 AA allele have a smaller volume and reduced
functional connectivity of the hypothalamus [56, 57], and
GG homozygotes have an increased local volume in the left
hippocampus and amygdala [58], which indicates an
association between OXTR genetic variation and structural
and functional variability in brain regions relevant to social
cognition. In addition, rs53576 GG homozygotes are more
responsive to intranasal OXT administration. For example,
OXT administration increases preference for infants’ faces
[59] and social cooperation [60] among 1s53576 GG
homozygotes but not in A allele carriers. The most plau-
sible mechanism by which OXTR SNPs influence the
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effects of OXT is through altering expression of the OXTR.
In prairie voles, one non-coding polymorphism in the Oxtr
(SNP2) explains the variance in OXTR expression in par-
ticular brain regions [61]. Specifically, T-allele genotypes
of SNP2 have double the OXTR density in the nucleus
accumbens than CC littermates.

CD38

Further evidence for an important role of the OXT system
in ASD comes from studies on CD38, a transmembrane
protein involved in OXT release in the brain [62] and in the
critical regulation of social behavior [14, 63]. Cd38-
knockout mice show severe social deficits (i.e., amnesia of
conspecifics) and have been discussed as a rodent model of
ASD [64, 65]. In individuals with ASD, two SNPs of CD38
(rs6449197 and rs3796863) have been associated with
high-functioning autism in the US population [66]. These
findings were partially confirmed in Israeli participants
[15], but not in Japanese cases [66]. For the rs3796863
SNP, ASD patients carrying the CC genotype are charac-
terized by more severe symptoms, such as restricted,
repetitive, and stereotyped patterns of behavior, than those
carrying the A allele [66].

In healthy populations, individuals homozygous for the
CC allele on CD38 rs3796863 show a lower level of
peripheral OXT than CA/AA carriers [67, 68]. When
exposed to social stimuli, healthy men with the CC allele
show slower reaction-times and higher activation of the left
fusiform gyrus [69], an area widely discussed in ASD
research. At the behavioral level, parents with high-risk
alleles have been shown to touch their infants less during a
free-play session, and low-risk CD38 alleles predict longer
durations of parent-infant gaze synchrony [67].

Besides the SNPs, a mis-sense mutation (4693C>T) of
CD38 has been found in 0.6%—4.6% of a Japanese popu-
lation and was associated with ASD in a case-control study
[66]. Partial deletion of CD38 has also been reported in a
patient with autism and asthma [70]. Furthermore, autistic
individuals also show low expression of CD38 in lym-
phoblastoid cells (LBCs) [15]. In LBCs, treatment with all-
trans retinoic acid (a known inducer of CD38 [69])
reverses CD38 mRNA expression [71]. Such a demon-
stration may provide in vitro “proof of principle” that
CD38 is a potential target in the clinical treatment of ASD.

AVPRIa

In contrast to only one form of OXTR, there are three
subtypes of AVPR, AVPRla, AVPRIb, and AVPR2,
which are all G-protein-coupled receptors. Of those,
AVPRI1a is predominantly expressed in the brain and is the
most strongly implicated in neuropsychiatric phenotypes.

@ Springer

Therefore, in this section, we mainly summarize associa-
tions between polymorphisms of AVPRIa and ASD.

Various studies have established possible associations
between polymorphisms in the promoter region of the
AVPRIa gene and autism phenotypes. The human AVPRIa
promoter region contains two microsatellite repeats, RS1
and RS3, in the 5’ flanking region. Of these, RS3 is a
complex repeat located 3625 bp upstream of the tran-
scription start site, and RS1 is a (GATA), repeat located
553 bp upstream of the start site [9]. The first genetic study
of AVPRIa and human behavior was conducted by Kim
et al. [72], who showed a nominally significant transmis-
sion disequilibrium between an AVPRIa microsatellite
(RS3) and ASD, but this association was not significant
after Bonferroni correction. Later, Wassink et al. [12] also
found significant disequilibrium with both RS1 and RS3
but in cases with less severe impairment of language. More
recently, Yirmiya et al. [73] failed to find associations of
specific AVPRIa alleles with ASD, but significant associ-
ations of haplotypes consisting of RS1, RS3, and an
intronic microsatellite (AVR). In addition, significant
associations have been reported between these three
microsatellite haplotypes and social phenotypes of ASD.
Another study genotyped 148 Korean trios (a family with
parents and a child) and also found evidence for associa-
tions between AVPRIa microsatellites (RS1 and RS3) and
ASD [74]. In a study of an Irish population, a weak asso-
ciation was found between short alleles of RS1 and the
SNP rs11174815 and ASD [75]. Recently, a Finnish study
analyzed the association of three microsatellites (RS,
RS3, and AVR) and 12 tagged SNPs in the promoter and
coding regions of AVPRIa, and found that the best asso-
ciation was located in RS1 [76]. Promoter analysis pre-
dicted one potential binding site for MEF2C (myocyte
enhancer factor 2C) at RS1, which may be involved in
autistic behavior [77]. In addition, the AVPRIb SNPs
rs35369693 and rs28632197 have been associated with
ASD, and the significance remained after correction for
multiple comparisons [78]. This was the first study
reporting associations between AVPRIb SNPs and ASD.

These findings provide evidence for a contribution of
genetic polymorphisms of AVPRIa to the risk for ASD,
which is further supported by the social impairment found
in mice lacking functional Avprla [79]. Interestingly,
microsatellite repeats are also found upstream of Avpria in
prairie voles, a commonly-used animal model for affiliative
social behavior related to neuropeptide signaling [80]. In
this type of animal, microsatellite length causes
intraspecific variation in Avprla expression and, conse-
quently, social behavioral traits [81].

In individuals who have developed normally, long
AVPRIa RS3 repeats are associated with higher expression
of hippocampal AVPRIa [82] than in those carrying short
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RS3 repeats. In addition, longer alleles of RS3 are asso-
ciated with a higher level of economic altruism [82] and a
greater level of prepulse inhibition [83], which is an indi-
cator of social cognition. Moreover, polymorphisms of RS3
are also linked to adulthood social interaction [84], pair-
bonding [85], trust behavior [86], and non-clinical autism
spectrum phenotypes [87] in healthy individuals.

OXTR Gene Polymorphisms and Efficacy of OXT
Administration

Since OXT is closely associated with a series of social
behaviors, the neuropeptide is regarded as a potential agent
for ASD treatment [9, 88-93]. Accumulating evidence has
suggested that exogenous OXT administration is beneficial
for the remission of autistic symptoms by improving
cooperation and a sense of trust [94], as well as enhancing
social responsiveness [95, 96] and social reciprocity
[97, 98]. However, several studies failed to replicate the
beneficial clinical effects of OXT on ASD [99, 100]. We
speculate that these inconsistent findings may be at least
partly associated with genetic polymorphisms of OXTR.
Because intranasally-administered OXT is considered to
act through the OXTR [18] and the latter contains several
dozen SNPs, the administered OXT would not be expected
to have a pharmacological effect if there is a loss-of-
function mutation in OXTR. Therefore, the efficacy of OXT
administration might differ according to OXTR gene
polymorphisms.

Animal studies have suggested that some OXTR SNPs
contribute to individual differences in OXTR expression,
but only in particular brain regions [61]. A single-dose
study in healthy volunteers showed that OXTR gene poly-
morphisms alter the sensitivity to reward-relevant features
and/or their aversive properties in infants [59] and also
influence the improvement of neural responses associated
with social cooperation [60]. With long-term OXT
administration, ASD patients carrying a T-allele at
156791619 of the OXTR show improved Clinical Global
Impression-Improvement scores, providing direct evidence
that OXTR SNPs are associated with the efficacy of OXT
treatment [101]. Therefore, besides the regimen (e.g.,
dosage and number of administrations per day), participant
characteristics including their genetic background are also
important factors that need to be considered in clinical
trials of OXT administration [102].

Conclusions and Perspectives
In the current review, we summarize the key findings on

associations between ASD and genetic polymorphisms of
five genes that are key players in the architecture of the

OXT-AVP neural pathways. We suggest that targeting
elements of the OXT and AVP pathways is a potentially
fruitful approach for drug discovery as well as a source of
potential biomarkers for the early diagnosis of social dis-
orders, especially ASD.

Animal studies suggest that epigenetic markers,
including methylation and histone acetylation of the OXTR,
are important in regulating the OXTR and AVPRIa genes
[103, 104]. Notably, failure to examine the epigenetic
modulation of OXT-pathway genes may be one reason for
the lack of conclusive findings in a recent meta-analysis of
OXTR rs53576 and rs2254298 [105]. Further investigations
need to focus on not only the functional significance of
OXTR SNPs but also potential epigenetic mechanisms,
which will allow stronger and more comprehensive con-
clusions as to whether disruptions in oxytocinergic sig-
naling contribute to a risk for ASD or are associated with
variability in social deficiency in ASD.
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Abstract Modeling brain disorders has always been one of
the key tasks in neurobiological studies. A wide range of
organisms including worms, fruit flies, zebrafish, and rodents
have been used for modeling brain disorders. However,
whether complicated neurological and psychiatric symp-
toms can be faithfully mimicked in animals is still debatable.
In this review, we discuss key findings using non-human
primates to address the neural mechanisms underlying stress
and anxiety behaviors, as well as technical advances for
establishing genetically-engineered non-human primate
models of autism spectrum disorders and other disorders.
Considering the close evolutionary connections and simi-
larity of brain structures between non-human primates and
humans, together with the rapid progress in genome-editing
technology, non-human primates will be indispensable for
pathophysiological studies and exploring potential thera-
peutic methods for treating brain disorders.

Keywords Non-human primates - Brain disorders -
Genome editing - Autism - Neurological disorders -
Psychiatric disorders

Introduction

Psychiatric disorders are a group of mental illnesses without
detectable pathological symptoms such as neuronal death.
They include schizophrenia, depression, bipolar disorder,
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Institute of Neuroscience, Key Laboratory of Primate
Neurobiology, State Key Laboratory of Neuroscience, Center
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Shanghai Institute for Biological Sciences, Chinese Academy
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and autism spectrum disorders (ASDs). The onset of most
psychiatric disorders is normally in adulthood. However, the
onset of ASDs is during the first 3 years of life. Therefore,
ASDs are also considered to be developmental disorders,
possibly caused by disruption of neural development leading
to abnormal social behaviors and other symptoms [1].

With recent advances in human genetics and neurobio-
logical studies, ASDs have been found to include both
genetic and environmental components. Particularly,
mechanistic studies in animal models have provided
tremendous insights into how genetic and environmental
factors contribute to neural development and underlie the
proper functioning of cognitive and social behaviors. A
wide range of animal models including worms, fruit flies,
zebrafish, and rodents have been used to study neural
development and disorders. However, whether complicated
neurological and psychiatric symptoms can be faithfully
mimicked in animals other than primates is still debatable.
In this review, we discuss technical advances for studying
the neural mechanisms underlying ASDs and other brain
disorders using non-human primates as animal models.
Considering the close evolutionary connections and simi-
larity of brain structures in non-human primates and
humans, together with the rapid progress of genome-edit-
ing technology, non-human primates will be indispensable
in pathophysiological studies and potential interventions
for psychiatric disorders [2].

Pharmacological and Environmental Approaches
The general approaches used in rodents for modeling
psychiatric disorders, such as chronic restraint stress,

chronic unpredictable mild stress, and chronic social defeat
stress, are efficient for inducing anxiety-like behaviors for

@ Springer
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various periods of time. However, for ethical reasons, most
of these approaches are not practical in non-human pri-
mates. Under these circumstances, researchers have
designed mild stress models, in which monkeys are sub-
jected to gentle stresses. Kalin and colleagues have estab-
lished various stress models in monkeys, followed by
assessment of physiological and neurochemical parameters
[3]. After being stared by humans, infant monkeys appear
to exhibit anxiety-like activity such as aggressive barking.
Infant monkeys make distress calls when separated from
their mothers. Investigators then found, using pharmaco-
logical approaches, that the opiate and GABA systems play
different roles in regulating these behaviors, suggesting
roles of these neuromodulators in emotional behaviors in
primates [3].

With regard to the close relationships between monkeys
and humans, whether complex environmental factors can
be applied to monkeys is a critical question to address. Hu
and colleagues have designed a paradigm in which
maternal separation paradigms are mimicked in monkeys
[4]. They investigated the impact of maternal separation in
early life on social behaviors during adolescence, as well as
levels of stress hormones. Importantly, they found that
maternal separation during early life dramatically influ-
ences social behaviors and stress levels, consistent with
previous studies in humans. Further mechanistic studies
using these monkeys may elucidate the underlying circuit
basis of how early life stress affects behaviors during
adulthood. The classical methods of studying the neural
mechanisms underlying psychiatric disorders have been
nicely summarized by Suomi [5] and Watson and Platt [6].

Genetic Approaches Based on Viral Transduction

Over the years, genetic approaches have been widely
applied in model organisms, such as worms, fruit flies, and
rodents, to establish models of brain disorders. Due to the
difficulty of handling germline cells and the unavailability
of embryonic stem cells, genetic engineering in monkeys
did not become available until 2001 [7]. In this seminal
work, Chan and colleagues infected rhesus monkey (Ma-
caca mulatta) oocytes with a retrovirus harboring the green
fluorescence protein (GFP) gene, followed by in vitro fer-
tilization (IVF) with sperm. After transplantation of fer-
tilized eggs into surrogate monkeys, researchers
successfully acquired transgenic monkeys carrying the
GFP gene. This pioneering work launched a new era of
genetic engineering in non-human primates.

Taking advantage of the high efficiency of lentiviral
infection, Li, Chan, and colleagues at Emory University
used lentivirus harboring the disease-causing Huntingtin
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(HTT) mutant gene to infect rhesus monkey oocytes [8].
After IVF, investigators successfully obtained several
transgenic monkeys carrying the HTT mutant gene.
Remarkably, the monkeys carrying the mutant gene
showed clear signs of neuronal death in the brain, which is
barely detectable in rodent models of Huntington disease.
Thus, for the first time, a non-human primate model of a
human brain disorder exhibited the unique advantage of
mimicking the neuropathological symptoms, which are
difficult to find in rodent models.

Another pioneering work in genetic engineering for non-
human primates was done in marmosets (Callithrix jac-
chus). Sasaki and colleagues also used lentiviral-based
methods to produce transgenic marmosets carrying GFP
transgenes [9]. Importantly, they obtained a second gen-
eration carrying the transgene, taking advantage of the
shorter reproduction in marmosets than macaques, and
indicating the reliability of transgenic monkeys as animal
models.

Given the availability of lentiviral transduction methods,
a series of transgenic monkeys have been produced during
the last several years to model various brain disorders. In
order to make monkey models of Parkinson disease, Li and
colleagues produced transgenic monkeys expressing the
mutant form of a-synuclein (A53T) [10]. Although the a-
synuclein (A53T) transgenic monkeys have not yet shown
Parkinsonism-like symptoms, such as tremor and degen-
eration of dopaminergic neurons, various cognitive defects
and neuropathology in the brain have been identified,
suggesting that o-synuclein (AS53T) causes pathological
changes in the monkey brain [11].

Due to the long reproductive cycle of macaques (typi-
cally reaching sexual maturation at 4-5 years of age),
obtaining a second generation is time-consuming and
costly. In recent work on making monkey models of ASDs,
Qiu and colleagues used lentivirus-based transgenic
methods to produce transgenic monkeys with the autism
gene MECP2 and examined social and motor behaviors
associated with social interaction and cognition. They
found that MECP2 transgenic monkeys indeed exhibit
abnormal behaviors, including repetitive locomotor activ-
ity, elevated anxiety levels, and defects in social interac-
tions, which nicely mimic ASDs in human patients [12].
Remarkably, investigators applied xenograft methods to
transplant testicular tissues from one sexually immature
transgenic monkey into nude mice. After 9 months, the
testicular tissues became mature and the mature sperm
were collected for IVF. Second-generation transgenic
monkeys were obtained ~3.5 years after the birth of the
first-generation transgenic monkeys, dramatically shorten-
ing the time for acquiring a second generation [12]. This
work provides a framework in which monkey models of
brain disorders can be established.



Z. Qiu, X. Li: Non-human Primate Models for Brain Disorders

249

Genetic Approaches Based on Genome-Editing
Methods

With the emergence of the CRISPR-Cas9 and TALEN
genome-editing methods from 2011, genetic engineering in
non-human primates became feasible and relatively easy.
The landmark work was done by Niu and colleagues, who
injected Cas9 mRNA along with single-guide RNA
(sgRNA) into the fertilized eggs of cynomolgus monkeys
(Macaca fascicularis) and transplanted them into surrogate
monkeys [13]. Among the newborn monkeys, researchers
identified genomic mutations in the sgRNA-targeting sites
and the cellular effects of genetic deletions. However, due
to the prolonged effective period of CRISPR/Cas9, the
mutant monkeys are normally mosaics with various
mutations, which also differ across tissues. The mosaicism
in the offspring monkeys interferes with the interpretation
of the consequences of genetic deletions caused by
CRISPR/Cas9.

In another study, Chen and colleagues used CRISPR/
Cas9 to target the dystrophin gene, mutation of which leads
to Duchenne muscular dystrophy (DMD) [14]. Although
the genetic mutation was clearly identified in sgRNA-
targeted sites of the monkey DMD gene, whether the DMD
mutation leads to behavioral abnormalities in monkeys is
yet to be determined.

To model Rett syndrome, a developmental disorder,
investigators used TALEN-based genome-editing to target
the MECP2 (methyl-CpG binding protein 2) gene in
cynomolgus monkeys [15, 16], and reported that TALEN is
also effective in inducing genomic mutations in the mon-
key genome and yield offspring carrying mutations in the
MECP2 gene. However, whether genomic mutation of
MECP?2 leads to behavioral changes similar to human Rett
syndrome remains to be determined [15].

Connectomic View of the Psychiatric Brain

The rapid progress of genetic engineering in non-human
primates provides researchers with a wide platform to
study primate brains at an unimaginable scale. It is likely
that brain imaging and cognitive studies using genetically-
engineered monkeys will be available soon, and will pro-
vide causal links between genes and brain structure in the
non-human primate. An elegant example is the work by
Wang and colleagues, who investigated the effects of
ketamine on the functional brain network using magnetic
resonance imaging [17].

Although ketamine, a non-competitive N-methyl-D-
aspartate receptor antagonist, has rapid and prolonged
antidepressant effects in depressed patients after a single

dose, the underlying mechanisms by which ketamine
affects brain structure in patients are unknown. Given the
lack of models of depression in non-human primates,
researchers took another approach by giving rhesus mon-
keys a single dose of ketamine, and examining the func-
tional connectivity of the brain using magnetic resonance
imaging. They found that ketamine treatment leads to
large-scale downregulation of functional connectivity,
which is precisely opposite to the brain network in
depressed patients, suggesting that ketamine has antide-
pressant effects by affecting the global brain network. This
work remarkably illustrates the value of cutting-edge
technology such as brain imaging in studying the neural
mechanisms underlying brain disorders.

Concluding Remarks

We are in an era when multiple disciplines have interacted to
elucidate the mechanisms of complicated human brain dis-
orders. Given the complexity of the brain, it has always been
difficult to recapitulate the core symptoms of human brain
disorders in animal models. With the rapid development of
genetic-engineering technology, such as lentiviral trans-
duction and genome-editing, it is foreseen that non-human
primates will play a crucial role as animal models in the near
future. It is worthwhile noting that current therapeutic
methods for human brain disorders such as deep brain
stimulation and transcranial magnetic stimulation will also
need to be tested in non-human primates prior to human
trials. Therefore, non-human primate models of brain dis-
orders are also indispensable for translational studies.
Together with the technical advances in brain imaging and
non-invasive neural modulation methods such as ultrasonic
stimulation, non-human primates will play more competitive
roles in modeling brain disorders and serve as a platform on
which researchers can seek potential therapies.
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Dear Editor,

Childhood Disintegrative Disorder (CDD), also known as
Heller’s syndrome and disintegrative psychosis, is a rare
progressive neurological disorder, characterized by a late
onset (>2 years of age) and regression of language, social
function, and motor skills [1]. Based on 4 surveys of CDD
from different countries, the pooled estimate for the
prevalence of CDD is 0.17/10,000, 600 times less prevalent
than autism [2].

CDD is characterized by an onset between 3 and 4 years
of age after a period of apparently normal development; a
severe regression with the progressive loss or marked
impairment of spoken language, loss of play, loss of social
skills, and loss of bowel and bladder control; a prodromal
period of behavioral disruption with extreme agitation,
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fearfulness, and possible hallucinations, and a poor out-
come with severe intellectual deterioration.

CDD was first described by Thomas Heller in 1908.
However, the definition has continued evolving over the
past century, perhaps because of the rarity and lack of
explanation for the condition. Initially, CDD was consid-
ered strictly a medical disorder and was believed to have
identifiable medical causes. However, no specific medical
or neurological cause has been found to account for all
occurrences of the disorder by investigators who reviewed
the reported cases [3]. Should CDD be considered a distinct
diagnosis? Under the proposed DSM-5 revisions, all per-
vasive developmental disorders, including CDD, will be
subsumed under the single diagnostic category of autism
spectrum disorders. The rationale for this is the similarity
between these disorders, as it is now thought that their
symptoms place them on a continuum with autism. Thus,
CDD is also considered a low-functioning form of autistic
spectrum disorder [3].

Interestingly, mucopolysaccharidosis III (MPS III) is a
rare genetic disease characterized by progressive cognitive
decline and severe hyperactivity, with an onset between 2
and 6 years of age. Moreover, patients are often initially
misdiagnosed as autism spectrum disorders, idiopathic
developmental delay, attention deficit/hyperactivity disor-
der, or combinations of these, placing them at risk for
unnecessary testing and treatments [4, 5]. Clinically, MPS
IIT is composed of four different subtypes, each of which is
caused by a deficiency in a different enzyme in the cata-
bolic pathway of heparan sulfate, a type of glycosamino-
glycan (GAG). All four subtypes are inherited in an
autosomal recessive pattern. Collectively, the reported
incidence of MPS III varies between 0.28 and 4.1 per
100,000 live births [6].
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Here we report the case of a sibling presenting with
CDD. First, two brothers were seen by a pediatric psy-
chiatrist at the Outpatient Clinic of the Department of
Child and Adolescent Psychiatry at the Shanghai Mental
Health Center. They had both gradually lost language and
life skills after the age of 4 years. According to their par-
ents, the elder brother (K) is 10 years old, the younger
brother (Z) is 8 years old, and both were born in Henan
Province, China. They showed almost normal pervasive
development before they were 4 years old. K was able to
pronounce his first words (“mama”, “papa”) at 10 months
and could walk at 12 months. He was able to use idiomatic
phrases to communication when he was 2 years old. Z
started to speak in single words (“mama”, “papa”) at
7 months, walk at 10 months, and use idiomatic phrases
after 1 year. However, after reaching 4 years of age they
both quickly regressed in terms of language, cognition, and
social skills and behavior. K became incontinent and
nonverbal after 5 years and started to communicate by
screaming and crying without appropriate eye contact or
facial expressions. He lost all ability to communicate at the
age of 6. The general development of the younger brother,
Z, was almost the same as his brother’s. After Z was
4 years old, he experienced social and learning problems.
He ceased to show initiative in communications and merely
responded to simple questions without making eye contact.
Z became incontinent and showed intellectual deficiency
after 5 years old. At the age of 10, when visiting a child
psychiatrist for the second time, Z was only able to phonate
single words, fuzzily.

The medical history of Z included intermittent convul-
sions, difficulty sleeping involving waking up and sitting
on the bed 4-10 times per night, frequent ear infections,
and diarrhea. K showed facial dysmorphias and gastroin-
testinal symptoms. On physical examination, the patients
were conscious but apathetic and not in acute distress. The
neurological examination was unremarkable. Their lungs
were clear. K’s heart rate was 84 beats per minute, and Z’s
was 80.

Clinical scales, including the Autism Diagnostic Inter-
view-Revised (ADI-R), the Child Autism Rating Scale
(CARS), and the Autism Behavior Checklist (ABC), were
used to assess the general condition of each brother. In the
ADI-R, the present scores of K and Z in the domain of
reciprocal social interaction were 35 and 34, respectively
(cutoff = 10). At the age of 4, the scores of reciprocal
social interaction were 9 (K) and 2 (Z). The present scores
of communication (verbal total) were 19 (K) and 25 (Z)
(cutoff = 8), but they were 11 (K) and 1 (Z) at the age of 4.
In the area of repetitive behaviors and stereotyped patterns,
their scores were 0 (K) and 10 (Z) as of this work, and 5
(K) and 1 (Z) at the age of 4 (cutoff = 3) (Table S1). K’s
CARS score was 60 (full marks) as of this work and 57 as
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of 2 years ago. Z’s CARS scores were 59 as of this work
and 40 as of 2 years ago, indicating severe autistic symp-
toms of K and Z (Table S2). The general scores of K and Z
in the ABC were >67, indicating that the deterioration had
continued quickly over the past 2 years (Table S3).

The particular family history and disease burden
(Fig. 1A) strongly suggested an inherited disease with
recessive, de novo X-linked or germline mutations.
Therefore, whole-exome sequencing was performed on
peripheral blood samples from the four-member family.
One mutation, Chrl17:78188885 A>G, SGSH (N-
sulphoglucosamine sulphohydrolase) F101S, was found to
fit the homozygous-recessive genetic model. The mutation
was unique to the family. It was not found in any public
database or in any of the in-house Chinese controls
(12500). Both parents were heterozygous SGSH F101S
carriers, and both offspring were homozygous SGSH
F101S mutants (Fig. 1B). The mutation, located in the
dimerization surface of the SGSH protein, may negate
enzymatic function (Fig. 1C).

To further identify abnormalities in the brain structure of
the patients carrying SGSH mutations, magnetic resonance
imaging (MRI) was performed on the elder brother, K, with
T2WI and DTI. K’s gray matter had become thinner, with a
larger sulcus in the bilateral frontal lobes and temporal
lobes than in the occipital lobe. K’s supratentorial ventri-
cles showed remarkable dilatation (Fig. 1D, E). An FA
map based on DTI showed that the white matter fibers in
K’s brain appeared sparse and degenerated, especially in
the corpus callosum (Fig. 1F, G), while the healthy parents
appeared normal under brain imaging examination
(Fig. S1, S2).

Biochemical and metabolic assessments of MPS IIIA
were performed to determine whether these brothers with
homozygous SGSH mutations had any defects in glycol-
metabolism. First, urine samples from both brothers
underwent a color change by reaction with a cationic dye
on treated filter paper, and excess GAG was noted in the
brothers’ urine samples. In analytical electrophoresis tests,
K’s sample showed bands of GAG excretion at dermatan
sulfate and heparan sulfate (HS), and Z’s showed bands at
chondroitin sulfate and HS areas. The results of enzyme
activity assays showed that the activity of N-sulfoglu-
cosamine sulfohydrolase had downgraded to 7.7 nmol/g/h
(normal cutoff >119.6 nmol/g/h), but other enzymes were
normal.

SGSH encodes N-sulfoglucosamine sulfohydrolase
(MIM: 605270), and mutations hamper the degradation of
heparan sulfate, which causes MPS IIIA, a rare autosomal-
recessive inherited metabolic disease. The symptoms of
MPS IIIA are caused by enzyme deficiency, preventing a
necessary metabolic step in the degradation of heparan
sulfate. In patients carrying loss-of-function mutations of
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Fig. 1 Genetic genogram, structure of protein SGSH, and images of
the brain of patient K. A Genetic genogram. B, C Protein structure
and Sanger sequencing for mutation sites in the SGSH gene. The
F101 residue is shown in red, interacting residues from the other part
of the enzyme dimer are shown in yellow. D Cerebral atrophy and
ventriculomegaly (arrows) are shown on T2WI. E Blue and red
arrows indicate anterior and posterior horns of the lateral ventricle. F,
G Fractional anisotropy map showing a thin corpus callosum genu
(white triangle) and splenium (yellow triangle).

SGSH, undegraded heparan sulfate accumulates in the
central nervous system, where heparan sulfate in lysosomes
leads to severe neurodegeneration [5, 7].

The SGSH mutation ¢.302T>C (p.F101S) has not been
previously entered into the Human Gene Mutation Data-
base (HGMD Professional 2015.12) (http://www.hgmd.cf.
ac.uk/ac/index.php), which contains 118 mutations (in-
cluding 91 missense/nonsense mutations) from MPS IITA
patients. Thus, the SGSH F101S mutation is considered to
be a new recessive allele for MPS IIIA and CDD.

Due to its rarity, there have been few neuroimaging
studies of CDD cases. The MRI data of a girl (8 years old)
affected with MPS IIIA showed a thin corpus callosum in
the posterior area [8]. In our patient K, the corpus callosum
was thinner than usual and showed severe degeneration. In
addition, the girl showed hyperintensity in the sub-cortical
area and hippocampus on T2WI images and the imaging
was not clear [8]. However in patients with MPS, abnormal
brain structures are frequently observed under MRI and
CT: Virchow-Robin perivascular spaces, white matter
abnormalities, and ventriculomegaly [9].

From the viewpoint of symptomatology, the clinical
features of patients K and Z corresponded to the diagnostic
standards of CDD. Surprisingly, the child psychiatrist did
not realize that they were affected by MPS IIIA before the
results of whole-exome sequencing and biochemical and
metabolic assessments became available. One study
reported that when 21 children with SGSH gene mutations
and enzyme deficiency were assessed using the Autism
Diagnostic Observation Schedule, 13 met the criteria for
autism. Among them, social and emotional abnormalities
were most frequent, but repetitive behaviors and restricted
interests were largely absent, which is consistent with the
ADI-R results of the sibling [4]. Children affected by MPS
IITA may show autistic behaviors which lead to a misdi-
agnosis of ASD by psychiatrists or pediatricians [6, 10].

Although the pathogenetic mechanism of CDD is still
not clear, a few reports have suggested a link between MPS
IITA and CDD/ASD [4]. According to previous reports,
MPS III has an incidence of 1% among autistic patients,
but the true rate might be lower [11]. A recent study
screened 778 Turkish patients with ASD for inherited
metabolic abnormalities by examination of urinary GAG
and homocysteine levels. In that work, 300 of the patients
whose metabolic and physical examinations met the
study’s criteria were enrolled, and among them, one patient
was diagnosed with MPS III [12].

In summary, this work describes a newly-discovered
disease-causing mutation, F101S, in the SGSH gene,
mutations of which impair the degradation of heparan
sulfate and classically cause MPS IIIA. This case provides
a possible genetic explanation for the specific symptoms of
patients with CDD. It is worth noting that pediatric psy-
chiatrists should be aware of potential metabolic diseases,
particularly when a patient has a strongly-inherited

@ Springer


http://www.hgmd.cf.ac.uk/ac/index.php
http://www.hgmd.cf.ac.uk/ac/index.php

254

Neurosci. Bull. April, 2017, 33(2):251-254

tendency or specific regressive pattern. Genetic screening
and biochemical tests are very effective to clarify the
diagnosis.
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