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Editorial on the Research Topic

New insights into neurodevelopmental biology and autistic
spectrum disorders

Autism spectrum disorder (ASD) refers to a broad range of neurodevelopmental
conditions characterized by challenges with social skills, repetitive behaviors, speech and
nonverbal communication (American Psychiatric Association, 2013). Autistic symptoms
emerge in early childhood and persist throughout lifetime (Christensen et al., 2016). A core
feature of ASD manifestations concerns its heterogeneity in terms of onset, comorbidities,
behavioral expression, and treatment-response, along with heterogeneous genetic and
neurobiological underpinnings (Lombardo et al., 2019). Pioneering research focused on the
genetic, environmental, and neurodevelopmental biological factors may help understand
the broader range of phenotype manifestations observed in ASD population. In this frame,
clarifying how the brain phenotypes determine specific social and cognitive profiles could
provide valuable insights for clinicians, aiding in the translation of research findings into
clinical practice, and supporting the implementation of tailored interventions.

From these statements emerges the inspiring idea to create the present Research Topic,
a collection of the more recent cutting-edge contributions unraveling important insights
on the neurobiological and genetic features of ASD. Finally, the current Research Topic
consists of 11 papers (one Review paper, two Hypothesis and Theory papers, and eight
Original Research). In this editorial, I will discuss different themes: (i) brain anatomical
differences reported in ASD and their association with clinical phenotype; (ii) genetic
variations and biological implications to pathogenesis of ASD from both animal and
human studies. A final discussion on future directions is presented.

In the last decades, multiple and subtle brain structural alterations appear to be
involved in ASD symptomatology. These anatomical changes include atypical cortical
thickness (Hardan et al., 2006; Hyde et al., 2010), increased gray matter volume (Retico
et al., 2016; Lucibello et al., 2019), altered brain structure asymmetry (Gage et al., 2009;
Floris et al., 2016; Postema et al., 2019) as well as microstructural connectivity disruptions
(Cheon et al., 2011; Ameis and Catani, 2015). Weber et al. evaluated the effects of age
on white matter microstructural disintegrity by examining Diffusion Tensor Imaging
(DTI) metrics and connectome Edge Density in a large dataset of ASD and control
patients, representing different age cohorts. The authors showed age-dependent ASD-
related changes which become evident in adolescents and young adults, but not in infants
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and toddlers. Parekh et al. focused on hemispheric asymmetry
associated with sensory processing dysfunction, which is now
considered a diagnostic hallmark of ASD. The authors compared
white matter tract asymmetry for those children with vs. without
sensory over-responsivity (SOR) using the more advanced NODDI
technique. Differences in the degree of lateralization of specific
tracts for children with SOR compared to those without SOR
were found, suggesting that this neurodevelopmental phenotype
may have a laterality signature. Furthermore, Li et al. showed
that the gray matter asymmetries observed in specific brain
regions are selectively associated with the three core symptoms
of ASD: social interaction, verbal communication and restricted
repetitive behaviors.

To explore the relationship between the level of CSF and
the development of ASD, Sotgiu et al. adopted an innovative
neuroimaging tool that allows to segment and quantify perivascular
spaces in the white matter (WM-PVS). The authors found that
WM-PVS dilation can be considered a neuroimaging marker
of male ASD individuals, especially the youngest and the more
severe ones.

Adopting a neurodevelopmental perspective, Xiong et al.
reviewed the main functions of microglia and astrocyte cells
in the developing brain and their contributions to ASD. Glial
cells are indispensable regulators of inflammatory responses,
synaptic function, and plasticity, and seem to be involved in
the pathogenesis of ASD. To go further in understanding this
Research Topic, Carroll et al. described the role of microglia
heterogeneity in the development of multisensory midbrain in
neonatal mice. Animal models are instrumental in enhancing
our understanding of the neurocognitive processes affected in
neurodevelopmental disorders, such as ASD, by mimicking certain
genetic and neurobiological features.

As far as genetic variations and neurobiological implications to
neurodevelopment, recent evidence demonstrated that CAMK2G
is one of the main CAMK2 isozymes expressed during early
neurodevelopment, both in humans and animals. A mutation in
this gene causes a neurodevelopmental disorder (Proietti Onori
et al., 2018). Here, Rigter et al. obtained global Camk2g knockout
mice and performed an extensive phenotypic characterization
revealing that this protein plays a key role in motor and innate
behavior, and further supporting its role in the developing brain.

Deletion and duplication of the human 16p11.2 locus are found
in patients with autism spectrum disorders, intellectual disability
and other psychiatric traits. However, the high gene density
associated with the region and the strong phenotypic variability
makes the study of the 16p11.2 syndromes extremely complex.
Martin Lorenzo et al. studied the social deficits caused by 16p11.2
alterations in two rat outbred strains. The rat models displayed
defects in social behavior coherent with evidence coming from mice
and human studies, suggesting that these rat models may help in
understanding the brain mechanisms devoted to social behavior
in humans.

Recent evidence reveals that maternal inflammation or
immune activation influences RNA epitranscriptomic mechanisms,
resulting in an altered fetal brain development. Beopoulos et al.(a)
described the mRNA epitranscriptomic mechanisms, which
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function cooperatively and could, in association with both
genotypes and environmental conditions, alter spatiotemporal
proteins expression patterns during brain development. RNA
take
differential epigenetic (methylation/acetylation) modifications

epitranscriptomics might probably precedence over
which require environmental conditions to stay stable long
enough to have real physiological effects. Thus, epitranscriptomics
dysregulation can be considered a major determinant for the
significantly increased risk of ASD pathogenesis.

Nowadays, the precise role of environmental mutagenesis in
neurodevelopmental disorders etiology is under debate. Here,
Baker et al. explored environmental mutation vulnerability
of disease-associated gene sets revealing that environmental
mutagenesis, radiation aromatic

including and polycyclic

hydrocarbons, disproportionately mutate genes related to
neurodevelopmental disorders including ASD, schizophrenia
and ADHD.

To conclude, I would like to mention the paper by Beopoulos
et al.(b) which provides a comprehensive model of the ASD
pathogenesis. The model here proposed is rooted in the very
early neurogenesis stage and neuronal migration and highlights
the conditions and developmental window where alterations in
neural development can have major effects on a wide range of
core symptoms.

The present Research Topic offers an extensive overview of the
rich landscape of research on the neurobiology of ASD, focusing
on brain structural and genetic alterations associated with ASD.
Moreover, this Research Topic underscores the complexity of
conducting research in the field of ASD due to the neurobiological
heterogeneity and complex phenotypic expression associated with
this condition. Thus, I hope that the present studies contribute to
stimulate further research toward still open questions and novel
challenges that can potentially increase the autistic community
wellbeing. T wish to warmly thank the authors and the reviewers
that contributed to this Research Topic.
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There has been increasing evidence of White Matter (WM) microstructural
disintegrity and connectome disruption in Autism Spectrum Disorder (ASD).
We evaluated the effects of age on WM microstructure by examining Diffusion
Tensor Imaging (DTI) metrics and connectome Edge Density (ED) in a large
dataset of ASD and control patients from different age cohorts. N = 583
subjects from four studies from the National Database of Autism Research
were included, representing four different age groups: (1) A Longitudinal MR
Study of Infants at Risk of Autism [infants, median age: 7 (interquartile range 1)
months, n = 155], (2) Biomarkers of Autism at 12 months [toddlers, 32 (11)m,
n = 102], (3) Multimodal Developmental Neurogenetics of Females with ASD
[adolescents, 13.1 (5.3) years, n = 230], (4) Atypical Late Neurodevelopment
in Autism [young adults, 19.1 (10.7)y, n = 96]. For each subject, we created
Fractional Anisotropy (FA), Mean- (MD), Radial- (RD), and Axial Diffusivity (AD)
maps as well as ED maps. We performed voxel-wise and tract-based analyses
to assess the effects of age, ASD diagnosis and sex on DTl metrics and
connectome ED. We also optimized, trained, tested, and validated different
combinations of machine learning classifiers and dimensionality reduction
algorithms for prediction of ASD diagnoses based on tract-based DTl and
ED metrics. There is an age-dependent increase in FA and a decline in MD
and RD across WM tracts in all four age cohorts, as well as an ED increase in
toddlers and adolescents. After correction for age and sex, we found an ASD-
related decrease in FA and ED only in adolescents and young adults, but not in
infants or toddlers. While DTI abnormalities were mostly limited to the corpus
callosum, connectomes showed a more widespread ASD-related decrease
in ED. Finally, the best performing machine-leaning classification model
achieved an area under the receiver operating curve of 0.70 in an independent
validation cohort. Our results suggest that ASD-related WM microstructural
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disintegrity becomes evident in adolescents and young adults—but not in
infants and toddlers. The ASD-related decrease in ED demonstrates a more
widespread involvement of the connectome than DTl metrics, with the most
striking differences being localized in the corpus callosum.

autism, age, diffusion tensor imaging, connectome, white matter

Introduction

Autism Spectrum Disorder (ASD) is a neuropsychiatric
condition characterized by impairments in communication
and social interaction, repetitive behaviors and stereotypical
interests (American Psychiatric Association [APA], 2013). ASD
prevalence is estimated at 1 in 54 among 8-year-old children
in the United States (Maenner et al.,, 2020). Difficulty of early
diagnoses in children, and evidence of incurred benefit due to
early and tailored treatment strategies highlight the need for
improving diagnostic algorithms and treatment planning. Many
etiological and pathophysiological theories of ASD involve
genetic and environmental factors (Autism Genome Project
Consortium et al., 2007; Chaste and Leboyer, 2012), as well
as morphological correlates in the central nervous system.
There has been increasing evidence of White Matter (WM)
microstructural disintegrity in ASD (Alexander et al.,, 2007;
Aoki et al., 2017; Payabvash et al., 2019b). Previous studies of
WM microstructure in children with ASD vary in cohort size
(n = 58—n = 213), mostly focus on specific age groups and are
therefore limited in their ability to make assumptions of WM
changes across the lifespan (Walsh et al., 2021).

In accordance with models emphasizing the abnormal
interhemispheric interactions in ASD (Travers et al., 2012),
many studies have identified the corpus callosum as the primary
location for WM disintegrity in ASD. However, results diverge
regarding the particular section within the corpus callosum
(Alexander et al.,, 2007). Findings range from alterations in the
whole corpus callosum (Shukla et al.,, 2010, 2011; Jou et al.,
2011) to isolated changes in the splenium or anterior body
(Brito et al., 2009; Kumar et al., 2010; Cheon et al., 2011).
In addition, many studies have reported more pervasive WM
microstructural disintegrity in the frontal and temporal lobes or
dominant tracts (Barnea-Goraly et al., 2004; Ameis and Catani,
2015). These inconsistencies could be in part due to age range
differences of participants across studies. Moreover, previous
evidence is limited as only few studies investigate Diffusion
Tensor Imaging (DTI)—the majority of neuroimaging studies
have focused on functional and structural MRI and show notable
variations in cohort composition, which could mask sex-, age-
and ASD-related effects (Walsh et al., 2021).

Frontiers in Neuroscience

A more detailed knowledge of age-adjusted microstructural
correlates of ASD may improve diagnostic algorithms, facilitate
early therapeutic intervention, and provide potential objective
biomarkers to monitor treatment response. To draw more
robust and meaningful conclusions about age- and ASD-related
alterations of WM microstructure, we analyzed diffusivity
and tractography among subjects from four different age-
group study cohorts in the National Database of Autism
Research (NDAR). DTI and T;-weighted images were used
to assess voxel-wise and tract-based differences between ASD
patients and typically developing controls (TDC). In addition
to conventional DTI-driven measurements, we analyzed edge
density (ED) (Owen et al., 2015) as a representation of white
matter connectivity. Tract-based metrics were analyzed using
both conventional statistical methods as well as combinations
of several feature selection algorithms and machine learning
classifiers in a multimodal approach.

Materials and methods

Study cohorts

We retrieved all datasets from the National Database of
Autism Research (NDAR) that had DTI- and Ti-weighted
imaging data available. Subjects from four study cohorts
were included, each representing a different age group: (1)
A Longitudinal MRI Study of Infants at Risk for Autism
(infants) (Piven, 2017); (2) Biomarkers of Autism at 12 months
(toddlers) (Courchesne, 2012); (3) Multimodal Developmental
Neurogenetics of Females with ASD (adolescents) (Pelphrey,
2017); and (4) Atypical Late Neurodevelopment in Autism: A
Longitudinal MRI and DTI Study (young adults) (Lainhart,
2012). We excluded subjects with genetic comorbidities such
as fragile X syndrome, insufficient clinical information, evident
artefacts on brain scans, and those with failures in image
processing, such as coregistration failure. Figure 1 depicts
all inclusion and exclusion criteria in a flowchart. Subjects
were allocated to ASD versus typically developing controls
(TDC) groups based on the Autism diagnostic schedule (ADOS)
diagnosis, which was assessed by age- and development-adjusted
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FIGURE 1
Flowchart of subject’s inclusion/exclusion.

TABLE 1 Study cohort demographics.

Study Median age (IQR) ASD/TDC Male (%)
Longitudinal MRI study of infants at risk of autism (n = 155) 7 (6-7) months 34/121 65.8%
Biomarkers of autism at 12 months (n = 102) 32 (25-36) months 57/45 73.5%
Multimodal developmental neurogenetics of females with autism (n = 230) 13.1 (5.3) years 106/124 50.9%
Atypical late neurodevelopment in autism (1 = 96) 19.1 (10.7) years 67/29 99.0%

ASD, autism spectrum disorder; TDC, typically developing controls. Age is represented as median (interquartile range).

algorithms in the original studies. Detailed information about
the age and sex composition of each study cohort is listed in
Table 1.

Image acquisition protocols and
preprocessing

The acquisition protocols differed across studies. In the

infant cohort, Tj-weighted imaging was conducted with a
repetition time (TR) of 2400 ms, time to echo (TE) of 3.16 ms,
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field of view (FOV) of 256, matrix size 224 x 256, and slice
thickness 1 mm, diffusion weighted images were acquired in
26 variable b-values between 50 and 1000 s/mm? increasing by
200 s/mm? at each scan (25 gradient directions and one non-
weighted image with b = 0 s/mm?) image on 3T Siemens Tim
Trio, with TR = 12,800-13,300 ms, TE = 102 ms, FOV 190,
matrix size 190 x 190, and slice thickness of 2 mm. Toddlers T} -
weighted imaging was acquired with TR = 6500 ms, TE = 2.8 ms,
FOV = 240, matrix size 96 x 96, slice thickness 1.2 mm,
DTI included 51 images with b = 1000 s/mm? and one
non-weighted b = 0 s/mm? image acquired on 1.5 T GE Signa
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HDxt, TR = 13200 ms, TE = 80.6 ms, FOV 240, matrix size
96 x 96, and slice thickness 2.5 mm. Adolescents’ T1-weighted
imaging was acquired with TR = 5300 ms, TE = 3.3 ms, FOV
1 mm, DTI
included 46 images with b = 1000 s/mm? and one non-weighted

350, matrix size 192 x 192, slice thickness =

b=0s/mm? image acquired on 3T Siemens Magnetom TrioTim,
TR = 13,000 ms, TE = 93 ms, FOV 250, matrix size 192 x 192,
and slice thickness 2.5 mm. Adults’ T;-weighted imaging was
acquired with TR = 1800, TE = 1.93, FOV 256, matrix size
256 x 240, slice thickness 1 mm, DTT included 4 repetitions of
12 images with b = 1000 s/mm? and followed by an image with
b =0 s/mm? acquired on 3T Siemens Magnetom TrioTim, with
TR = 7000 ms, TE = 91 ms, FOV = 256, matrix size 128 x 128,
and slice thickness 2.5 mm.

All DICOM  (Digital

Communication in Medicine) format were converted to

images in Imaging and
Nifti format using dcm2nii (Maenner et al., 2020) tool, with
extraction of diffusion gradient directions. Images in Medical
Imaging NetCDF (MINC) format were converted using
mnc2nii tool in the FreeSurfer software package (Fischl, 2012),
and diffusion gradient direction was extracted from header

information.

Diffusion tensor imaging processing
pipeline

We preprocessed all DTI images using FSL eddy current
correction and brain extraction tool (Smith, 2002; Smith
et al,, 2004), and subsequently generated fractional anisotropy
(FA), mean- (MD), and axial Diffusivity (AD) maps using
FSDs diffusion tensor fitting program (DTIFIT). FSLmaths
was used to derive radial diffusivity (RD) as the average of
the second and third eigenvalues. In order to obtain ED
maps, we first applied FSL Bayesian estimation of diffusion
parameters obtained using sampling techniques (BEDPOSTX)
on FA maps (Behrens et al., 2007), which can overcome
limitations of tensor-based representations of diffusivity by
identifying crossing fibers. BEDPOSTX results were then
fed into probabilistic tractography using FSL PROBTRACKX
(Behrens et al., 2003), which was then used for generation
of ED maps. We specified seed and waypoint masks as 48
cortical and 7 subcortical nodes per hemisphere as defined
in the Harvard-Oxford cortical and subcortical atlas (Frazier
et al., 2005; Desikan et al., 2006; Makris et al., 2006; Goldstein
et al,, 2007) (list provided in Supplementary Material; 2.2
Harvard-Oxford Cortical Atlas as well as 2.3 Harvard-Oxford
subcortical atlas). These seed and waypoint masks were
registered to each individual’s native FA space using FSLs
linear coregistration tool FLIRT (Smith et al, 2004). The
probabilistic tractography-derived ED maps reflect the density
of connectome edges (links) between nodes representing the
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landmark anatomical structures of cerebral gray matter (Owen
et al., 2015).

Voxel-wise analysis using tract-based
spatial statistics

Voxel-wise analysis of diffusivity metrics was carried out
using FSL tract-based spatial statistics (TBSS) (Smith et al,
2006). As described previously (Payabvash et al.,, 2019b), we
coregistered all FA maps to a common space by the standard FSL
TBSS pipeline, where all images were non-linearly coregistered
to a standard template, in this case the most typical subject in
each cohort (-n option). Then, we created a mean skeleton of
the highest FAs that represents the center of WM tracts. All FA
maps, as well as other diffusivity metrics in respective analyses,
were then non-linearly coregistered onto the mean FA skeleton
using the FSL non-linear registration tool before performing
cross-subject statistics. General linear models (GLM) were
used to assess the influence of age, sex and ASD diagnosis.
To minimize the effects of data heterogeneity, we conducted
analyses for each site separately as acquisition parameters
differed between study cohorts. For non-parametric voxel-wise
statistics, we applied FSL “randomize” (Winkler et al., 2014)
with 5000 permutations and family wise error (FEW) correction
of p-values followed by threshold-free cluster enhancement
(TFCE) (Smith and Nichols, 2009).

Tract-based analysis

To confirm the results of voxel-wise analysis, we also
evaluated the relationship of the averaged diffusion metrics
and ED in WM tracts with the age, ASD diagnosis and sex in
different study cohorts. We extracted FA, MD, RD, and AD
metrics of each of the 48 white matter tracts specified in the
John Hopkins University (JHU) white matter tracts labels atlas
(Wakana et al., 2007; O’Donnell et al., 2009) by determining the
non-zero mean of each individual’s image within the respective
tract. In order to provide similar analysis to voxel-wise method,
for tract-based analysis, measurements were performed in a
standard space of MNI-152. A list of all tracts considered is
given in Supplementary Material (2.1 John Hopkins University
White Matter Label Atlas). Given that the brainstem was set as
termination mask in fiber tracking for generation of ED maps
(Owen et al, 2015), the averaged ED of corticospinal tracts,
medial lemnisci and pontine crossing fibers were excluded from
tract-based analysis. Tract-based metrics were evaluated for
the influence of ASD diagnosis, age, and sex using multiple
regression analyses followed by p-value correction using false
discovery rate (FDR) in R software (version 4.0.2) (R Core Team,
2020). We conducted analyses for behavioral measures for a
subset of adolescents in which ADOS (Lord et al., 2000) scores
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(n = 86) were available, as well as in a subset of the adult cohort
in which Wechsler Intelligence Quotient (IQ) (Saklofske and
Schoenberg, 2011) for 71 individuals (50 ASD, 21 TDC) as well
as Social Responsiveness Scale (SRS) (Constantino, 2013) scores
for 50 individuals (33 ASD, 17 TDC) were measures. Utilizing
a voxel-wise GLM, the influence of aforementioned scores on
diffusivity metrics were tested after adjustment for age.

Machine learning

To evaluate the feasibility of machine learning algorithms
for the prediction of an ASD diagnosis based on diffusion
and connectome-based metrics. Given the results of voxel-
wise and tract-based analysis, we included data from the
176) and adult (n = 74) cohorts (Table 2).
We applied combinations of six different classifiers and five
feature selection algorithms using FA, MD, RD, AD, and
ED of white matter tracts separately and combined as input.

adolescent (n =

The diffusion metrics from all WM tracts were included in
corresponding analysis pipeline—e.g., the averaged FA from 48
WM tracts were included as input for FA based analysis, and all
diffusion metrics were included in combination analyses. The
respective feature selection algorithms and classifiers are further
detailed in Supplementary Material (3. Machine Learning).
Machine learning analysis was based on a framework previously
described by Haider et al. (2020). Subjects were randomly
split into a training/cross-validation set (n = 250) and an
independent test set (n = 76) which was completely isolated
from training process, with similar ASD-to-TDC-ratio as study
cohort distribution. For each combination of classifier and
feature selection algorithm, we created a framework of 20
repeats of five-fold cross validation, stratified based on ASD
diagnosis, to perform hyperparameter optimization and identify
the best performing models. Using Bayesian optimization,
the hyperparameters of each machine learning model as well
as the number of features included in the model were fine
tuned. Upper and lower bounds of each hyperparameter
(which was optimized), and the number of tuning repetitions
are included in Supplementary Table 2. Subsequently, each
model’s cross validation framework was applied with tuned
hyperparameters to evaluate each model’s performance based
on the mean area under the curve (AUC) of receiver operating
characteristics (ROC) across validation folds, which reflects
on both the true-positive and false-positive rate and therefore
eliminates biases by original case-control distribution. Finally,
we trained the optimal model on the whole training/cross-
validation cohort (n = 250) with optimized hyperparameters
and evaluated the performance in the independent test set
(n = 76). We also determined sensitivity and specificity at
balanced prediction probability cutoff, using a confusion matrix.
All analyses were performed using R (version 4.0.2) (R Core
Team, 2020).
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Results

Age-dependent alterations of white
matter microstructure and
connectome edge density imaging

In voxel-wise TBSS analysis, we examined the influence of
age on DTI metrics and connectome ED within each study
cohort, while correcting for ASD diagnosis as a covariate. There
was a pervasive age-related FA increase in infants, toddlers and
adolescents (Figure 2), as well as a corresponding decline in
MD, RD, and AD independent of ASD diagnosis status. In
adults, the age-related FA increase was predominantly along
the corticospinal tract (Figure 2). Supplementary Figures 3-5
demonstrate the age-dependent changes in DTI metrics among
different study cohorts. ED assessment of the brain connectome
showed an age-related increase in ED among toddlers and
adolescents (Figure 2). In toddlers, increasing age was associated
with higher ED in commissural tracts as well as frontal,
occipital and temporal association tracts. In adolescents, an age-
related increase in connectome ED was mainly localized to the
posterior corpus callosum. We confirmed findings of voxel-wise
analyses in multiple regression analyses of tract-based metrics
(Supplementary Table: 4 Tract-Based Multiple Regression).

Autism spectrum disorder-related
alterations of white matter
microstructure and connectome edge
density imaging

In voxel-wise analyses, after correcting for age, ASD
diagnosis was associated with lower FA in commissural tracts
within the corpus callosum among adolescents and adults
(Figure 3), but not in infants or toddlers. Corresponding
increases in MD and RD were found in adults, and a slight
decrease of AD was present in adolescents (Supplementary
Figure 6). Compared to DTI diffusion metrics, ED revealed
a more widespread reduction in connectome edges among
subjects with ASD in the adolescent and adult cohorts. Among
adolescents, ASD was associated with an extensive decrease in
the ED of WM tracts—except for the internal capsule—after
correction for age and sex as covariates. In the adult cohort, ASD
was associated with lower ED within the posterior commissural
and paraventricular WM tracts. Infants showed an isolated
decrease in ED in the left sagittal stratum which was related to
ASD. There were no significant changes in the toddler cohort
as assessed in a voxel-wise GLM correcting for age and sex.
Tract-based multiple regression analyses confirmed voxel-wise
findings with significant ASD-related alterations of white matter
diffusion metrics and connectome edges only found among
adolescents and adults adjusting for age and sex.
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TABLE 2 Distribution of subjects from each cohort among the training/cross-validation versus independent test set, using only data from studies

where we found significant ASD-related alterations.

Study Training Independent validation

No Age ASD/TDC No Age ASD/TDC
Multimodal developmental neurogenetics 176 155 (124-182) 82/94 54 162 (119-194) 24/30
Atypical late neurodevelopment in autism 74 242 (194-320) 52/22 22 211 (182-256) 15/7

ASD, autism spectrum disorder; TDC, typically developing children. Age is represented as median (interquartile range) in months.

Fractional Anisotro PV age-related increase

Infants

Adolescents Toddlers

Adults

Adolescents Toddlers

FIGURE 2

changes (p < 0.05) (red).

Age-related pervasive decrease in FA and (to lesser degree) ED throughout WM tracts in voxel-wise analysis, independent of ASD diagnosis or
sex. Figure shows the standard MNI152 brain template overlaid with the mean FA skeleton resulting from TBSS (blue), as well as all significant
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FIGURE 3

ASD-related decrease in FA and ED in voxel-wise analysis after correction for age. Figure shows white matter tracts with significant difference in
red (p < 0.05) overlaid on the mean FA skeleton resulting from TBSS (blue

Sex-related changes in white matter
microstructure

In the adolescent cohort, there was lower FA along
corticospinal tracts in females as compared to males when
correcting for ASD diagnosis and age (Figure 4). We could
not detect corresponding sex-related differences in the MD,
RD, and AD of white matter tracts.
cohort, ED revealed a more pervasive sex-related reduction
in connectome ED among females compared to males. Tract-

In the adolescent

based multiple regression confirmed the results of voxel-
wise analyses. This effect could not be found in younger
cohorts after correcting for the covariate of age; the adult
cohort only included one female subject and could therefore
not be used to assess and make assumptions about sex-
specific alterations. Of note, there was no significant difference
between males and females regarding ADOS-scores in the
adolescent cohort in a two-sided t-test (t-statistic 1.46,
p=0.148).

Machine learning classifiers predicting
autism spectrum disorder diagnosis
from tract-based diffusion tensor
imaging and connectomics

Figure 5 displays a heatmap demonstrating the mean
averaged AUC across validation folds from twenty repeats of
five-fold cross validation, considering data from the adolescent
and adult cohort (as mentioned above). The average AUC
values range from 0.55 to 0.73, with the highest performance
achieved using a support vector machine with radial kernel in
combination with hierarchical clustering as feature selection
applied to MD metrics. This combination model achieved 0.696
AUC (95% Delong CI 0.578-0.800), 63.2% accuracy, 56.1%
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sensitivity, and 71.4% specificity in the independent validation
cohort.

Psychological/cognitive performance
and brain microstructure

We found no significant influences of ADOS (Lord et al.,
2000) scores on diffusivity metrics. In the adult cohort, there
was no significant influence of IQ and SRS scores on diffusivity
metrics after correction for age.

Discussion

Using, multicentric data from different age groups, we found
an age-related increase in FA and ED, and decrease in MD and
RD throughout most WM tracts. After correction for age and
sex, ASD diagnosis was associated with WM microstructure
disintegrity in adolescent and adult age groups primarily in
the corpus callosum. However, ED revealed a more pervasive
involvement of the brain’s connectome in adolescents and
adults with an ASD diagnosis. We also suggest a potential
role for applying machine learning classifiers to assist with
ASD diagnosis based on tract-based inputs from DTI scans.
Limited by the small numbers of female subjects in our study
cohorts, we found reduced FA in corticospinal tracts of female
adolescents compared with males after correcting for ASD

diagnosis and age.

Age-related alterations in diffusivity
and anisotropy metrics

We found a pervasive rise in FA with increasing age

throughout WM tracts in all study cohorts. In infants
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Adolescents
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FIGURE 4

Fractional Anisotropy female < male

Sex-related changes in FA and ED as assessed in voxel-wise analysis after correction for age and ASD diagnosis. The white matter tracts with
significant difference are colored red (p < 0.05) and overlaid on the mean FA skeleton (blue).

and toddlers, these changes are likely related to increased
myelination of axon fibers and the microstructural maturation
of WM (Yu et al, 2020). Research about developmental
gradients in functional connectivity and WM microstructure
suggests that even though most of WM maturation is completed
during toddlerhood, further waves of myelination between
association cortices with corresponding DTI changes occur
in adolescence and adulthood (Sydnor et al, 2021), which
may explain our findings among adolescents and older adults.
ED can provide further insight into the brain connectome
by examining potential fiber tracts between cortical nodes
instead of mere assessment of directional water movement
by conventional DTI metrics. We found a significant ED
increase with age in toddlerhood and adolescence, which aligns
with brain maturation in these age groups. Our findings
highlight the necessity of adjusting the analysis of ASD-related
microstructural changes for a respective subjects’ age.

Autism spectrum disorder-related
white mater microstructural alterations
center in the corpus callosum

Our results suggest that microstructural disintegrity related
to ASD is likely more evident in adolescents and young adults,
but hardly detectable in younger age groups. These ASD-
related changes in WM microstructure are primarily in the
anterior and mid corpus callosum (Alexander et al., 2007;
Payabvash et al., 2019b). While existing literature presents
inconsistent results regarding WM alterations in the particular
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location within the corpus callosum, our data suggests that DTI
abnormalities in the anterior corpus callosum are present in
adolescents, become more pronounced and extend to central
and posterior commissural tracts with increasing age. Notably,
the infants and toddlers age groups included in our analyses
are younger than most previous studies (Li et al.,, 2017). We
also found significant ED reductions in central WM tracts
related to ASD diagnosis, which were present across most
WM tracts in adolescents, but more concentrated to posterior
tracts in adults. These findings suggest a more pervasive
involvement of the brain connectome compared to what is
captured by conventional DTT metrics. Previous studies also
show ED alterations in periventricular WM associated with
ASD and other neurodevelopmental disorders (Payabvash et al.,
2019a,b). In addition, significant changes could be found in
a small area within the internal capsule of infants, but not
toddlers.

Sex-specific effects

We found significantly lower FA in association and
commissural tracts of female adolescents compared to males
after correcting for age and ASD diagnosis (Figure 4). Previous
studies suggested a correlation between sex and diffusivity
metrics, as well as sex-related differences in correlation between
DTI and behavioral measurements (Waller et al., 2017). A recent
review of MRI studies evaluating sex-related effects in ASD
also found that DTI metrics differ significantly between male
and female subjects (Walsh et al., 2021). The female protective
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Heatmap of mean AUC across 100 validation folds in machine learning analysis. Abbreviations see Table 2.
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effect and extreme male brain hypothesis suggest that sex-
related characteristics of brain organization contribute to ASD
symptom severity (Werling and Geschwind, 2015).

There have been extensive discussions about sex-related
effects in ASD, as the influence of data assessment bias on
hypotheses of etiological aspects is hard to quantify. Bias persists
due to later diagnosis of females as stereotypical female behavior
aligns better with ASD symptoms and currently used diagnostic
algorithms might camouflage ASD diagnosis in females (Ratto
et al., 2018). The previously approximated male-to-female ratio
of 4:1 has been found to vary between 3:1 and 8:1 depending
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on quality of ASD assessment, and is nowadays estimated to
trend toward a more equal sex distribution (Loomes et al., 2017).
We could not find a significant interaction between sex and
ASD diagnosis; however, our results underline the importance of
considering sex in the investigation of ASD-related alterations.

Machine learning analysis

Machine learning algorithms provide a statistically suitable
platform for the analysis of high-dimensional multimodal
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neuroimaging data, which may account for the complexity
of underlying neurobiological changes better than traditional
statistical methods. In this study, we showed the feasibility of
machine learning algorithms in assisting with the diagnosis of
ASD based on DTI metrics of WM tracts. Using a rigorous
cross-validation scheme, we optimized, trained, tested and
validated an optimal combination of feature selection model
and machine learning classifier to predict ASD diagnosis
based on average DTI- and connectome derived metrics of
WM tracts among adolescents and adults. Machine learning
algorithms can potentially evaluate large amounts of imaging
data and give detailed information about the individual’s
structural connectome. Therefore, algorithms could become a
useful tool to consolidate diagnostic algorithms, subsequently
improving ASD diagnosis and further differentiate ASD from
other neurodevelopmental abnormalities.

Limitations

While analyses of large, multicentric data is a strength of our
study, it also poses a limitation due to the heterogeneity of the
data and difference in image acquisition techniques. However,
given that voxel-wise and tract-based analyses were conducted
separately for each site, we minimized the effects of site-specific
differences. Of note, harmonization of diffusion MRI has been
proposed to mitigate the issue of data acquisition from different
scanners and centers (Pinto et al., 2020); but, given that the
four cohorts in our study differ in terms of scanner, acquisition
method, age of children, female-to-male ratio, and the rate
of ASD among subjects, an optimal and fair harmonization
technique might not be achieved. Moreover, although we could
include 197 female subjects in our analyses (see Table 1), the
majority of included individuals across different cohorts were
male (51-99%), which impairs the generalizability of these
results to female patients. We recognize that existing biases
in ASD diagnoses extends from original assessments to our
analyses. Some inaccuracies also come along with coregistration
in TBSS and VBM, especially for pediatric cohorts with high
variability in anatomy, motion, and head position. To mitigate
these limitations, we excluded all cases with motion artefacts
in a visual quality control. Finally, for our subjects, common
coregistration templates such as MNI152 are limited in their
accuracy, which is why we avoided using generic templates
and chose study-specific ones wherever possible. We accounted
for possible inaccuracies in voxel-wise analyses by confirming
findings in tract-based statistics.

Conclusion

Overall, our results portray a comprehensive assessment
of WM microstructure and connectome ED across a wide
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age range. Based on a large multicentric dataset, we showed
age-specific microstructural and connectome abnormalities
of WM tracts in ASD. We found a ubiquitous age-related
FA increase and diffusivity decrease across different age
groups, which highlights the need for age adjusted assessments
We found an
increasing discrepancy between ASD and typically developing

of ASD-related microstructural alterations.

individuals with regards to microstructural integrity of
anterior commissural tracts starting in adolescents and
becoming more pronounced in young adults. ED showed
even more extensive involvement of brain connectome
in adolescents and young adults with ASD. Additionally,
female individuals presented with lower FA values and higher
diffusivity in central cerebral white matter after adjustment
for age and ASD diagnosis. These findings support previous
literature about sex-related effects in DTIT metrics and add
to sex-related hypotheses in ASD neurobiology. Finally,
we showed the feasibility of machine learning classifiers in
prediction of ASD diagnosis based on tract-based diffusion
and connectome metrics. This creates a foundation for the
future application of machine learning in DTI analyses,
where such models can integrate multi-modal data to build
more robust and generalizable statistical frameworks. Further
research is needed to adequately assess the interaction

and symptom

between WM microstructural alterations
severity in ASD.
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Autism spectrum disorder (ASD) involves alterations in neural connectivity
affecting cortical network organization and excitation to inhibition ratio.
It is characterized by an early increase in brain volume mediated by
abnormal cortical overgrowth patterns and by increases in size, spine density,
and neuron population in the amygdala and surrounding nuclei. Neuronal
expansion is followed by a rapid decline from adolescence to middle age.
Since no known neurobiological mechanism in human postnatal life is capable
of generating large excesses of frontocortical neurons, this likely occurs due
to a dysregulation of layer formation and layer-specific neuronal migration
during key early stages of prenatal cerebral cortex development. This leads
to the dysregulation of post-natal synaptic pruning and results in a huge
variety of forms and degrees of signal-over-noise discrimination losses,
accounting for ASD clinical heterogeneities, including autonomic nervous
system abnormalities and comorbidities. We postulate that sudden changes
in environmental conditions linked to serotonin/kynurenine supply to the
developing fetus, throughout the critical GW7 — GW20 (Gestational Week)
developmental window, are likely to promote ASD pathogenesis during fetal
brain development. This appears to be driven by discrete alterations in
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differentiation and patterning mechanisms arising from in utero RNA editing,
favoring vulnerability outcomes over plasticity outcomes. This paper attempts
to provide a comprehensive model of the pathogenesis and progression of
ASD neurodevelopmental disorders.

autism  spectrum disorder (ASD), autonomic nervous system (ANS),
neurodevelopment, serotonin, RNA editing, maternal inflammation, kynurenine

metabolites, synaptic pruning

Introduction

Autism is not a single disorder, but a spectrum of related
disorders with a shared core of symptoms defined by deficits
in communication, social reciprocity and repetitive, stereotypic
behaviors. While previously thought to present an extreme
sex/gender bias (four times more common among males
than females) it is now established that this apparent bias
is largely due to affected females being more capable of
disguising their condition than affected males (Dworzynski
et al.,, 2012; Kreiser and White, 2014; Mandic-Maravic et al.,
2015; Hull et al., 2017; Ratto et al., 2018; Young et al,, 2018).
Currently, autism spectrum disorders (ASD) affects around 1
in 68 children around the world, a 35-fold increase since the
earliest epidemiologic studies were conducted in the late 1960s
and early 1970s. However, this sharp increase may be also
related- to some extent- to diagnostic, specificity, sensitivity
or administrative biases (Monteiro et al., 2015; Randall et al,,
2018; Ghandour et al,, 2019). ASD is characterized by early
increases in brain volume and cortical thickness during infancy
and the toddler years (2-4 years) in young autistic males and
females, followed by an accelerated rate of decline in size, and
perhaps degeneration, from adolescence to late middle age in
this disorder (Hazlett et al., 2017).

In most cases, this aberrant brain growth does not occur
at birth, but rather develops throughout the first 2 years of life
after birth. Early post-natal brain overgrowth is then followed
by arrest of growth. The sites of regional overgrowth in ASD
include frontal and temporal cortices and the amygdala and, in
some regions, and individuals, growth arrest may be followed
by degeneration (Courchesne et al., 2007). Brain overgrowth
follows an important gradient in the cerebrum: greatest in
the frontal and temporal cortices, which are most abnormally
enlarged, and least in the occipital cortex, with young autistic
males presenting a very significant excess of neuron number
in the dorsolateral prefrontal cortex (PFC) (Courchesne et al,,
2011). Since there is no known neurobiological mechanism in
humans capable of generating during postnatal life the large
excesses of frontal cortical neurons, the great magnitude of
this excess is most probably due to dysregulation of layer
formation and layer-specific neuronal differentiation at prenatal
developmental stages, rather than to any known postnatal event
or mechanism. Therefore, the peak period for detecting and
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studying the early biological basis of autism is from prenatal life
to the first three years postnatally.

Some seasonal cyclicity appears associated with the
percentage of children affected by ASD, intellectual disabilities,
and learning limitations, with rates being greatest for children
conceived in the winter months, and lowest for those conceived
during the summer (Mackay et al., 2016). Conception in the
winter season is associated with a 6% increased risk of ASD
presentation as compared with summer (Zerbo et al., 2011).

Many individuals with ASD have symptoms of associated
co-morbidities, including seizures, sleep problems, metabolic
conditions, and gastrointestinal (GI) disorders, which have
significant health, developmental, social, and educational
impacts. The neuroanatomical and biochemical characteristics
that have been associated with autism pathogenesis in utero
(Rossignol and Frye, 2012; Stoner et al., 2014; Zielinski et al.,
2014) involve mechanisms that are direct consequences of the
effects of low-grade, feverless, systemic inflammatory events
(Nankova et al, 2014), while the protective mechanisms
against autism pathogenesis have strong anti-inflammatory
components (Scumpia et al., 2014). The gut microbiome drives
immunoregulation (in particular during the first 3 years of
life) and faulty immunoregulation, as well as inflammation,
predispose to psychiatric disorders, including autism, while
psychological stress drives further inflammation via pathways
that involve the gut microbiome (Kostic et al,, 2015). Thus, while
ASD is significantly associated with subsequent incidence of
inflammatory bowel disease (Kim et al., 2022), contrary to many
psychological and psychiatric diseases there is a lack of evidence
for systemic low-grade inflammation in association with ASD
affected individuals (Prosperi et al., 2019).

This paper attempts to explore the most plausible
mechanisms involved in the pathogenesis of ASDs and to
relate them to the phenotypic and symptomatic manifestations
of common characteristics. As our hypothesis paper covers a
wide range of different topics and disciplines, we have often
tried to include a general description of the mechanisms
involved in neurotypical brain development and their respective
components (immune regulation, kynurenine pathway, mRNA
editing, functional communication between brain areas, etc.) in
order to facilitate reading by different specialties and a wider
audience.
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Materials and methods

The authors conducted an in-depth review of the literature
and used a systems biology approach to integrate the complex
mechanisms of fetal brain development to then decipher
the neurodevelopmental origins encountered in individuals
with ASD. Throughout our literature review, we strongly
favored studies on human subjects, and in the few cases
where this is not the case, it is clearly stated in the text.
The analytical procedure implemented (CADI™ : Computer-
Assisted Deductive Integration) associates algorithmics and
heuristics. The logic behind this model-building approach does
not assume functional linearity within biological systems and
the components of a model do not incorporate solely what
is known. Indeed, since this approach relies upon strict and
systematic implementation of negative selection of hypotheses,
models arising from this procedure contain elements that
have never been described but cannot be refuted by current
knowledge and/or available biological data, thereby generating
novel understanding. This model-building approach has proven
its efficacy in a number of biological research domains, including
the discovery of hitherto unsuspected biological mechanisms,
pathways, and interactions directly associated with phenotypic
transitions in vivo (be they pathological or developmental)
(Gadal et al., 2003, 2005; Iris et al., 2009; Pouillot et al., 2010;
Turck and Iris, 2011; Iris, 2012; Nussbaumer et al., 2016).
CADI™ modeling has led to discoveries and patents in the
fields of infectious diseases, oncology, neurology, psychiatry,
dermatology, immunology, metabolic disorders, innovative
bioprocesses for industrial biotech and the creation of new
companies exploiting these patents. CADI™ models describe
the biological phenomena involved in pathological states and
provide novel mechanistic integrations to explain the cause
of certain diseases, identify and select predictive biomarkers,
and offer new combinations of molecules and new therapeutic
strategies. Further information on the Computer-Assisted
Deductive Integration method can be found in Iris et al. (2018).

Analysis

The neuro-anatomical specificities of
autism

In view of the enormous heterogeneity that characterizes
the spectrum of autism, neuroanatomic variations are to
be expected. One of the most common disparities in ASD
development involves the amygdala, located deep and medially
within the temporal lobes of the cerebrum. In typical fetal brain
development, the amygdala displays structural connectivity
across the cortex, particularly toward frontal and temporal
lobes, by gestational week GW13 (Vasung et al.,, 2010) and a
mature structure by 8 months (Vasung et al., 2010). Columns of
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neuroblasts from the inferior germinal eminence (GE), located
ventral to the developing amygdala (Ulfig et al., 2000), migrate
along radial glial fibers initiating amygdala development (Miiller
and O’Rahilly, 1990; Ulfig et al,, 2003). As fetal development
progresses, the GE shrinks to a small population of cells that
surrounds the ventral section of the maturing amygdala. In
humans, the paralaminar nucleus (PL) begins to develop during
the 8th and 9th gestational month, residing and maturing at
the location of the remnant GE (Ulfig et al, 2003), while
mature PL still contains subpopulations of immature neurons
(Bernier et al., 2000; Yachnis et al.,, 2000; Fudge and Tucker,
2009; Zhang et al., 2009). PL is a unique subregion of the
amygdala, densely innervated by serotonergic fibers with high
numbers of receptors for corticotropin releasing hormone and
benzodiazepines. It is thought to play key roles in the normal
growth and function of the amygdala, especially due to the
resident immature cells that appear to confer enhanced neuronal
plasticity (deCampo and Fudge, 2012).

Of all the various structural brain abnormalities reported in
autism and related to the amygdala (reviewed in Donovan and
Basson, 2017), the most consistent seem to be:

- rapid and early increases in the size of the right and left
amygdala, which correlate positively with the extent of their
deficits in social interaction and communication at age 5 (Ortiz-
Mantilla et al., 2010).

- greater amygdala spine density in youths with ASD
than in age-matched controls with typical development (TD)
(<18 years), but which decreases as they grow older, a pattern
not found in TD (Weir et al., 2018).

- initial overabundance of amygdala neurons in young ASD
subjects, followed by a reduction in all nuclei during adult
years, whereas in TD, there is an increase of mature neurons
in the basal and accessory basal nuclei from child to adult,
concurrently with a decrease of immature neurons in the PL
(Avino et al., 2018).

This is suggestive of a sustained contribution of mature
neurons from the PL nucleus toward other nuclei of the
neurotypic amygdala, and that this developmental path may
be altered in ASD, which may explain the changes in
volume seen in ASD and other neurodevelopmental or
neuropsychiatric disorders.

The amygdala, stretching from 1 to 4 cm with an average of
about 1.8 c¢m, has a wide range of connections with the brain.
The hippocampus, entorhinal cortex, basal ganglia (particularly
the striatum), brainstem, thalamus, and hypothalamus are all
part of this organization. It is also linked to the limbic system,
the associative cortex, the PFC (which controls behavior), the
basal forebrain, and other areas. As a result, its stimulation is
expected to have a significant impact on the entire brain.

This can be exemplified in one of the amygdala’s major
functions in humans which is to regulate emotions, particularly
fear and anxiety (Figure 1), and the behaviors that follow from
them. In addition, the amygdala has some memory function
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Fear circuit in the amygdala. Cortical and thalamic projections conveying somatosensory (US) and auditory (CS) information are targeting the
lateral amygdala (LA), a major location of initial synaptic plasticity. Somatostatin (SST)/neuropeptide Y (NPY)/y-aminobutyric acid (GABA)
neurons may inhibit pyramidal neurons by activation of postsynaptic Y1 and presynaptic Y2 receptors reducing CS-related activation and fear
learning. Similarly, SST/NPY neurons in the basolateral nucleus (BLA) may have additional Y1 receptor-dependent inhibiting effects. The role of
NPYergic afferent and efferent projections of the basolateral complex (LA and BLA) is not yet clear. Fear related stimuli reach the central
amygdala (CEA) also via mediodorsal intercalated neurons (ITCd) to the centrolateral subdivision (CELl) or directly via projections from the BLA to
the centromedial subdivision (CEm). NPY neurons may modulate afferent and efferent signals locally in the CEl or via inhibitory connections
between CEl and CEm, probably by Y2 receptors. However, the main processing occurs in the CEm (expressing Y1 and Y2 receptors) by (1) local
inhibitory SST/NPY/GABA neurons, (2) by NPY/GABA afferents originating from the BNST, and (3) by NPY axon terminals originating from
neurons of the main intercalated nucleus (Im). The latter projection consisting of NPY/dopamine receptor D1 (D1R)/GABA neurons in the Im is
considered to play an essential role in fear extinction by providing a marked increase in feed-forward inhibition from the BLA to the CEm. Lastly,
efferents from the CEm may be further modulated by NPY along the stria terminalis (st) or even in the bed nucleus of the stria terminalis (BNST),
both by local interneurons and by bi-directional projections connecting the CEm with the BNST. AStr, amygdala-striatal transition zone; En,
entorhinal cortex; Pir, piriform cortex; BF, basal forebrain; CEc, capsular subdivision of the central amygdala nucleus. Figure from Tasan et al.
(2016), obtained by Elsevier (No. 5410821023270) under a creative commons license 3&4.

toward conditioned learning, which is the remembrance of
situations that cause fear and anxiety. Thus, the emotion can be
reproduced by stimuli or conditions that are similar to those that
caused the initial dread and anxiety.

However, ASD-associated neuro-anatomical alterations
aren’t limited to the amygdala, and significantly affect the
cortex, comprising progressively the six-layer neocortex (I-VI,
with the outermost layer I neighboring the pia mater and the
innermost layer VI neighboring the white matter), the 5-6
layer mesocortex (lacks or has poorly developed layer IV) and
finally the three-layer allocortex. The neocortex takes up 90% of
the cortex and mostly involves sensory, motor and associative
functions. The mesocortical and allocortical areas form a closed
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ring at the edge of the hemisphere, forming the limbic areas
which are found in the frontal, temporal, parietal, and occipital
lobes as well as in the insula (Garcia-Cabezas et al., 2022).
Functions of the neocortex rely on a complex architecture
of neuronal networks that is key in the excitation/inhibition
imbalance observed in several neurodevelopmental disorders,
including ASD. The superficial layer 1 (L1), which is consistently
affected in autism, mostly comprises local and long-range
inputs and sparse inhibitory interneurons that collectively
govern brain activities. Its stereotypical organization, generated
in early development, where axonal projections synapse
onto the dendritic tufts of pyramidal neurons, functions as
a crucial integration hub that provides context for sensory
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information (i.e., local, thalamocortical, corticocortical, and
long-range neuromodulation). As it receives connections from
feedback and neuromodulatory pathways during its prolonged
development, it plays a crucial role in the development,
maturation, and function of the whole cortex. Its maturation
continues postnatally with changes related to network
affinity refinement affecting the whole cortex. Furthermore,
interneurons found in Layer I facilitate disinhibition and thus
contribute to plasticity and learning. During its development, it
transiently accommodates Cajal-Retzius (CR) cells that regulate
neuronal networks formation and migrating interneurons (see
below). The organization of myelin in the cortex is highly
diverse, with the content of intracortical myelin increasing
progressively in parallel to laminar architecture elaboration
from mesocortical agranular areas to koniocortical areas
(Garcia-Cabezas et al, 2020). Myelin sheath densities are
representative of the extraordinary spatiotemporal organization
of cortical networks (Trutzer et al., 2019; Call and Bergles, 2021;
Genescu and Garel, 2021).

The most consistent cortical architecture abnormalities
related to ASD appear to be:

- Abnormal patterns of overgrowth (7% increase in
cerebrum size, with 5 and 10% increase in total gray and white
matters, respectively) beginning before the second year, followed
by reduced growth and arrested development at the end of
childhood persisting into adolescence (Donovan and Basson,
2017);

- Sites of regional overgrowth that include frontal and
temporal cortices (Abot et al., 2018);

- Greater spine densities on pyramidal cells in both the
superficial and deep cortical layers of the frontal, temporal, and
parietal lobe regions (layer IT in each cortical location and within
layer V of the temporal lobe) as compared to age-matched
control subjects (Hutsler and Zhang, 2010);

- Excessive short to medium distance axons with increased
branching in the superficial white matter beneath the anterior
cingulate cortex (ACC). This finding is consistent with the
hypothesis that prefrontal areas are overconnected in autism
and probably explains the increased cortical folding in the
frontal lobe in autism. In addition, the decrease in myelin
thickness in the orbitofrontal cortex (OFC) observed in ASD
may indicate altered relationships between prefrontal areas
(Zikopoulos and Barbas, 2010). These areas govern emotion,
attentional mechanisms and executive control, processes that
are severely affected in autism (Barbas, 2000).

- High spine densities, which are associated with decreased
brain weights, are most commonly found in ASD subjects with
lower levels of cognitive functions (Hutsler and Zhang, 2010);

- Absence of the decline in cortical surface area that is always
present in TD between the ages of 9 and 20 (Mensen et al., 2017);

- Irregular, age-related variations in cortical thickness, with a
slower rate of thinning from childhood through adolescence and
a faster rate of thinning in late adolescence. In TD, on the other
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hand, thinning occurs during teen years/early puberty (Nunes
et al,, 2020).

- In females, the volume and surface area of the temporal
and frontal gyri and sulci, as well as the surface area of the
left superior frontal and right lateral superior temporal gyri, are
reduced. However, there is a tendency for the temporal gyri to
thicken, resulting in little change in the volume of these areas
(Cauvet et al., 2019), and

- In males, increased volume of the left anterior occipital
sulcus and reduced thickness of the right para-hippocampal
region of the medial occipito-temporal gyrus are related to
autistic traits (Cauvet et al., 2019).

Furthermore, cortical networks in layer 1 are disorganized
in autism: autistic children have higher variability in the
trajectories and thickness of myelinated axons, whereas
adults with autism show a decrease in the relative proportion
of thin axons. In contrast, neurotypical controls, from
children to adults, demonstrate an increase in the density
of myelinated axons. Overall, neuron density decreases with
age, as does the density of inhibitory interneurons identified
with calbindin (CB), calretinin (CR), and parvalbumin (PV).
Cortical activity refinement throughout development of
cortical networks involved in cognition is likely aided by
neurotypical postnatal alterations in layer 1 of the lateral
prefrontal cortex (LPFC). This indicates that it is mostly
the disruption of feedback pathways maturation, rather
than interneurons in layer 1, that plays a crucial role in the
development of autism’s excitation-inhibition disequilibrium
(Trutzer et al., 2019).

The prominent innervation by serotoninergic neurons and
the dense expression of serotonergic receptors in the PFC, which
shows overgrowth in ASD children, suggest that serotonin is
a major modulator of its function (Wassink et al., 2007; Puig
and Gulledge, 2011). Similarly, serotonin prominently promotes
amygdala activation in response to emotional stimuli (Bocchio
etal., 2016; Sengupta et al., 2017).

It finally should be noted that ASD does not figure
among the disorders classified according to the stage of
development where cortical elaboration was initially affected
[i.e., malformations due to (1) abnormal proliferation/apoptosis;
(2) abnormal migration; (3) abnormal late neuronal migration
and cortical organization; and (4) cortical development, not
otherwise classified; Barkovich et al., 2005]. Rather, ASD has
been described as a pathology arising from multiple discrete
alterations in brain growth, structure, synaptic organization
and modified short- and long-range connectivity in the cortex
(Hutsler and Casanova, 2016).

Fetal brain development

Throughout the following discussion, we have adhered
to the officially accepted neuromorphological nomenclature
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pertaining to fetal brain development. However, interested
reader should be made aware of the existence of a new, albeit not
yet officially accepted, nomenclature (the Prosomeric Model:
Nieuwenhuys and Puelles, 2016; Puelles, 2018, 2021; Watson
et al., 2019; Garcia-Calero and Puelles, 2020) with the relation
between the classically accepted subdivisions of the neural tube
(rhombencephalon, mesencephalon, diencephalon, etc.) and
the newly proposed neuromorphological nomenclature being
explained in Puelles (2018), Watson et al. (2019), and Garcia-
Calero and Puelles (2020).

During embryonic development the ectoderm differentiates
to form epithelial and neural tissues. The external (dorsal
surface) ectoderm forms the neural plate that folds to
generate the neural tube (i.e., the CNS precursor) and the
neural crest (multipotent transient lineages that form the
paravertebral and prevertebral ganglionic chain and chromaffin
tissues). The neural tube generates three primary brain
vesicles during GW4-GW5 in human development: the
forebrain (prosencephalon) that matures into the cerebrum
(telencephalon: cortex and white matter) and the diencephalon
(thalamus, hypothalamus, epithalamus, subthalamus, and
optical vesicles); the midbrain (mesencephalon: superior and
inferior colliculi) and the rhombencephalon that progresses
into the metencephalon (the pons and cerebellum) and the
myelencephalon (the medulla oblongata). The midbrain
and the rhombencephalon (pons, cerebellum, and medulla
oblongata) form the brainstem, which begins development
around GW6-GW7 and matures in a caudal to rostral
arc (Figure 2A).

The dorsoventral axis of the telencephalon is further
separated, with dorsal (pallial) and ventral (subpallial)
domains giving rise to the cerebral cortex and basal
ganglia  and Furthermore,

amygdala,  respectively.

morphological regions can be classified into auxiliary

progenitor domains (prosomeres) based on gene expression
2B,C), that these
subdivisions.

(Figures overlap  with anatomic

Arousal, respiration, heart rate, and gross motions
of the body and head are all mediated by the medulla,
and medullary activities appear before those of the pons,
which appear before those of the midbrain. As a result, by
GW7-GW9, the fetus is moving spontaneously, starts to
“breathe,” and by GW25 demonstrates stimulus-induced
heart As that

arousal, body movements, vestibular and vibroacoustic

rate accelerations. the pons, mediates
perceptions, takes longer to mature, the fetus only starts
responding to vibroacoustic and loud noises coming from
the exterior environment with arousal and body movements
from GW20 to GW27.

The inferior-auditory colliculus begins its maturation cycle
during the 6th week of pregnancy, followed by the superior
visual colliculus that begins maturation around the 8th week.

However, the development cycle is fairly protracted, as the
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inferior colliculus does not fully form until about the 17th
week, and the superior colliculus takes several weeks longer to
establish. Furthermore, midbrain development and myelination
are not nearly complete until well after birth. Around GW36,
the inferior-auditory colliculus, in collaboration with the lower
brainstem, is capable of auditory discriminations and responds
to sounds by accelerating the fetal heart rate (FHR), as well
as with eye and head movements. The fetus hereafter reacts
with reflexive movements when stimulated and is also able to
fall asleep with the appearance of rapid eye movements (REM).
Therefore, auditory discrimination, FHRs, the wake-sleep cycle,
positioning, and protective behaviors appear to be controlled
reflexively by the brainstem, which also appears to be engaged
in learning processes. These processes have been thoroughly
described elsewhere (Huang et al., 2009; Dubois et al., 2014;
Seto and Eiraku, 2019).

Neurogenesis and neuronal migration

The different components of the nervous system are
developed in distinctive phases going from (1) neurogenesis
to (2) neuronal migration to the adequate location, (3) their
differentiation along with connection maturation, and (4)
the pruning of connections. These developmental phases are
governed by hormones, specific proteins and growth factors,
which function as traffic cues for the cells or their related
processes. These intricate processes have been extensively
reviewed (Huang et al., 2009; Lui et al., 2011; Dubois et al., 2014;
Kostoviz et al., 2015; Adnani et al., 2018; Hadders-Algra, 2018a;
Lennox et al., 2018; Cadwell et al., 2019; Seto and Eiraku, 2019)
and only those aspects that could possibly have relevance to ASD
pathogenesis will be explored here. For clarity, Figure 3 presents
a timeline of human brain development.

As stressed above, the cerebral cortex of the adult mammal
has a stratified structure made up of different layers, each of
which containing a combination of glutamatergic pyramidal
neurons, interneurons and projection neurons, and non-
pyramidal GABAergic neurons. The great majority of cortical
GABAergic cells are extraordinarily varied interneurons that
form local connections only, whereas pyramidal neurons
account for around 80% of all adult cortical neurons (Wang Y.
etal,, 2018).

The pallium and subpallium neuroepithelial stem cells
(NESCs) multiply extensively by GW5-6 in humans to generate
the cerebral vesicles (Bystron et al., 2008). NESCs maturate
into radial glia cells, the key progenitor cells in the developing
nervous system. Extracerebral microglial cells invade the
telencephalon from GW5 onward and regulate the neurogenetic
process (Nie et al., 2010). During GW5-7, the first neurons
to be generated from the heterologous and transient cell
populations of both pallial and subpallial origins are the CR
cells and the subplate cells (SP) (Barber and Pierani, 2016).
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(A) Very early cerebral cortex development. Sketch of the mammalian neural tube showing the proneuromeric compartments. The neural tube
will develop to form the brain and spinal cord. It is divided to the alar plate (colored in blue) that will later generate neurons associated with
sensory functions (somatic and visceral), and the basal plate (red) that will primarily contain motor neurons. The notochord, of mesodermal
origin (green) provides directional cues to the surrounding tissues. The telencephalic vesicle (highlighted in darker blue) grows out of the alar
plate of the secondary prosencephalon. (B) Very early cerebral cortex development. Section through the secondary prosencephalon at the level
of the black line in (A) shows the optic vesicles and the telencephalic vesicles; the telencephalic vesicles consist of pallial and subpallial
territories. (C) Two organizers direct the patterning of the pallium: the hem, at the border of the roof plate and the prospective hippocampus,
and the antihem, at the corticostriatal junction near the prospective olfactory cortex. The morphogen molecules segregated by these
organizers form overlapping gradients (solid and dashed arrows) that pattern the pallium in four sectors: medial, dorsal, lateral, and ventral
pallial sectors. The distinction of two parts on the MPall sector corresponding to allocortex (hippocampus) and the adjacent mesocortex
(marked with “?") is hypothesized based on architectonic analysis of adult rats and primates. DPall, dorsal pallium; LPall, lateral pallium; MPall,
medial pallium; VPall, ventral pallium. Figure from Garcia-Cabezas and Zikopoulos (2019), obtained by Elsevier (No. 5410821023270) under a

creative commons license 3&4.

CR cells are a transient cell population that is critical for brain
development: these neurons form the preplate (PP) during
GW6-7, and are devoid of synapses, communicating through
non-synaptic junctions (Kostovia et al., 2015). Positioning cues
and instructions to the developing cortical neurons and afferents
are provided by reelin secreting CR and SP cells (Lakatosova
and Ostatnikova, 2012; Barber and Pierani, 2016). The latter
regulate migration of developing neurons that will form the
thalamocortical connections (Ghosh et al., 1990; Csillik et al.,
2002). Through a NMDA receptor-controlled process, reelin
secreted by CR cells guides the direction of migration and
positioning of neurons (Schaefer et al., 2008; Wang S. et al,

Frontiers in Neuroscience

26

2018). CR cells also play an essential role in corticogenesis by
regulating the identity and function of radial glia and the radial
glia-to-astrocyte transformation (Super et al., 2000).
Post-mitotic excitatory pyramidal neurons migrate along
radial glial (RG) fibers in an inside-out gradient of development
(the deepest cellular layers are built first, followed by the ones
closest to the surface) from layer Vla to layer II to produce the
cortical plate by GW7-20 (Figure 4). Pyramidal cells originate
from radial glial cells (RGC) at the beginning of cortical plate
development (GW7-8), but later, they mostly come from
intermediate progenitor cells (IPC) or basal progenitors
from RGC (Kriegstein and Noctor, 2004;

derived cells
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FIGURE 3

Schematic representation of the human brain development timeline. The dotted arrows designate a reduction in the rate of neurogenesis.
Figure adapted from Stagni et al. (2015), obtained by Elsevier (No. 5410821023270) under a creative commons license 3&4.
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FIGURE 4

Maturation and differentiation in the cortex. (Left) Schematic representing radial glia maturation from neuroepithelial stem cells (NESCs),
followed by their differentiation into astrocytes. (Right) Schematic represents sequential production of cortical layers from radial glia. Human
cortical development involves an expanded diversity of radial glia with distinct maturation trajectories (left). Neurogenesis in the human cortex
occurs in the ventricular zone early in development and progressively shifts toward the outer subventricular zone (OSVZ). The development of
the OSVZ is not homogeneous across prospective cortical areas in human fetuses, but increases from prospective mesocortical to prospective
isocortical areas (Barbas and Garcia-Cabezas, 2016). IPCs, intermediate progenitor cells; ISVZ, inner subventricular zone; LI-VI, cortical layer
I=VI; NESCs, neuroepithelial stem cells; oRG, outer radial glia; OSVZ, outer subventricular zone; SVZ, subventricular zone; tRG, truncated radial
glia; VRG, ventricular radial glia; VZ, ventricular zone; WM, white matter. Figure adapted from Cadwell et al. (2019).

Corbin et al,, 2008). The first pyramidal neurons emerge superficial marginal zone (MZ; presumptive layer I containing
successively from the ventricular zone (VZ) of the cortex, from the CR cells) and the deep SP.

which they migrate radially to shape a layer within the PP, i.e., The subventricular zone (SVZ) is a proliferative zone that
the cortical plate (CP), dividing the PP into two zones: the forms during GW7, while the cortical plate emerges during
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GWS8, consisting of a cell-dense area with post-migratory
neurons that migrate from the VZ along radial glial guides and
eventually remain in the CP, arranged in vertical ontogenetic
columns. These columns are characteristically disorganized in
the ASD cortex.

The neocortical anlage is thus constituted of three transient
fetal zones: the cell-poor superficial MZ, the cell-dense CP and
the plexiform pre-subplate. Early bilaminar synaptogenesis is
also found in this neocortical anlage, with synapses present in
the MZ and pre-subplate, but absent in the CP. The intermediate
zone (IZ) occurs between the neocortical anlage and the
periventricular proliferative zones (VZ-SVZ) and comprises
early developing afferent fibers emanating from the brain stem
(monoaminergic axons), the thalamus (glutamatergic axons)
and basal forebrain (cholinergic axons) (Kostovia et al., 2015;
Figure 4). For further details the reader may refer to
(Smart et al.,, 2002; Huang et al., 2009; Lui et al., 2011; Reillo
et al., 2011; Martinez-Cerdefio et al., 2012; Dubois et al., 2014;
Kostoviz et al., 2015; Adnani et al., 2018; Hadders-Algra, 2018a;
Lennox et al., 2018; Cadwell et al., 2019; Seto and Eiraku, 2019).

Neuronal organization and
functionality

The brain undergoes the most substantial changes from
the second half of pregnancy to the first three months after
birth, particularly in the cortical subplate and cerebellum.
From early fetal life to the first trimester post-partum,
the transient SP undergoes constant developmental changes
and interactions, with clear functional activity. From then
on, a second developmental phase becomes distinct, where
permanent circuitries dominate the now formed cortical SP
(Kostoviee et al., 2015). The first phase appears to correspond
to non-adaptive, exploratory motor behavior and the second to
motor behavior integrating environmental restrains (Hadders-
Algra, 2018b). Disruption of SP development is considered to have
a great impact in developmental disorders such as schizophrenia,
cerebral palsy, ASD and attention deficit hyperactivity disorder
(ADHD) (Hadders-Algra, 2018a).

During the first phase of SP development, SP neurons (SPNs;
Figure 5) are among the first populations to be generated in
the cortex (Kostovic and Rakic, 1980) and to receive synaptic
inputs from thalamic axons. These function as a temporary
link between thalamic axons and their final target in layer
IV (Friauf et al.,, 1990; Ghosh and Shatz, 1992), that will be
invaded and innervated only later in development (Ghosh and
Shatz, 1992; Kanold et al., 2003). It is important to note here
that the monoamine serotonin (5-HT), a crucial regulator for
the formation of neural circuits (see below), presynaptically
suppresses thalamo-SP afferents via 5SHT1B receptors, although
without apparently influencing intrinsic SPN properties (Liao
and Lee, 2012).
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The subplate neurons (SPNs) have a critical function
in founding the correct wiring (Casal and Romano, 1978;
McConnell et al., 1989) and functional maturation (Kanold
et al,, 2003) of the cerebral cortex; they then disappear during
postnatal development. SPNs appear to be selectively sensitive to
injuries (such as hypoxia) that, in humans, are linked to motor
and cognitive defects (McQuillen and Ferriero, 2005).

The effects of serotonin on fetal brain
development

Higher-order cognitive functions are controlled by cortical
circuits, and their operation is heavily reliant on their
structure, which evolves during development. The proliferation,
migration, and differentiation of neurons and glial cells are
among the sequential events that occur primarily during
embryonic and early post-natal development and culminate
in the establishment of mammalian cortical circuits. While
these systems are mostly controlled by genetic programming,
they are also affected by a wide range of extrinsic signals
(such as hormones, growth factors, guidance cues, cell
adhesion molecules, and so on) as well as environmental
influences. As hinted before, serotonin (5-HT) is a critical
regulator for the development of neuronal circuits (Gaspar
et al, 2003; Bonnin and Levitt, 2011). 5-HT influences
embryonic development very early, even before serotoninergic
neurons appear (Lauder and Krebs, 1978; Shuey et al,
1992; Yavarone et al., 1993; Moiseiwitsch and Lauder, 1995;
Whitaker-Azmitia et al, 1996; Buznikov et al., 2001). In
the developing embryonic cortex, a number of serotonin
receptors are dynamically expressed in a cell-type-and region-
specific way. The ionotropic receptor 5-HT3A and the
metabotropic receptor 5-HT6 control diverse elements of
cortical architecture, such as neuronal migration and dendritic
differentiation. Most of the 5-HT reaching the embryo at
these early developmental stages originates from maternal
or placental sources (Figure 6 below recapitulates these
studies), while increased placental L-tryptophan conversion to
5-HT as a result of maternal inflammation during pregnancy
disrupts 5-HT-dependent neurogenic processes during fetal
neurodevelopment (Goeden et al., 2016; Williams et al., 2017;
Shallie and Naicker, 2019).

Serotonin and neuronal migration

In the mammalian cortex, 5-HT not only regulates the
migration of cortical neurons but also triggers the motility
of microglia toward the Central Nervous System (CNYS)
(Krabbe et al., 2012). Secreted or exogenous 5-HT acts at the
molecular level as an axon guidance cue to shape neuronal
circuit formation during development (Vicenzi et al, 2021).
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FIGURE 5

The human cerebral cortex at 28 weeks postmenstrual age (PMA; 8 weeks before birth). A coronal section is shown on the left; the inset box on
the right provides details of the developmental processes. The ventricular zone (VZ) and subventricular zone (SVZ) constitute the germinal
matrices where cell division occurs. The first generations of cells are generated in the VZ, the later generations in the SVZ. The SVZ is a structure
that expanded during phylogeny:; it is especially large in primates. The radial glial cells span their shafts between the germinal layers and the
outer layer of the cortex [marginal zone (MZ)]. The first-generation neurons have migrated to the subplate (SP) and participate in the functional
fetal cortex; later generations of neurons migrate to the cortical plate (CoP). Figure from Hadders-Algra (2018a), see Luhmann et al. (2018) for a
detailed review, obtained by Elsevier (No. 5410821023270) under a creative commons license 3&4.
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5-HT produces concentration-opposite effects: during the late
phase of neuronal migration, interneurons expressing 5-HT3A
receptors that derive from the caudal ganglionic eminence
(CGE) respond increasingly to low receptor activation in order
to migrate radially toward and integrate into the cortical plate.
This type of response increases 5-HT3A positive interneuron
motility and enhances radial migration and growth cone activity
while defining the positioning of their subpopulations (Murthy
etal, 2014). Importantly, it further leads to long-lasting changes
in the positioning of reelin positive cortical interneurons
(Murthy et al., 2014). Likewise, ex vivo application of a high 5-
HT concentration on cortical slices decreased the migration rate
of both GABA and non-GABAergic neurons (Riccio et al., 2011).
High 5-HT further resulted in the retraction of GABAergic
neuron migration toward the intermediate zone and cortical
plate. This effect was largely mediated by the activation of the
cAMP signaling pathway through the 5-HT6 receptor (Riccio
et al, 2009) while the same behavior was also reported for
glutamatergic neurons (Dayer et al., 2015). In general, increased
5-HT levels modify activity-dependent segregation mechanisms
during brain development: KO mice lacking the gene encoding
the serotonin transporter (SERT) or the monoamine oxidase A
(MAOA) exhibit increased 5-HT levels and the segregation of
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ipsilateral and contralateral regions in dorsal lateral geniculate
nucleus (dLGN) does not occur properly (Upton et al., 1999,
2002; Gaspar et al., 2003; Garcia-Frigola and Herrera, 2010).

Serotonin additionally affects the function of CR cells,
which are central regulators of cortical development, and
especially of dendritic arborization. Arborization is controlled
by the secretion of the glycoprotein reelin (Super et al., 2000;
Lakatosova and Ostatnikova, 2012), secretion of which is partly
regulated by the quantity of 5-HT present in the area (Vitalis
et al,, 2013). During embryonic development, CR cells receive
serotonergic and noradrenergic synaptic inputs (Janusonis et al.,
2004), while the catecholaminergic system projects to the
forebrain about the same time as the 5-HT system (E11.5 in
mice and approximately GW9 in humans) (Kalsbeek et al., 1988,
1990). Around E15 (approximately GW14 in humans), two
streams of tyrosine hydroxylase (TH)-positive axons (i.e., TH
is a marker for dopamine, norepinephrine, and catecholamine
positive neurons, as it is the rate limiting enzyme for dopamine
synthesis) from the rostral section of the ventral tegmental area
(VTA) enter the PFC, one in the subplate (SP) and the other in
the marginal zone (MZ), where the CR cells reside (Bodea and
Blaess, 2015).
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5-HT is produced in CNS and afferents reach the co

Early stages of development of the human cerebral cortex in relation with 5-HT afferents. In human, intense proliferation of the
neuroepithelium and formation of the preplate (PP) take place around GW5 and GW6-7, respectively. By GW8-10, PP is split by the migration of
the first pyramidal neurons. Cajal-Retzius cells (C-R) will remain in the marginal zone (MZ, presumptive layer I) while sub-plate neurons (SP) will
be positioned below the cortical plate (CP). In addition, around GW10, another source of progenitors arises: the outer radial glial (0RG) cells that
do not maintain contacts with the apical surface. Monoaminergic axons and thalamo-cortical axons (TC) are already found in the MZ and in the
intermediate zone (1Z2), respectively. By GW16, SP cells occupy a large proportion of the cortical anlage and oRG are still producing a high
number of neurons. Interneurons migrating first tangentially and later radially to the pial surface, incorporate into the CP. The cortical structure is
vascularized very early and carries platelets and mast cells that could provide 5-HT to the developing embryo. During the initial phase of cortical
development, 5-HT is mainly synthesized in the placenta while later produced by serotonergic neurons of the embryo. The colored lower bars
indicate the times at which different factors (maternal and environmental; 5-HT of placental origin, 5-HT produced by the embryo itself) could
affect the development (figure from Vitalis and Verney, 2017), obtained by Elsevier (No. 5410821023270) under a creative commons license 3&4.

Within the medial PFC (mPFC), the TH and 5-HT
fibers are found in proximity to reelin-secreting CR cells.
Altered 5-HT signaling modifies prefrontal cell characteristics,
catecholaminergic innervation and cortical integrity (Garcia
et al, 2019) suggesting that, during development, there is
a functional interplay between 5-HT and catecholaminergic
systems that modulates the cellular architecture of the PFC.
These two systems have significant structural overlap in the
adult brain and appear to receive inputs from each other (Pollak
Dorocic et al,, 2014). Furthermore, given their active role in
higher-order cognitive functioning, there is a clear interplay
between the 5-HT and catecholaminergic projections to the PFC
(Bortolozzi et al., 2005; Di Giovanni et al., 2008; Niederkofler
et al., 2015).

In the mouse, an excess of 5-HT at embryonic day
E17.5 (approximately GW17-18 in humans), the period
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where cortical interneurons and pyramidal neurons
migrate to form upper cortical layers, is found to alter
their migration in a reversible way (Vitalis et al, 2013).
Furthermore, pharmacological perturbation of the 5-HT
system by 5-methoxytryptamine, that is a non-selective
5-HT receptor agonist, lowers the levels of reelin that
circulate in the blood flow at birth (Janusonis et al., 2004)
and results in abnormal microcolumns formation in the
presubicular cortex of mice by postnatal day 7. This is a
characteristic commonly seen in the brains of ASD patients,
along with lower levels of reelin, suggestive of CR cells
involvement in the disorder (Fatemi et al., 2005; Lakatosova
and Ostatnikova, 2012; Folsom and Fatemi, 2013). Early-
life serotonin dysregulation appears to irreversibly impact
cortical microcircuit formation and to largely contribute to the

occurrence of psychiatric phenotypes.
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Serotonin supply to the fetus during the first half of
pregnancy mostly relies on exogenous sources, i.e., the placental
and maternal platelets that transfer 5-HT from the gut.
Serotonin-dependent neurodevelopmental activities, such as
corticogenesis and circuitry maturation, coincide with this
time frame. As a result, prenatal variables that affect both
externally derived and raphe-produced 5-HT content can have
a significant impact on the offspring’s early brain development
(Hanswijk et al., 2020; Figure 7). It is interesting to note that
the most consistent neurochemical finding reported in ASD
affected individuals is a platelet hyperserotonemia, with a 40-
70% increase in platelet 5-HT occurring in as many as 30% of
autistic subjects (Veenstra-VanderWeele et al., 2002; Janusonis,
2005; Whitaker- Azmitia, 2005; Azmitia et al., 2011).

Maternal inflammation and autism
spectrum disorder

Maternal inflammation during pregnancy has an effect
on placental function and is linked to an increased risk
of neurodevelopmental problems in children. There are
that,
pregnancy, maternal infections by a wide variety of agents,

indications from epidemiological studies during
including viruses such as influenza (Shi et al., 2003; Brown et al.,
2004) and rubella (Shi et al., 2003; Brown et al., 2004), bacteria
(bronchopneumonia; Segrensen et al., 2009), and protozoa
(Toxoplasma gondii; Brown et al.,, 2005) increase the risk of
schizophrenia or ASD (Greonborg et al., 2013; Zerbo et al., 2015;
Meltzer and Van de Water, 2017) in the offspring. This might be
reflected in ASD seasonality, associated with a 6% increased risk
for children conceived during the winter months (Zerbo et al,,
2011).

Moderate immune activation during gestation upregulates
tryptophane (TRP) in circulation and its subsequent placental
conversion to 5-HT by TRP hydroxylase (TPH). This increases
exogenous 5-HT delivery to the fetus and leads to the
restriction of 5-HT axonal outgrowth during fetal forebrain
development (Goeden et al, 2016). Temperate systemic
immune challenge in the mother by the immunostimulant
polyriboinosinic-polyribocytidylic acid [Poly (I:C)] (Goeden
et al.,, 2016) rapidly upregulates placental TRP conversion to
5-HT in the mouse, leading to accumulation of exogenous
5-HT within the fetal forebrain, blunting endogenous 5-
HT axonal outgrowth specifically (Goeden et al, 2016;
Kliman et al., 2018).

Conversely, the

upregulation of placental indoleamine 2,3-dioxygenase (IDO)

during intrauterine inflammation,
shunts tryptophan metabolism away from 5-HT and toward
the kynurenine pathway, with neuroactive metabolites being
released in fetal circulation (Dharane Neé Ligam et al., 2010).
In the fetal brain, kynurenine is converted to kynurenic acid

(KA) (Notarangelo et al,, 2019), an endogenous antagonist of

Frontiers in Neuroscience

31

10.3389/fnins.2022.988735

both NMDA receptors (NMDARs), expressed by SP neurons,
and o7-nicotinic receptors expressed by CR cells (Csillik
et al, 2002). NMDARs regulate tangential migration in the
developing cortex (Ghosh et al., 1990; Csillik et al.,, 2002)
while a7-nicotinic receptors guide the direction of neuronal
migration and positioning (Schaefer et al., 2008; Wang S.
et al., 2018). In the rabbit, intrauterine inflammation leads
to significant upregulation of IDO in the placenta with
intense microglial activation and increases in kynurenine
acid and quinolinic acid, followed by a significant drop in
5-hydroxyindole acetic acid (a precursor of serotonin) levels in
fetal brain’s periventricular region at G29 (24 h after treatment)
(Williams et al., 2017).

Low grade systemic inflammation is reported to be as
high as 25% among US women (Ford et al.,, 2004), while the
gestational period is further subject to maternal inflammation
due to numerous phenomena involving fetal genotypes and
environmental factors that affect maternal well-being. Maternal
infection and/or increased 5-HT supply to the developing fetus
during pregnancy, while clearly promoting ASD pathogenesis,
is only associated with higher risk of autism and not with
overt ASD pathogenesis (Zerbo et al., 2015; Brucato et al., 2017;
Guisso et al., 2018). However, it is also clear that increased 5-
HT supply to the developing fetus cannot, by itself, be the main
inflammatory-associated factor that could be implicated in ASD
pathogenesis. Indeed, many other inflammatory mediators,
such as the interferons, various interleukins, TGF-B, TNF-
o, and B, etc., can reach fetal circulation from the placenta
and have been shown to significantly affect brain development
during gestation (Wei et al, 2013; Theoharides et al.,, 2016;
Tsivion-Visbord et al., 2020). Furthermore, various studies
suggest that the neurodevelopmental consequences of maternal
inflammation are depended on the type of the ongoing infection,
the gestational time at which the inflammatory reaction starts,
its intensity and its duration (for example, see Boksa, 2010).
The placenta may react to maternal inflammation with sexually
dimorphic consequences for fetal development (Clifton, 2005;
Mueller and Bale, 2008) while testosterone surges in newborn
males can alter long-term CNS function (Forgie and Stewart,
1993; Wilson and Davies, 2007).

Columnar structure of the neocortex:
Typical development versus autism
spectrum disorder

As described above, during neurogenesis, newly generated
projection neurons migrate along radial glial fibers from the
ventricular layers toward the outer, pial surface, giving rise to
amodular organization in which cell bodies in the neocortex are
‘stacked’ on top of one other to construct so-called minicolumns.
They consist of vertical chains of approximately 80-100 neurons
between cortical layers II-VI, with associated dendrites and
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decarboxylase) containing neurons that synthetize 5-HT. The large downward arrow on the left in this diagram, adapted from Bonnin and Levitt
(2011), points to the maternal conditions that are best known to interfere with 5-HT availability to the embryo. Inhibitors of 5-HT uptake (SSRIs)
which affect SERT function at all levels are indicated by a thick orange arrow while known genetic polymorphisms or epigenetic alterations
(methylations) which impact serotonin supply are indicated by a star. The major catabolic enzymes of 5-HT are MAO (monoamine oxidases) and

5410821023270) under a creative commons license 3&4.

tryptophan hydroxylase type 1 (Tph1). Adapted from Bonnin and Levitt (2011) and Vitalis and Verney (2017), obtained by Elsevier (No.

bundles of myelinated axons. They serve as the basis for
cortical information processing by allowing thalamic inputs to
be combined with corticocortical processing and thus provide
modulatory inputs to incorporate behavioral context into
sensory processing (Opris and Casanova, 2014; McKavanagh
et al, 2015). The final spacing of these minicolumns is
determined by the density of glial scaffolds during development
(Figure 8).

In ASD affected individuals, there is apparent focal
disorganization, with the minicolumns being spaced farther
apart with a lower cell density in a given region of cortex
(Donovan and Basson, 2017) (Figure 9). Although the
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effect appears to affect higher order association areas most
significantly, a 6-10% difference in minicolumn width is
observed across all cortical regions (Casanova et al., 2006;
McKavanagh et al., 2015; Donovan and Basson, 2017).

This phenomenon suggests anatomical misplacement of the
reelin secreting CR cells which provide the positioning cues to
the developing cortical neurons and afferents. Hence, while the
normotopic position of reelin is important for proper neuronal
migration and positioning, leading to their characteristic
lamination, it does not affect radial glial elongation (Schaefer
et al,, 2008; Wang S. et al, 2018). As exposed above, 5-HT
regulates the physiology of CR cells through transient synaptic
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FIGURE 8

(A) Mechanisms underlying focal organization and minicolumn distribution in the cortex. During normal cortical development, radial glial neural
stem and progenitor cells (NSCs; black) located in the ventricular zone, with radial processes extending to the pial surface of the neural
epithelium, can undergo symmetrical divisions to produce more radial glial NSCs (brown) or asymmetric divisions (A) to maintain the NSC pool
and generate committed neural progenitors (pink); (B) the latter migrate toward the pial surface on the radial scaffold, where they differentiate
into projection neurons. This process continues with different classes of neurons (pink, green) being produced in successive waves over
developmental time. Hence, different neuronal types are grouped together in different cortical layers (C). GABAergic interneurons (orange)

license 3&4.

migrate into the neuroepithelium (B), and integrate into the circuitry (C). At the end of this process, projection neurons are organized in radial
minicolumns. Figure adapted from Donovan and Basson (2017), obtained by Elsevier (No. 5410821023270) under a creative commons

Focal disorganisation

FIGURE 9

SV T

Potential mechanisms underlying focal disorganization and altered minicolumn distribution in ASD cortex. Focal disruptions may be the result of
a combination of early genetic, epigenetic changes or environmental changes affecting neural stem and progenitor cell such that the resulting
neuronal progenitors have defects in (I) differentiation (II) or migration (Ill) causing them to adopt the wrong fate (IV), or end up in an in
appropriate position in the brain (V). The end result is a cortex with apparent disorganization of neuronal cell types and distorted cell densities.
Figure adapted from Donovan and Basson (2017), obtained by Elsevier (No. 5410821023270) under a creative commons license 3&4.
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contacts with serotoninergic projections, while reelin secretion
is regulated in part by the amount of brain 5-HT (Janusonis
et al.,, 2004). Hence, one of the neuroanatomical phenomena
that characterize ASD cortical structures, namely disorganized
and altered cortical minicolumn distribution, appears to find
its roots very early during fetal brain development, possibly
as a result of excess 5-HT and/or kynurenine supply to the
developing fetus. This may arise subsequently to a sustained
low-level maternal inflammatory reaction during a critical
developmental window starting around GW9-10 and probably
extending to GW20 (see Figure 9).

Dendritic and synaptic development

Dendrite
arborization and spine growth. The dendrites protrude from

development progresses through dendritic
the cell body as individual processes. Their development
begins prenatally in humans, and continues for about 2 years

postnatally, with different phases of synaptic density being
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detected in the cerebral cortex of primates. The first phases,
which occur during early embryonic development, generate
low density synapses. Then, synapse number progresses rapidly
until nearly the 2nd year of age. Moving forward, the number
of synapses reaches a plateau, followed by a rapid synapses
elimination phase which continues through adolescence. The
last phase is characterized by a new plateau in synapse number
in adulthood, followed by a drop through aging. The initial
synapse reduction period is acute, dropping to 50% of the
number present at 2 years of age through synaptic pruning
(Figure 10).

Serotonin and post-natal synaptic
pruning: Synaptic pruning defects in
autism spectrum disorder

Proper synaptic pruning during postnatal development is
essential for the development of functional neuronal circuits.
When the synaptic pruning process is impaired, the excitatory
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Synaptic Pruning |

Synapse formation and pruning in neurotypical development. Starting from birth until adolescence, the synaptic pruning process, preceded by
synaptic overgrowth, optimizes the neurological network by removing redundant and weak connections as defined by the learning process,
effectively making the brain more efficient. Adults have been found to have approximately 41% fewer neurons than newborns (Abitz et al.,
2007). Figure adapted from Conel (1939), obtained by Elsevier (No. 5410821023270) under a creative commons license 3&4.

versus inhibitory balance (E/I balance) of synapses is disrupted,
and this may cause neurodevelopmental disorders such as ASD.
The process of synaptic pruning is mostly handled by microglial
cells that are -in general- adept to promote neuronal death
and clear apoptotic cells (Mallat et al., 2005). During brain
development, they are the key players in the elimination of
redundant and weak synapses, thus ensuring the proper wiring
of neuronal networks. They engulf inappropriate and less active
synapses through microglial autophagy, achieving synaptic
refinement and neuro-behavioral regulation through selective
reshaping of axonal and dendritic arborizations (Paolicelli
et al., 2011; Paolicelli and Gross, 2011; Koyama and Ikegaya,
2015). The process appears to involve the neuronal chemokine
fractalkine and the CX3CR1 microglial receptor for microglia
recruitment and activation (Sheridan and Murphy, 2013).
Serotonin is also involved both directly and indirectly in this
developmental process (Okado et al., 2001; Serfaty et al., 2008;
Penedo et al., 2009; Lesch and Waider, 2012). Activation of 5-
HT receptors promotes microglial injury-induced motility but
attenuates phagocytic activity (Krabbe et al, 2012). Indeed,
postnatal microglia from mice lacking the 5-HT2B receptor
(Htr2B~/~) are unable to reach serotonergic synaptic boutons,
unlike microglia from wild-type mice (Krabbe et al., 2012).
This was confirmed prepartum in the in vivo developmental
model of dLGN synaptic refinement where Htr2B~/~ mice had
anatomical alterations of retinal projections into the thalamus
(Kolodziejczak et al., 2015).

Serotonin also indirectly influences the synaptic pruning
process. 5-HT overstimulation during in utero development
result in misplacement of apical dendrites with respect to the
post-natal source of reelin (CR cells) and abnormal cortical
microcolumns formation. This culminates in both apical
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dendrites’ exuberance (preservation due to distancing from the
source of reelin) and excessive pruning as a consequence of close
contact with the source of reelin, depending on the local forms of
earlier neuronal migration patterns dysregulations (Figure 11).

During the first two decades of life, where synaptic pruning
is active, cortical thickness (CT) is likely to represent dendritic
arborization. As a result, CT maturational alterations are mostly
related to dendritic pruning. However, in autistic individuals,
there is a dramatic increase in dendritic growth during the first
year of life, while the synaptic pruning process happens to a far
lower degree, with a large number of “redundant” connections
remaining intact. By 2 years of age, the minicolumns are spaced
farther apart with a lower cell density in the cortex. The space
between minicolumns is occupied by dendritic bundles and
axonal fascicles that extend into multiple layers of the cortex.
By late childhood spine density of neurons drops by 50% in
TD brain, whereas by only about 16% in ASD brains, negatively
impacting signal-to-noise discrimination (Tang et al., 2014;
Lieberman et al,, 2019). This is reflected by the slower rate
of cortical thinning between infancy and adolescence in ASD
compared to TD, with an increased thinning in late adolescence,
whereas in TD, thinning occurs around puberty and early
adulthood (Nunes et al., 2020).

Abnormal pruning is further corroborated by the reduced
level of reelin (Reln) and Dab 1 (reelin signal transducer)
proteins and mRNA levels in frontal and cerebellar, and non-
significantly in parietal, areas of autistic brains compared to
control subjects. Accordingly, the mRNA for the reelin receptor
(VLDLR) is found significantly elevated in superior frontal and
cerebellar areas of autistic brains compared to controls (Fatemi
et al., 2005; Kelemenova and Ostatnikova, 2009).
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FIGURE 11

(A) Synaptic pruning in brain development serves to refine communication between functional areas by improving the signal-to-noise ratio. At
early postnatal stage, Cajal-Retzius cells (C-R) that express 5-HT3A, respond to 5-HT by releasing reelin which, through the activation of the
integrin signaling pathway, induces pruning of apical dendrites of pyramidal neurons (Pyr). (B) Pruning reduces unnecessary cross-talk with
neighboring nodes (blue and red in typical development, Panel TD). However, in the presence of too many overlapping connections, distinct
signals from neighboring communities may compete and interfere with each other, effectively creating noise and "confusion” within the
network (blue and red in autism spectrum disorder, Panel ASD), while negatively affecting the development of long-distance connectivity, such
as those between fronto-parietal regions for higher-order executive functions [adapted from Belmonte et al. (2004), Just et al. (2012), and
Vitalis and Verney (2017)], obtained by Elsevier (No. 5410821023270) under a creative commons license 3&4.

ASD

Because the cortex is heavily implicated in autistic behaviors,
a lack of synaptic pruning in this area will have an
impact on the severity of autistic behaviors, as well as on
the loss of abilities. Therefore, dysregulation of post-natal
synaptic pruning as a result of neuronal migration patterns
alterations during the key stages of cerebral cortex early
development (between week postnatal WP8 and WP20) stands
to result in a huge variety of forms and degrees of signal-
over-noise (S/N) discrimination losses, thereby accounting
for the enormous clinical heterogeneities encountered in a
variety of neurodevelopmental cognitive disorders, prominent
amongst which is ASD.

RNA editing mechanisms and
epigenetic traits

It is important to stress that while the neuro-anatomical
characteristics of ASD may, possibly, be induced by changes
in exogenous 5-HT/kynurenine supply, individual susceptibility
could be best explained either through epigenetic marking
alterations, or dysregulated RNA editing mechanisms. While
epigenetic markings may directly affect the relative expression
levels of individual genes or groups of genes, they however,
require environmental conditions to stay stable long enough
to have real physiological effects. Therefore, their relative
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weight compared to RNA editing mechanisms during brain
development is expected to be secondary. RNA editing, in
association with both genotypes and environmental conditions,
could alter spatiotemporal proteins expression patterns at both
quantitative and qualitative levels, in a tissue-specific and
context-dependent manner.

As 5-HT signaling is dependent on numerous receptors,
transporters, enzymes, other neurotransmitters, and associated
genes, a single gene or a cluster of genes cannot account
for the consequences related to 5-HT fluctuations. The 5-HT
system contains multiple classes of receptors (5-HT1-5-HT7)
and related subtypes, some of which present allelic variations
that influence receptor function and availability (e.g., 5-HT1A;
Parsey et al., 2006), while others are subject to combinatorial
mRNA editing, which affects not only receptor and ion
channels function and availability, but also expression patterns
(e.g., 5-HT2C; Eran et al, 2013). Extensive RNA editing,
comprising site-dependent, selective splicing alterations, polyA-
tails deadenylation and adenosine-to-inosine (A-to-I) RNA
editing (Richter, 2007; Raj and Blencowe, 2015; Behm et al,,
2017), takes place in the brain, and a developmentally increasing
editing pattern from fetal to adult samples has been reported.
This increase in A-to-I editing pattern was associated temporally
with the growth of cortical layers and with neuronal maturation
(Hwang et al,, 2016). Furthermore, allelic variants encoding
proteins such as SERT (SLC6A4; transports serotonin from
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synaptic spaces into presynaptic neurons and terminates
serotonin activity; the S-allele is particularly important for ASD;
Brummelte et al, 2017) and CPEB4 (which governs mRNA
polyA-tails dynamics) as well as allelic variants of ADAR1 and
2 (which govern A-to-I RNA editing) can significantly affect
brain development, both in a positive as well as a negative
manner’. Indeed, CPEB4 binds to the transcripts of most
high-confidence ASD-risk genes (Parras et al, 2018), while
A-to-I RNA editing addresses neuronal receptors and channels
organization (Streit and Decher, 2011). The latter mostly
affects glutamate and voltage-gated ion channels, GABAA and
serotonin 2C receptors, filamins and actin organization, while
inducing changes in miRNA profiling that affect dendritic spine
density, neuronal organization and synaptic transmission by
altering the interaction profiles with binding partners (Scadden
and Smith, 2001). The detailed results of our work on the impact
of RNA editing mechanisms in the pathogenesis of ASD will be
the subject of a specific publication.

The likely consequences of defective
post-natal synaptic pruning: Focus on
the autonomic nervous system

Defects in synaptic pruning may well underlie the variability
in S/N, represented by the long-distance underconnectivity and
local overconnectivity observed in ASD patients (Courchesne
and Pierce, 2005; Anderson et al., 2011; Keown et al., 2013),
while also accounting for the large heterogeneity between
individuals and age groups.

The exuberance of thin axons that travel short to
medium distances in autism, as observed in areas underlying
the prefrontal limbic areas, alters the S/N threshold and
could ‘scramble’ long-distance communication signals. This
connectivity bias could provide the anatomical basis for the
disrupted transmission of emotion signals and help explain why
people with autism have difficulty shifting attention and engage
in inflexible and repetitive behaviors (Luna et al., 2002; Thakkar
etal., 2008; Zikopoulos and Barbas, 2010). Among the areas that
appear to be most affected by reduced functional connectivity
are the right posterior inferior temporal gyrus, fusiform gyrus
and bilateral inferior occipital cortex, which are related to facial
recognition, a function often affected in ASD (Long et al., 2016).

Losses in S/N discrimination could also explain the
alterations in auditory processing in ASD. Post-mortem studies
have revealed that the density of dendritic spines in the
temporal lobe is higher in ASDs than in TDs, showing a large
age variability within the ASD group (Hutsler and Zhang,
2010). This variability, which probably depends on internal
noise levels, both within and between individuals, could be

1 https://databases.lovd.nl/shared/variants/ADAR
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representative of the process of synaptic pruning that relies on
prior neuronal migration patterns.

In addition, individuals with ASD are often prone to
hyper- or hypo-sensitivity to sound, light and texture, both of
which fluctuate from birth to adolescence (Park et al., 2017).
This is likely to be reflected in differences in speech-VS-noise
discrimination in people with ASD, who are often able to
show superior performance in simple psychoacoustic tasks,
such as pitch memory and discrimination tasks, while being
poor in tasks that require complex auditory processing, such
as speech intonation, prosody, and visual-auditory integration
(O’Connor, 2012; Dunlop et al., 2016).

Furthermore, ASD-affected individuals exhibit autonomic
nervous system (ANS) functioning abnormalities, a common
neuro-anatomical alteration underlying ASD. Over-activation
of the sympathetic branch of the ANS due to ASD-
specific parasympathetic activity deficit, may in turn induce
deregulation of the gut-brain axis, thus attenuating intestinal
immune and osmotic homeostasis (Beopoulos et al., 2021). The
reason for this could be understood in terms of the different
connectivity of the two branches of the ANS to the CNS.

The main inputs to the parasympathetic system, which
exhibits activity deficit in ASD, originate mainly from limbic
forebrain and cortical structures (orbital frontal gyri, cingulate
cortex, thalamus, hypothalamus, amygdala, hippocampus). In
this system, inputs from nerve X (vagus) connect to cardiac and
smooth muscles, to the gastrointestinal tract and to secretory
glands in lungs and viscera. In contrast, the main inputs to the
sympathetic system, which doesn’t exhibit any activity deficit
in ASD, originate from thoracic (vertebrae T1-L2) and sacral
(vertebrae T1-L2) spinal cord. In this system, inputs from the
sacral components connect, via the pelvic nerves, to smooth
muscles, secretory glands in the lower gastrointestinal tract and
to pelvic viscera.

Dysregulation of post-natal synaptic pruning and the
ensuing losses of signal-over-noise discrimination are thus
likely to affect the parasympathetic branch more directly and
profoundly than the sympathetic branch. This is exemplified
in pathological settings such as acute coronary artery disease,
where psychological and bio-behavioral factors during the
course of daily lives can provoke acute coronary events in
individuals who do not fit the traditional high-risk profile for
coronary artery disease (Ruberman et al., 1984). During mental
stress, subcortical regions related with memory, emotion, and
neuro-hormonal sympathetic control are activated. Instead,
the frontal evaluative regions, such as the dorsal lateral
prefrontal cortex associated with parasympathetic tone, are
mostly deactivated.

Here, mental stress-mediated activation of visceral effectors
from the CNS promotes parasympathetic withdrawal (HRV)
and accentuation of sympathetic tone (norepinephrine)
(Soufer et al., 2009) with subsequent B-adrenergic activation
maintaining the autonomic imbalance (Brindle et al., 2014).
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The autonomic nervous system and
gut homeostasis

The connectivity between the ANS and the immune
system play important roles in controlling homeostasis and
immune function of the gut. The sympathetic innervation
secretes neurotransmitters that influence immune cells and the
inflammatory response upon vagus nerve stimulation. By fine-
tuning the interaction between the ENS and mucosal immune
cells, the gut microbiota plays a role in the response (Bernardazzi
et al, 2016; Beopoulos et al, 2021). ANS functioning
abnormalities observed in association with ASD (sympathetic
over-activation on a background of parasympathetic activity
deficits) are very likely to affect neuro-immune interactions,
resulting in the decreased secretion of bactericidal peptides
and metabolites from Paneth cells, goblet cells and intestinal
mucosal surfaces phagocytes, such as macrophages, which
coexist with microbial communities (Peck et al.,, 2017), via
an attenuation of autonomically mediated (Furness, 2016)
stimulation of exosomal secretion (Fleshner and Crane, 2017)
from colonic mucosa (Xu et al, 2016; Willemze et al,
2019), perhaps together with decreased lectins secretion (Pang
et al, 2016). This stands to favor the loss of commensal
microbial populations while concurrently dysregulating luminal
ionic and water homeostasis, thus resulting in the highly
heterogeneous and polymorphic dysbiosis concurrently with
the unusually high incidences of gastrointestinal dysfunctions
observed in association with ASD (Sgritta et al., 2019). These
ANS functioning abnormalities apparently develop as a direct
consequence of the dysregulations in early brain development
and neuroglial migration patterns described above. It could
then be maintained by the ensuing losses of signal-over-
noise discrimination and subsequent chronic mental stress, as
strongly suggested by the typically mental stress -associated
comorbidities most frequently associated with autism (anxiety
and depressive disorders, sleep problems, etc.). Furthermore,
these ANS functioning abnormalities also adequately explain
the origins of ASD-associated dysbiosis and the reasons for
its persistence through a self-sustaining vicious circle whereby
dysbiosis maintains dysregulated gut homeostasis which, in
turn, maintains ANS functioning abnormalities which, in turn,
maintains dysbiosis (Beopoulos et al., 2021).

It is important to note that defective synaptic pruning is also
a hallmark of other neurodevelopmental disorders, although
with different outcomes. Excessive pruning in all brain regions
is associated with a loss of gray matter volume and is mainly
related to schizophrenia, while extensive pruning in certain
brain regions is associated with bipolar disorder. In contrast,
ASD is mainly associated with defective pruning and increased
white and gray matter volume, at least until adolescence.
This could indicate differential patterns of neuronal migration
occurring in different developmental windows during gestation,
which could also depend on sudden changes in environmental
conditions, inflammation and RNA editing. It is important to
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note that while schizophrenia and bipolar disorder are linked
to low-grade systemic inflammation, there is no conclusive
evidence for systemic inflammation in ASD (Dipasquale et al.,
2017; Rosenblat and McIntyre, 2017; Osimo et al., 2018).

Discussion/conclusion

The model presented here is rooted in very early
neurogenesis and neuronal migration and, while it does not
pretend to incorporate all the likely causes of ASD, it does
highlight the conditions and developmental window where
alterations in neural development can have major effects on a
wide range of symptoms.

Neuronal migration patterns during cerebral cortex
formation are largely governed by a combination of genetic,
epigenetic and early environmental conditions that may well
explain the focal disruption of cortical laminar architecture
observed in ASD. The early presence of 5-HT in the
brain, as well as its heterologous uptake throughout critical
developmental periods, suggest its importance during early
steps of brain development and wiring. Maternal low grade
systemic inflammation particularly during early and mid-
pregnancy, appears to be a major determinant for significantly
increased risk of ASD pathogenesis. Sudden changes in
environmental conditions, such as an over-supply of serotonin
and/or kynurenine to the developing fetus, subsequently to a
sustained low-level maternal inflammatory reaction, during
a critical developmental window starting between GWS8
and GW9 and probably extending to GW20, are likely to
promote ASDs pathogenesis during fetal brain development.
However, fluctuations in 5-HT are not sufficient to explain the
prevalence of ASD, and individual susceptibility is therefore
better explained by RNA editing mechanisms than by epigenetic
mechanisms that require stable environmental conditions
to act. Therefore, in order to provoke the cortical network
disorganizations which will give rise to ASD pathogenesis,
changes in central 5-HT levels during developmentally
sensitive periods of brain development will probably have
to occur in conditions where fetal genotypes, such as the
S allele for the SLC6A4 gene in combination with CPEB4
and/or ADARSs allelic variants would favor vulnerability over
plasticity outcomes.

Postnatally, dysregulation of synaptic pruning as a
result of neuronal migration patterns alterations during the
key stages of cerebral cortex early development (between
WP10 and WP30) stands to result in a huge variety of
forms and degrees of signal-over-noise discrimination
the

heterogeneities encountered in autism,

enormous clinical
including ANS-
associated functioning abnormalities. These are characterized by

losses, thereby accounting for

an over-activation of the sympathetic branch on a background
of the parasympathetic activity deficits, which in turn,
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induces the deregulation of the gut-brain axis resulting
in the maintenance of a persistent dysbiotic state that,
the
coordination. These phenomena may very well explain the

in turn can negatively influence gut-brain  axis
enormous genetic and symptomatic heterogeneities that are
systematically associated with ASD as well as the comorbidities
most frequently associated with the pathology (anxiety
and depressive disorders, sleep problems, gastrointestinal

dysfunctions, etc.).
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Julianne B. Carroll, Shaida Hamidi and Mark L. Gabriele ® *

Department of Biology, James Madison University, Harrisonburg, VA, United States

The lateral cortex of the inferior colliculus (LCIC) is a midbrain shell region that
receives multimodal inputs that target discrete zones of its compartmental
(modular-matrix) framework. This arrangement emerges perinatally in mice
(postnatal day, PO-P12) as somatosensory and auditory inputs segregate into
their respective modular and matrix terminal patterns. Microglial cells (MGCs)
perform a variety of critical functions in the developing brain, among them
identifying areas of active circuit assembly and selectively pruning exuberant
or underutilized connections. Recent evidence in other brain structures
suggest considerable MGC heterogeneity across the lifespan, particularly
during established developmental critical periods. The present study examines
the potential involvement of classical complement cascade signaling (C3-
CR3/CD11b) in refining early multisensory networks, and identifies several
microglial subsets exhibiting distinct molecular signatures within the nascent
LCIC. Immunostaining was performed in GAD67-green fluorescent protein
(GFP) and CX3CR1-GFP mice throughout and after the defined LCIC critical
period. GAD labeling highlights the emerging LCIC modularity, while CX3CR1
labeling depicts MGCs expressing the fractalkine receptor. C3 expression is
widespread throughout the LCIC neuropil early on, prior to its conspicuous
absence from modular zones at P8, and more global disappearance following
critical period closure. CD11lb-expressing microglia while homogeneously
distributed at birth, are biased to modular fields at P8 and then the surrounding
matrix by P12. Temporal and spatial matching of the disappearance of C3
by LCIC compartment (i.e., modules then matrix) with CD11b-positive MGC
occupancy implicates complement signaling in the selective refinement of
early LCIC connectivity. Multiple-labeling studies for a variety of established
MGC markers (CD1lb, CX3CR1, Ibal, TMEM119) indicate significant MGC
heterogeneity in the LCIC as its compartments and segregated multisensory
maps emerge. Marker colocalization was the exception rather than the rule,
suggesting that unique MGC subpopulations exist in the LCIC and perhaps
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serve distinct developmental roles. Potential mechanisms whereby microglia
sculpt early multisensory LCIC maps and how such activity/inactivity may
underlie certain neurodevelopmental conditions, including autism spectrum
disorder and schizophrenia, are discussed.

inferior colliculus, multisensory, C3, CR3/CD11b, development, refinement, pruning

Introduction

of
neurodevelopment that involves selective removal of extraneous

Synaptic pruning is an essential component
or underutilized contacts (Wilton et al., 2019). Microglial cells
(MGCs), the resident macrophages of the nervous system, play
a pivotal role in this process of network refinement during
early critical periods (Paolicelli et al., 2011; Hong et al., 2016;
Mosser et al., 2017; Thion and Garel, 2017, 2020). MGCs exhibit
various activation states, from highly phagocytic during periods
of targeted engulfment of opsonized material, to resting or
surveilling states after circuits are established and functionally-
tuned (Jurga et al, 2020). Aberrations in MGC pruning
behaviors are thought to underlie certain neurodevelopmental
conditions (Zhan et al., 2014; Bordeleau et al,, 2019; Faust
et al, 2021), including autism spectrum disorders (ASD,
under-pruning) and schizophrenia (over-pruning).

Recent single-cell RNA sequencing studies reveal microglial
heterogeneities throughout the brain, with the most significant
diversity exhibited during developmental critical periods (De
Biase et al., 2017; Hammond et al.,, 2019; Li et al., 2019; Masuda
et al,, 2019, 2020; Tan et al,, 2020). Given the differential
expression of MGC transcriptional markers observed across
the lifespan, various conditions and brain regions, it is
reasonable that distinct microglial subsets serve timely roles
with unique responsibilities. Two canonical developmental
MGC gene clusters involve the expression of fractalkine and
classical complement signaling cascade components, each of
which include a host of specific markers.

The fractalkine pathway, most typically implicated in
microglial recruitment and migration, involves interactions of
the neuronally-expressed fractalkine ligand (CX3CL1) with its
corresponding receptor (CX3CR1) found exclusively on MGCs
(Harrison et al., 1998; Jung et al., 2000; Paolicelli et al., 2014;
Arnoux and Audinat, 2015). CX3CLI can either be membrane-
bound, or liberated when cleaved by the metalloproteinase
ADAMI0 (Gunner et al, 2019). MGC occupancy along
with aspects of synaptic pruning/maturation are delayed in
developing barrel fields (Hoshiko et al., 2012) and hippocampus
(Paolicelli et al., 2011; Pagani et al., 2015) in CX3CR1 mutants,
suggesting involvement of MGCs and fractalkine signaling in
governing important features of early circuit assembly.
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The classical complement cascade, in particular complement
component 3 (C3) and its receptor CR3, appear equally involved
in MGC-neuronal crosstalk during development and certain
disease states (Stevens et al., 2007; Schafer et al., 2012; Stephan
et al,, 2012). An initiating protein, Clq, produced by MGCs
attaches to cells or portions of cells marking them for subsequent
removal. C1q tagging ultimately leads to the production of the
opsonin C3. MGCs initiate phagocytosis of selectively tagged
debris via C3 binding with its cognate receptor, complement
receptor 3 (CR3) (Stephan et al,, 2012). CR3 is a heterodimer
of integrin aM (CD11b) and p2 (CD18) subunits, with CD11b
being an established marker for CR3-expressing MGCs (Bajic
etal., 2013; Vorup-Jensen and Jensen, 2018; Lamers et al., 2021).

To explore potential microglial influences on the assembly
of multisensory circuits, the present study focuses on a specific
shell region of the midbrain inferior colliculus (IC). The IC
consists of three subdivisions; the central nucleus (CNIC), the
dorsal cortex (DCIC), and the lateral cortex (LCIC). Though
classically described as an auditory relay hub due to its well-
documented CNIC, the LCIC exhibits multimodal response
properties (Aitkin et al,, 1978, 1981; Jain and Shore, 2006;
Gruters and Groh, 2012) that emerge from its discretely-
mapped, network configuration. In adult mice, somatosensory
projections target patchy zones positive for glutamic acid
decarboxylase (GAD), termed modules, while auditory inputs
terminate throughout the encompassing matrix (Lesicko et al.,
2016, 2020). Discontinuous LCIC modular fields span its
intermediate layer (layer 2, Chernock et al, 2004) and are
completely surrounded by a calretinin-positive matrix (layers
1 and 3; Dillingham et al., 2017; Gay et al.,, 2018). These and
other identified neurochemical and guidance markers reliably
label the emerging LCIC compartmental structure and were
instrumental in defining an early critical period regarding
its characteristic cytoarchitectural organization and interfacing
multisensory afferent patterns (from birth to postnatal day
12, P12; Dillingham et al, 2017; Gay et al., 2018; Stinson
et al, 2021). Inputs of somatosensory and auditory origin
exhibit considerable overlap initially, prior to fully segregating
into modality-specific compartments (modular and matrix,
respectively; Lamb-Echegaray et al., 2019; Weakley et al., 2022).

Recently, we reported that microglial colonization of
the LCIC and timely occupancy of its emerging modules by
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CX3CR1-positive MGCs is fractalkine signaling-dependent
(Brett et al., 2022). The present study explores the potential
role complement signaling may play in refining early LCIC
connectivity. Here, developmentally regulated changes in
C3 and CDI11b expression with respect to emerging LCIC
compartments are documented in a series of GAD67-green
fluorescent protein (GFP) mice. Additionally, we examine the
possibility of molecularly distinct MGC subpopulations in the
neonatal LCIC by concurrently labeling for several established
MGC markers (CD11b, TMEMI119, Ibal) in CX3CR1-GFP
mice. The results reveal widespread C3 expression that is
subsequently pruned in a compartmental-specific progression
(i.e., modules first, then matrix), and that such refinement
appears temporally and spatially linked to the presence
of CDI1lb-expressing MGCs. Examined MGC markers
were generally non-overlapping, providing evidence for
the likelihood of considerable MGC heterogeneity in the
developing LCIC.

Materials and methods

Animals

A developmental series of mice spanning the established
LCIC critical period (PO, P4, P8, P12; n > 3 at each age)
of two transgenic lines [GAD67-GFP (n = 46) and CX3CRI1-
GFP (n =
instances, an additional developmental timepoint was examined
well after critical period closure (P36). GAD67-GFP knock-in
mice enabled easy identification of emerging LCIC modules,

47)] were used for experimentation. In some

and thus assessments of various MGC markers in relation
to developing LCIC compartments. Previous efforts from our
lab verifying the specificity of this mouse line are published
elsewhere (Gay et al, 2018). Details regarding the targeting
of enhanced GFP to the locus of the GAD gene, breeding
strategies, and genotyping sequences have been previously
described (Yanagawa et al., 1997; Tamamaki et al., 2003; Ono
etal,, 2005). Breeding pairs for this line were originally furnished
by Dr. Peter Brunjes (University of Virginia School of Medicine)
with permission granted from Dr. Yuchio Yanagawa (Gunma
University Graduate School of Medicine, Gunma, Japan).
CX3CR1-GFP mice (JAX 005582) facilitated visualization of
fractalkine-receptor expressing MGCs in heterozygous and
homozygous progeny. Similar to wild-type, CX3CR17/ %P mice
are capable of fractalkine signaling, whereas such functionality
is compromised in CX3CR1%FF/GFP littermates. In the present
study, only heterozygous mice for this line were used and are
referred to simply as CX3CRI1-GFP hereafter. CX3CRI1-GFP
mice were used to assess potential MGC heterogeneity and
relative colocalization with a variety of other MGC markers.
Previous work in our lab confirmed the presence of CX3CR1-
expressing MGCs in the nascent LCIC and characterized
migratory behaviors that recognize its emerging compartments
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(Brett et al., 2022) and temporally correlate with peak shaping of
its multisensory afferent streams (Lamb-Echegaray et al., 2019;
Weakley et al., 2022).

Both strains were bred on a C57BL/6] background (JAX
000664). GAD-GFP breeding consisted of pairing heterozygous
males with C57BL/6] females. Progeny were observed with
a Dark Reader Spot Lamp and viewing goggles prior to P4
to identify GFP-expressing pups (Clare Chemical Research,
Dolores, CO, USA, Cat# SL10S)!. CX3CR1-GFP genotyping
was outsourced (Transnetyx, Cordova, TN, USA)?> using
probes specific for this JAX line from the provided database.
Approximately equal numbers of male and female subjects were
used for all experimentation, and no sex-specific differences
were observed. All experimental procedures are in accordance
with National Institutes of Health guidelines and have been
approved by the IACUC of James Madison University (No. 20-
1421).

Perfusions and tissue sectioning

In preparation for midbrain sectioning, mice were given
an overdose of ketamine (200 mg/kg) and xylazine (20 mg/kg).
Brains were transcardially perfused with physiological
rinse (0.9% NaCl and 0.5% NaNO, in dH;0) followed
by 4% paraformaldehyde, and then by a solution of 4%
10%
Brains were removed from the skull and stored at 4°C in 4%

paraformaldehyde and sucrose for cryoprotection.
paraformaldehyde/10% sucrose solution for 24 h, and then were
allowed to equilibrate at the same temperature in a solution
of 4% paraformaldehyde/30% sucrose. The tissue block was
cut in the coronal plane at 50 pm using a sliding freezing
microtome and sections throughout the rostrocaudal extent
of the midbrain were collected in 0.1 M phosphate-buffered

saline (PBS, pH 7.4).

Immunocytochemistry

To begin processing for various markers of interest (see
Table 1 for all relevant antibody information), sections were
rinsed in phosphate buffered saline (PBS) three times for five
minutes each. Tissue sections were then blocked in 5% normal
serum for 30 min (species of normal serum always corresponded
to species of secondary antibody production). Blocking was
followed immediately by transfer to primary antibody solution
at the identified optimal dilution and sections were agitated
overnight at 4°C.

For double-immunolabeling experiments, sections were
allowed to equilibrate to room temperature the following day for
20 min before rinsing in PBS three times for eight minutes each.

1  www.clarechemical.com

2 https://www.transnetyx.com/
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TABLE 1 Antibody information.

Antibody name Structure of immunogen

10.3389/fnins.2022.1072667

Manufacturer info Concentration used

Anti-C3 Lyophilized powder of IgG fraction to mouse MP Biomedicals, 0855463, goat, 1:200
complement C3 and buffer salts RRID:AB_2334481

Anti-CD11b, clone 5C6 Purified IgG prepared by affinity Bio-Rad, MCA711G, rat, monoclonal, 1:200
chromatography on protein G from tissue RRID:AB_323167
culture supernatant

Anti-Ibal Synthetic peptide that corresponds to the Wako Chemicals, 019-19741, rabbit, 1:1000
C-terminus of Ibal polyclonal, RRID:AB_839504

Anti-TMEM119 Recombinant fragment (GST-tag) within Abcam, AB209064, rabbit, monoclonal 1:150
Mouse TMEM119 aa 100 to the C-terminus RRID:AB_2800343
(intracellular)

Alexa Fluor 350 goat anti-rat IgG IgG recognizes both heavy and light chains Thermo Fisher Scientific, A21093, 1:25
from rat RRID:AB_2535748

Biotinylated horse anti-rabbit IgG | IgG recognizes both heavy and light chains Vector Laboratories, BA-1100, 1:600
from rabbit RRID:Ab_2336201

Biotinylated horse anti-goat IgG IgG recognizes both heavy and light chains Vector Laboratories, BA-9500, 1:600
from goat RRID:AB_2336123

Biotinylated goat anti-rat IgG IgG recognizes both heavy and light chains Vector Laboratories. BA-9401, 1:600
from rat RRID:AB_2336208

Tissue was then incubated for 90 min in a directly-conjugated
secondary antibody (Alexa Fluor 350). After an additional four
PBS rinses of 10 min each, tissue was blocked in the appropriate
5% normal serum prior to incubation in the second primary
antibody at 4°C overnight.

On the final day of processing, tissue was once again
allowed to return to room temperature, then rinsed three
times in PBS. Next, an appropriate biotinylated secondary
antibody was applied for 1 h, followed by three additional
PBS rinses. Lastly, a streptavidin fluorescent conjugate (DyLight
549 streptavidin, 1:200, Vector Laboratories, Newark, CA,
USA, SA-5549, RRID:AB_2336408) was applied for 2 h before
three final PBS rinses. Tissue was then mounted onto slides
and coverslipped with Prolong Diamond anti-fade mountant
(Thermo Fisher Scientific, Waltham, MA, USA, P36970). For
single-labeling studies, the biotinylated amplification described
above was used in lieu of a directly conjugated secondary
approach. For TMEM119 processing, tissue was blocked in 10%
instead of 5% normal serum, and all steps beginning with the
initial PBS rinses through the biotinylated secondary included
0.5% Triton X-100 (Millipore Sigma, Burlington, MA, USA,
TX1568).

Epifluorescent imaging

Wide-field image capturing was performed on a Nikon
Eclipse Ti-2 microscope (Nikon, Melville, NY) using a
monochrome, Hamamatsu ORCA-Flash 4.0 V3 CMOS camera
(Hamamatsu, Bridgewater, NJ) and PlanApo objectives (10x,
20x, 40x; NA = 0.30, 0.75, and 1.30, respectively). Filter sets
(Chroma Technology, Bellows Falls, VT) were designed with
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careful attention to the spectra of the various fluorophores to
make certain no bleed through exists between channels. An
extended depth of field (EDF) algorithm was used to generate
two-dimensional images from acquired Z-stacks (Elements
Software; Nikon). The Nikon Elements EDF module facilitates
merging of captured Z-stacks into two-dimensional images,
using only the focused regions for each optical plane. Separate
channels were pseudocolored and lookup tables were adjusted
slightly for each image to reduce background noise and best
depict labeling observed through the microscope. Images were
saved as lossless JPEG2000 files prior to subsequent quantitative
analyses. Masking of minimal artifact observed outside section
contours in a few instances was performed (Adobe Photoshop,
San Jose, CA) to enhance overall figure quality.

LCIC modular identification, C3
brightness profile sampling, and areal
coverage assessments

Raw JPEG2000 images were opened in NIS-Elements and
exported as uncompressed TIFF files and imported into Image]J
software (NIH, Bethesda, MD, RRID:SCR_003070)3 in order to
generate brightness plot profiles for C3 and GAD channels at
P4, P8, and P12. Mid-rostrocaudal sections of the IC where
LCIC modularity was most apparent were used. Sampling
focused on these ages as qualitative C3 observations appeared
to progress from the earliest indications of C3 disappearance
(P4), to strikingly discontinuous C3 patterns (P8), to absence

3 https://imagej.net/
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of discernible C3 labeling (P12). Merged channels were first
separated and converted to grayscale, and then a threshold
function was performed to facilitate clear delineation of modular
boundaries (for more information see Brett et al., 2022).
A freehand tool (line thickness of 100) was used to sample and
fully encompass layer 2 GAD-positive modules in a ventral-to-
dorsal progression. Once the sampling contour was set, a region
of interest (ROI) function was utilized to duplicate and save
the exact sampling contour for use in the other channel of the
same image. Sampling data for the channels provided brightness
profile patterns of the fluorescent markers with respect to one
another.

For C3 and CD11b areal coverage comparisons at critical
stages (i.e., P4 and P8 for C3, and P8 and P12 for CD11b),
extracted GAD and C3 or CD11b channels from 20x digital
merges were opened in FIJI (Schindelin et al., 2012). Five
sections were taken from three animals for a total of fifteen
sections analyzed at each age. In the GAD channel, modular
boundaries were identified (Brett et al.,, 2022), traced with
the freehand tool, and combined using the ROI manager.
GAD channels were then closed and all subsequent steps
were performed exclusively on corresponding C3 or CDI11b
channels. The entirety of the LCIC in the field of view was
outlined next and added to the ROI manager. Selecting both
the GAD-defined modular and total LCIC ROIs, the XOR (i.e.,
exclusive or operator) function was used to create a ROI for
just the encompassing matrix. Additionally, a sufficiently large
box was drawn in the region of the C3 or CD11b channel
containing no tissue to provide a background level. Modular,
matrix, and background medians for each of the ROIs were
calculated. The following ratio from those median values was
used to assess relative areal C3 or CD11b coverage: (module-
background)/(matrix-background). Values above one correlate
closely to largely modular expression, those near one indicate
comparable or homogeneous compartmental expression, while
those diminishing below one indicate expression preference for
the surrounding matrix.

Results

C3 expression with respect to
emerging LCIC compartments

To explore the potential involvement of the complement
system on the refinement of segregating LCIC multisensory
maps (Weakley et al, 2022), C3 expression was examined
in a developmental series of GAD67-GFP mice (Figure 1).
Timepoints included four equally spaced stages spanning its
established critical period (Figures 1A-L), as well as one
well after its closure (Figures 1M-0O). C3 expression is
strong at birth, dominating the neuropil throughout the LCIC
(Figures 1A-C). Many of the small lacunae observed in the
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dense plexus of C3 immunostaining were occupied by GAD-
positive cells (Figure 1C). Coincident with the first hints of
primitive GAD cell clusters at P4 was the earliest indication
of similarly patterned and seemingly spatially matched C3 loss
(Figures 1E, F). By P8, conspicuous intermittent C3-negative
patches were now readily apparent within an encompassing
plexus of C3-positive matrix (Figures 1G-I). Discontinuous
LCIC patches lacking C3 expression reliably aligned with
the well-established GAD-positive modular zones at this age
(Figure 1I). LCIC C3 expression tails off by the critical period
end at P12 (Figures 1J-L) once multimodal afferents have fully
segregated. Absence of any noteworthy C3 was consistently
observed at P36, confirming the transient nature of its early
postnatal expression (Figures 1M-0).

C3 quantification at pivotal LCIC
timepoints and areal coverage

Representative brightness plot profiles generated from LCIC
layer 2 sampling at P4 and P8, and P12 confirm observed
changes in C3 expression with respect to developing LCIC
compartments (Figures 2A-F). Channel-specific waveforms at
P4 (Figures 2A, B) reveal hints of emerging periodic signal
fluctuations in C3 expression (red) relative to the still developing
LCIC modularity (green). At P8 (Figures 2C, D), consistently
out-of-phase waveforms for C3 and GAD are reliably observed,
highlighting the fact that C3 voids (i.e., troughs in red signal)
precisely align with clearly defined GAD-positive modules
(i.e., peaks in green signal). Lack of noteworthy C3 signal at
P12 suggests its downregulation or clearance from both LCIC
compartments by its critical period closure (Figures 2E, F).
Median LCIC areal intensity measures (Figure 2G) support
these qualitative observations. Calculated compartmental C3
ratios (modules/matrix) decrease significantly from P4 to P8
(p < 0.001), as C3 modular voids become increasingly apparent
(i.e., matrix-only expression by P8).

Spatiotemporal compartmental
localization of CD11b-positive MGCs

the
CR3/CD11b-expressing microglia were examined relative

Similar to above-mentioned C3 experiments,
to the developing LCIC modular-matrix framework (Figure 3).
CD11b expressing MGCs colonize all three IC subdivisions
at birth (Figures 3A-C). Starting at P4, CDI11b becomes
noticeably more restricted to the LCIC as compared to the
neighboring CNIC (Figures 3D-F). By P8, CD11b-positive
microglia are even more biased to the LCIC and most heavily
concentrated within layer 2, overlapping GAD-defined modular
fields (Figures 3G-I). A largely complementary pattern is seen
at P12 with MGC location now preferential for the surrounding
matrix, suggesting that complement signaling microglia first
concentrate within modular zones prior to selective occupancy
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FIGURE 1
Complement component 3 (C3) expression (red) in a developmental series [PO, (A—C); P4, (D—F); P8, (G-I); P12, (3-L); P36, (M-0)] of glutamic
acid decarboxylase (GAD)-green fluorescent protein (GFP) (green) mice. Hints of GAD-positive lateral cortex of the inferior colliculus (LCIC)
modules emerge by P4 and become increasingly apparent with age (dashed contours). A diffuse plexus of C3 neuropil expression dominates
the LCIC at birth (B,C), with many of its voids occupied by GAD-positive somata. As LCIC modules begin to organize at P4, the slightest
indication of C3 loss is observed within these domains (E,F). By P8, C3 expression is completely lacking within GAD-defined modular zones, yet
remains strongly concentrated throughout the surrounding matrix (H,1). C3 expression is gone from both LCIC compartments at P12 coincident
with its critical period closure (K,L), and remains so thereafter [P36; (N,O)]. Scale bars = 50 um.
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FIGURE 2

Quantification of complement component 3 (C3) expression
patterns with respect to the emerging lateral cortex of the
inferior colliculus (LCIC) compartmental structure. Multichannel
region of interest (ROI) contour sampling of LCIC layer 2
modular fields at P4 (A), P8 (C), and P12 (E) with corresponding
glutamic acid decarboxylase (GAD) (green) and C3 (red)
expression profiles (B,D,F). Although C3 signal fluctuations are
evident at P4, they still appear largely unorganized with respect
to emerging GAD-positive modules (B). By P8, clear periodicities
are observed for both channels with waveforms that are
consistently out-of-phase with each other [green and red
arrows in (D)]. Such spatial offset confirms modular-specific C3
loss at this age, with strong expression persisting throughout the
encompassing matrix. By LCIC critical period closure at P12, C3
expression is barely detectable (F), suggesting its clearance from
both LCIC compartments. Box and whisker plots comparing
median compartmental areal coverage ratios at critical period
stages P4 and P8 (G). Their vertical separation demonstrates
significant differences in modular C3 expression at these ages
(*p < 0.001). Note that the disjoint P4 and P8 boxes indicate that
3/4 of the P4 ratios are above 3/4 of the P8 ratios. P4 values
clustered about or just below 1 suggest a transition at this age
from homogeneous C3 LCIC expression seen earlier, to the
beginnings of selective C3 disappearance within modular
confines. Markedly lower P8 values quantitatively indicate
continued modular-specific C3 loss. Horizontal lines within
boxes represent medians; X's within boxes represent means
Scale bars in (A,C,E) = 100 um.
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of the encompassing matrix (Figures 3J-L). By P36, similar to
C3 expression, CD11b-positive microglia are absent throughout
the LCIC (Figures 3M-0O). Higher magnification imaging
highlights preferential clustering within modular confines at
P8 (Figure 4A) that shifts to the surrounding matrix by P12
(Figure 4B). Median LCIC CDI11b areal intensity measures
(Figure 4C) yield ratios at P8 generally above one (i.e. primarily
modular) that decrease significantly to generally less than one by
P12 (primarily matrix, p < 0.01). Taken together, compartment-
specific C3 disappearance (first modules, then matrix) follows
similarly timed and spatially-matched aggregations of CD11b-
expressing microglia. As anticipated, no co-localization between
CD11b (microglial) and GAD (neuronal) labeling was observed.

LCIC C3 clearance follows shift in
CD11b compartmental expression

Complement component 3 and CD11b were examined
together in GAD-67 GFP mice at P8 and P12 to confirm
that CD11b-positive MGCs concentrate within GAD modules
where C3 expression initially disappears, prior to a similar
progression observed in the adjacent matrix (Figure 5). Double-
labeling results in GAD-GFP mice reliably show changing
CD11b microglial patterns that correlate with age-matched
compartmental C3 disappearance, first within layer 2 modules
(P8, Figures 5A-D) followed next by the surrounding matrix
(P12, Figures 5E-H).

Evidence of LCIC microglial
heterogeneity: CX3CR1 and CD11b

The colonization and spatial patterning of fractalkine
receptor expressing MGCs (CX3CR1-GFP) in the nascent
mouse LCIC has recently been reported by our lab (Brett
et al, 2022). Observed CX3CRI patterns that appeared
different from those described here for CD11b prompted
further investigations to determine whether distinct MGC
subpopulations exist in the LCIC during its early critical
period. While present throughout the LCIC at birth, CX3CR1-
and CDI11b-positive MGCs show little to no noticeable
organization and no co-localization (Figure 6A). From P4 to
P8, CX3CR1-positive microglia dominate the matrix and ring
modular domains that conspicuously lack fractalkine receptor
expressing microglia, consistent with that described previously
(Brett et al, 2022). CX3CR1 and CDI11b continue to label
separate MGC subpopulations, with overall spatial patterns
that appear equally distinct (matrix vs. modular, respectively;
Figures 6B, C). By P12, CX3CRI-positive microglia occupy
LCIC modules (delayed in homozygous mice, see Brett et al,
2022), as CDI11b-expressing microglia vacate said zones for
the encompassing matrix (Figure 6D). Intriguingly, as LCIC
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FIGURE 3

Integrin aM (CD11b) expression (red) in a developmental series [PO, (A—C); P4, (D-F); P8, (G-1); P12, (J-L); P36, (M-0)] of glutamic acid
decarboxylase (GAD)-GFP (green) mice. CD11b expression is apparent and homogeneously distributed throughout IC subdivisions at birth, prior
to concentrating more toward the lateral cortex of the inferior colliculus (LCIC) by P4. At P8, CD11b expression localizes most notably within
LCIC GAD-defined modular fields. CD11b-expressing microglial cells (MGCs) shift to occupying the surrounding matrix at P12. By P36, CD11b

expression is largely undetectable in the LCIC. Scale bars = 100 pm.

modularity emerges from P4 to P12, both populations appear to
have changing preferences for different aspects of the developing
compartmental framework. CX3CR1-positive microglia appear
to congregate in the matrix prior to invasion of the modules, and
vice versa for CD11b (Figures 7A-C). Distinct subpopulations
for these two microglial markers is best appreciated at higher
magnification where lack of any overlap was consistently seen
(Figures 7D-F).
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Further evidence of LCIC microglial
heterogeneity: TMEM119 and Ibal

Lack of CX3CR1 and CDI1I1b colocalization prompted
further experimentation utilizing other established microglial
markers: TMEM119 and Ibal. TMEMI119 is reported to be a
highly specific MGC marker in adult mouse, although there is

currently no known function for the transmembrane protein
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Changing compartment-specific integrin «M (CD11b) patterns from P8 to P12. CD11b expression (red) at P8 is concentrated in the lateral cortex
of the inferior colliculus (LCIC) and most concentrated within glutamic acid decarboxylase (GAD)-positive modules [green, (A)]. CD11b
expression at P12 is complementary to that observed at P8, with labeling that now predominates in the surrounding matrix (B). Areal coverage
analyses for CD11b (C) support qualitative observations, showing significant shifts in CD11b compartmental expression from P8 (primarily
modular) to P12 (primarily matrix, *p < 0.01). Scale bars in (A,B) = 50 um.

FIGURE 5

Sequential complement component 3 (C3) compartmental clearance follows shift in integrin aM (CD11b)-expressing microglial cell (MGC)
location. Double-labeling studies for C3 (blue) and CD11b (red) in glutamic acid decarboxylase (GAD)-GFP (green) mice at P8 (A—D) and P12
(E-H). At P8, CD11b-positive microglia occupy GAD-defined modules, where C3 labeling is now weak compared to the surrounding matrix. By
P12, CD11b-positive MGCs preferentially congregate in the matrix where C3 expression is now also unremarkable. Scale bars = 50 um

(Bennett et al,, 2016). TMEM119 immunocytochemistry in a
developmental series of CX3CRI1-GFP mice (Figure 8) shows
that while absent at birth, it is detectable thereafter throughout
IC, and biased toward LCIC layer 2 modular fields. Again, no
significant colocalization was observed at any stage, with the
only exception being the very occasional double-labeled cell
encountered at P12.

To confirm the relative spatial and cellular patterns
observed for the various MGC markers in the same tissue,
immunolabeling for both CD11b and TMEM119 was performed
in P8 CX3CRI1-GFP tissue (Figure 9). This timepoint was
chosen for further investigation as each marker exhibits LCIC
compartmental-specific expression at this age. CX3CR1-positive
MGCs occupy the matrix (Figure 9A) and ring modules (for
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more see Brett et al, 2022) largely positive for CD11b- and
TMEMI119-expressing microglia (Figures 9B, C). Despite the
similar overall preference of CD11b- and TMEM119-positive
cells for modular zones at P8, little cellular colocalization was
observed (Figure 9D), suggesting the presence of multiple
distinct MGC subsets that may serve potentially different roles
in development.

Ibal (ionized calcium-binding adapter molecule 1), yet
another MGC-specific marker, was investigated at P8 in
CX3CRI1-GFP mice alongside CD11b (Figures 9E-H). No
triple-labeled cells were observed, nor were double-labeled cells
for CD11b and Ibal. However, all Ibal-positive microglia were
also CX3CRI-positive, and there was a distinct population
of fractalkine receptor-expressing cells which did not express
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FIGURE 6

Developmental progression of digital merges of integrin aM
(CD11b) immunostaining in CX3CR1-GFP heterozygous mice
(A-D). Microglial cells (MGCs) expressing the fractalkine
receptor (CX3CR1, green) appear to be distinct subpopulations
from those expressing CD11b (red) in the lateral cortex of the
inferior colliculus (LCIC) throughout its early critical period.
CX3CRL1 patterns shown here are in keeping with those recently
reported Brett et al. (2022), namely with matrix dominated
expression that rings modular domains at P4/P8, prior to
entering modules at P12. This progression contrasts that for
CD11b, which first shows preference for LCIC modules, prior to
a later shift into surrounding matrix regions. Scale

bars = 100 pm.

Ibal. This particular finding is in keeping with that previously
reported (Brett et al., 2022). These results further substantiate
the notion that extensive MGC heterogeneity exists within the
LCIC during its early postnatal critical period.

Discussion

Results of the present study suggest complement cascade
involvement and microglial heterogeneity in the LCIC during
its established developmental critical period. C3 and CD11b
are transiently expressed as LCIC compartments emerge
(Dillingham et al., 2017; Gay et al, 2018; Stinson et al,
2021) and multimodal LCIC afferents segregate accordingly
(Lamb-Echegaray et al., 2019; Weakley et al., 2022). Clustering
of CD11b-positive MGCs within the modules first and then
the matrix, coupled with the sequential disappearance of C3
from said zones, implicate C3-CR3/CD11b signaling as being
important for pruning early LCIC multimodal maps. Evidence
of heterogenous MGC subpopulations with changing spatial
patterns suggests potentially distinct roles and responsibilities
for each during early ontogeny. Further classification of
these and likely other yet to be identified MGC subsets will
be important for providing insights into the mechanisms
underlying multisensory circuit assembly, and how aberrant
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network refinement correlates with certain neurodevelopmental
conditions, like ASD and schizophrenia.

Complement signaling and
compartmental pruning within the
developing LCIC

The temporal and spatial shaping of auditory and
somatosensory afferent patterns correlate not only with
emerging LCIC compartments, but also with the discretely-
organized complement component protein expression reported
here. Both C3 and CD11b are transiently expressed or cleared
shortly after the LCIC critical period closure. CD11b-positive
MGC occupancy that parallels the disappearance of C3 first
within the modules followed by the matrix (Figure 10), speaks
toward the likelihood of complement-dependent LCIC pruning
that follows a compartmental-specific progression. Analogous
C3 experiments to those performed here in CR3KO mice are
needed to further substantiate this claim. If indeed C3-CR3
binding is required for selective LCIC pruning, one might
hypothesize the observed sequence of C3 loss would not be seen
in mutants with compromised signaling. Additional studies
that assess relative MGC engulfment activity (e.g., C3-tagged
somatosensory and/or auditory terminals) in various mutant
strains at critical developmental stages should provide further
insights concerning the specific roles microglia play in aspects
of LCIC multisensory circuitry refinement.

Synaptic elimination in other systems appears to be
mediated in part by other identified opsonins that may also
figure prominently in the refinement of early LCIC networks.
Externalized phosphatidylserine (PS) induces phagocytic MGC
activity through several of its cognate receptors (e.g., TREM2,
GPR56; Li et al, 2020; Scott-Hewitt et al., 2020; Raiders
et al,, 2021), and also partners with upstream complement
components such as Clq to instruct engulfment behaviors
(Paidassi et al., 2008; Martin et al., 2012). PS localization
in the developing hippocampus and visual thalamus is
predominantly presynaptic and is selectively targeted by MGCs
during established periods of peak pruning. Similar to C3/CR3
knockouts (Schafer et al., 2012), retinogeniculate connections
in Clq mutants are insufficiently pruned and exhibit elevated
levels of PS and reduced engulfment of PS-labeled material
(Scott-Hewitt et al., 2020). Whether PS and/or Clq are present
in the developing LCIC, and whether or not each function
independently or may influence other aspects of complement
signaling within this structure remains to be determined.

MGC heterogeneity in the nascent
LCIC

Multiple LCIC microglial subsets with seemingly unique
molecular signatures were demonstrated in the present study.
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FIGURE 7

Higher magnification series of integrin aM (CD11b) expression in P8 fractalkine receptor (CX3CR1)-GFP tissue showing distinct microglial cell
(MGC) subsets. CX3CR1-expressing microglia (green) at P8 surround modules [dashed contours, (A—C), for more see Brett et al., 2022] where
complement receptor expression (CD11b, red) is most concentrated. At every examined timepoint with notable CD11b expression (i.e., not P36),
lateral cortex of the inferior colliculus (LCIC) CX3CR1 (D) and CD11b (E) expression was non-overlapping (F), providing evidence that supports
the notion of different MGC populations with unique molecular signatures. Arrowheads in (D,E) indicate unique microglial subpopulations. Scale

bars in (A—C) = 50 um; (D—F) = 20 um

Recent single-cell RNA-seq studies in other brain areas reveal
distinct MGC transcriptional clusters across the lifespan and
in response to injury/inflammation, with the most marked
diversity observed during early critical periods of development
(De Biase et al, 2017; Hammond et al., 2019; Li et al,
2019; Masuda et al., 2019, 2020; Tan et al, 2020). The
significant lack of co-localization for most of the microglial
markers examined here, with any observed overlap being
the exception rather than the norm, supports the notion
of considerable MGC heterogeneity in the developing LCIC
(Figure 11). Certainly, there are numerous other established
MGC markers (e.g., P2YR12, SIRPa, CD115, etc.; Jurga et al.,
2020; Raiders et al., 2021) not explored here that could shed
further light on the extent of LCIC MGC heterogeneity.
Correlating such immunostaining findings with future RNA-
sequencing experiments focused on the nascent LCIC should
prove highly informative about the extent of distinct MGC
subpopulations, and perhaps the potential responsibilities each
have for orchestrating various developmental events.

MGC pruning and neurodevelopmental
conditions

In addition to specific opsonins marking underutilized
contacts and debris for selective phagocytosis, other tags such
as CD47 appear to serve an alternate role, one of protecting
connections deemed necessary from potential elimination
(Lehrman et al, 2018; Raiders et al., 2021). A balance
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of “eat me” and “don’t eat me” tags is important for
ensuring that MGC mediated pruning is sufficient and not
overstated in the developing brain. Such under- or over-pruning

during especially critical windows are thought to correlate

FIGURE 8

Transmembrane protein (TMEM119) expression (blue) in a
developmental series (A—D) of fractalkine receptor
(CX3CR1)-GFP (green) mice. Lateral cortex of the inferior
colliculus (LCIC) TMEM119 expression is absent at birth (a) and
then largely localized to layer 2 after its appearance at P4 (B—D)
Aside from rare double-labeled cells seen at P12 (data not
shown), no co-localization was observed. Scale bars = 100 um.
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FIGURE 9

Fractalkine receptor (CX3CR1)-GFP (green), integrin aM (CD11b) (red), and transmembrane protein (TMEM119) (blue) or Ibal (cyan) expression at
P8. Significant lack of co-localization of established MGC markers supports considerable lateral cortex of the inferior colliculus (LCIC) microglial
diversity during its early critical period. CX3CR1-positive microglial cells (MGCs) occupy the matrix and surround modules (dashed contours, for
more see Brett et al., 2022) while CD11b and TMEM119 labeling exhibits a complementary modular bias (A-D). Like CX3CR1, Ibal-positive
microglia ring LCIC modules at P8, and are distinct from CD11b staining (E=H). While all Ibal-positive cells also express CX3CR1, not all
fractalkine receptor expressing cells are positive Ibal. Scale bars = 50 pm

Critical Stages of Complement Expression in the Develping LCIC

Punctate C3 expression throughout

both LCIC compartments (P0-P4) coincident with

FIGURE 10

CD11b(+) MGCs localize to modular zones

expression voids in modules (P8)  as

CD11b(+) MGCs move from modules to matrix
disappears from matrix (P12)

Summary schematic of complement cascade expression in the developing lateral cortex of the inferior colliculus (LCIC). Complement
component 3 (C3) expression (orange) is prominent throughout both LCIC compartments at the earliest timepoints examined (PO-P4). Integrin
aM (CD11b)-positive microglia (red) are present in the LCIC at these stages (not shown), although do not exhibit any compartmental bias yet. At
the critical period peak (P8), C3 expression is selectively lost from modular zones which are now occupied by CD11b-positive microglial cells
(MGCs). By P12, CD11b-expressing microglia now occupy the encompassing matrix, where C3 expression is no longer apparent. This
developmental sequence implicates complement cascade signaling as a potential key player in compartmental-specific pruning in the nascent

LCIC.

with common behavioral phenotypes associated with certain
neurodevelopmental conditions. Autism spectrum disorders are
typically associated with under-pruning and increased dendritic
spine densities compared to neurotypical controls (Hustler and
Zhang, 2010; Faust et al., 2021). Several ASD-linked genes are
known to influence synaptic pruning in mice, with reported
decreases in network refinement and altered social behaviors

Frontiers in Neuroscience

55

(Voineagu et al., 2011; De Rubeis et al., 2014; Bourgeron, 2015).
In contrast to ASD, various models of schizophrenia consistently
point toward over-pruning defects, with reduced spine densities
in various brain regions (Fromer et al., 2014; Presumey et al,,
2017; Johnson and Stevens, 2018; Yilmaz et al., 2021).
Construction and appropriate sculpting of integrative
multisensory circuits during development are likely key for
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DCIC
MGC subsets and changing
spatial patterns at key critical
period timepoints
FIGURE 11

P8
CX3CR1: matrix and bordering modules
CD11b: distinctly modular
TMEM119: diffuse but primarily modular
Iba1: sporadic, bordering modules*

v

/ CX3CR1: homogeneous, invade modules

P12

CD11b: now occupies matrix
TMEM119: expression similar to P8
Iba1: now appears distinctly modular*

_/

* see Brett et al., 2022

Schematic highlighting differential expression of established microglial cell (MGC) markers in the lateral cortex of the inferior colliculus (LCIC) at

key critical period timepoints.

realizing early social-communication milestones. Deficits in
certain sensory tasks are highly predictive of later onset and
severity of cognitive and behavioral symptoms associated with
ASD (Brandwein et al., 2015; Robertson and Baron-Cohen,
2017). In addition to unisensory assessments, impairments in
multisensory perceptual binding (Kwakye et al., 2011; Collignon
et al., 2013; Stevenson et al., 2014a,b,c, 2018) provide perhaps
the most relevant diagnostic criteria, as hallmark features of
autism (e.g., difficulties with speech, communication, and social
interactions) are inherently multisensory processes. The LCIC
with its segregated multimodal afferent-efferent systems likely
serves as an important staging ground for further sensory
integration at next-level structures (Lesicko et al., 2020). In
addition, the LCIC figures prominently in the processing of
certain reflexive behaviors (e.g., pre-pulse inhibition, PPI, of
the acoustic startle response, ASR), and lesioning of the LCIC
is known to significantly alter such responses (Groves et al,
1974; Leitner and Cohen, 1985; Parham and Willott, 1990).
Changes in LCIC-mediated response behaviors (ASR, PPI)
have been reported extensively in individuals with autism and
schizophrenia (Kohl et al.,, 2013; Haf} et al.,, 2017; Takahashi
and Kamio, 2018). Further inquiries that build upon our
present findings are needed to determine the extent to which
developmental pruning programs may go awry in multisensory
structures like the LCIC, and the behavioral consequences that
manifest as a result in certain neurodevelopmental conditions.

Concluding remarks

This study implicates microglia and complement cascade
signaling in the compartmental-specific pruning of early
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connections within the LCIC. Furthermore, our data suggest
significant MGC heterogeneity in multisensory regions of
the developing midbrain. The mechanisms that govern the
precise expression of its molecular tags (e.g. activity-dependent
C3/CD47 expression) and the manner in which specific
MGC subpopulations are signaled in the LCIC, however,
remain largely unaddressed. Careful mapping of the described
regional changes and heterogeneities to future single-cell
RNA sequencing and spatial transcriptomic studies of LCIC
glial populations should deepen our appreciation for the
complexity of multisensory midbrain pruning programs and
how each may figure into the pathogenesis of certain
neurodevelopmental disorders.
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Introduction: The gamma subunit of calcium/calmodulin-dependent protein
kinase 2 (CAMK2G) is expressed throughout the brain and is associated with
neurodevelopmental disorders. Research on the role of CAMK2G is limited
and attributes different functions to specific cell types.

Methods: To further expand on the role of CAMK2G in brain functioning,
we performed extensive phenotypic characterization of a Camk2g knockout
mouse.

Results: We found different CAMK2G isoforms that show a distinct spatial
expression pattern in the brain. Additionally, based on our behavioral
characterization, we conclude that CAMK2G plays a minor role in
hippocampus-dependent learning and synaptic plasticity. Rather, we show
that CAMK2G is required for motor function and that the loss of CAMK2G
results in impaired nest-building and marble burying behavior, which are
innate behaviors that are associated with impaired neurodevelopment.

Discussion: Taken together, our results provide evidence for a unique function
of this specific CAMK2 isozyme in the brain and further support the role of
CAMK2G in neurodevelopment.

Camk2g knockout, behavior, plasticity, isoforms, neurodevelopment

Introduction

The calcium/calmodulin-dependent protein kinase 2 (CAMK2) family consists of
four different isozymes, CAMK2A, CAMK2B, CAMK2G, and CAMK2D, transcribed
from individual genes but with high homology as they all consist of the same
domains. Of these domains, the linker domain between the regulatory and association
domain shows substantial variation between members (Sloutsky and Stratton, 2021).
All four isozymes are expressed in the brain, though at different expression levels
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(Tobimatsu and Fujisawa, 1989; Bayer et al., 1999; Murray
et al., 2003). The role of CAMK2A and CAMK2B in brain
functioning has been studied extensively using different mouse
models, revealing their critical role in learning and synaptic
plasticity (Silva et al., 1992a,b; Giese et al., 1998; Elgersma
et al.,, 2002; van Woerden et al., 2009; Borgesius et al., 2011;
Achterberg et al.,, 2014). This is accentuated by the discovery
of mutations in the corresponding genes of patients suffering
from neurodevelopmental disorders with intellectual disability
(Kiiry et al., 2017; Akita et al., 2018; Chia et al., 2018; Rizzi et al.,
2020; Heiman et al., 2021; Proietti Onori and van Woerden,
2021). Studying the role of CAMK2G in the brain has only
recently become a focus of interest, amongst others due to the
identification of patients with neurodevelopmental disorders
carrying a mutation in the CAMK2G gene (de Ligt et al,
2012; Proietti Onori et al,, 2018), highlighting the function of
CAMK2G in normal brain functioning.

CAMK2G expression can be detected by embryonic day
11.5 (E11.5) in mice, and it is expressed throughout the brain
in excitatory neurons, interneurons, and astrocytes (Tobimatsu
and Fujisawa, 1989; Sakagami and Kondo, 1993; Bayer et al,,
1999; Vallano et al., 2000; Batiuk et al., 2020; Huntley et al., 2020;
Kozareva et al,, 2021). The highest expression is observed in
interneurons, and both global and interneuron-specific loss of
CAMK2G results in impaired cognition and plasticity (Cohen
etal, 2016, 2018; He et al., 2021, 2022). Different splice variants
are expressed by the Camk2g gene, one of which contains a
nuclear localization signal (NLS) in its variable domain. This
specific isoform is shown to shuttle calcium-bound calmodulin
to the nucleus in excitatory neurons, potentially playing a role
in excitation-transcription coupling (Ma et al., 2014; Cohen
et al, 2016). However, in interneurons, CAMK2G is not
involved in calmodulin shuttling to the nucleus (Cohen et al,,
2016). Additionally, knockdown of Camk2g was found to cause
abnormal neurite growth in primary neurons, which could be
normalized by re-expressing both a CAMK2G isoform with as
well as without the NLS (Proietti Onori et al., 2018). Together,
these results show that more research is required to get full
insight into the role of CAMK2G in neurons and more broadly,
in the brain.

Similar to mice, in humans CAMK2G is one of the main
CAMK?2 isozymes expressed during early neurodevelopment
(Proietti Onori et al.,, 2018). The finding that a mutation in
this gene causes a neurodevelopmental disorder (Proietti Onori
et al,, 2018) suggests that CAMK2G plays an important role
in neurodevelopment. Patients carrying mutations in CAMK2G
show, besides intellectual disability, a spectrum of phenotypic
traits (Proietti Onori et al., 2018). To provide further insight
into the role of CAMK2G in normal brain function, we obtained
global Camk2g knockout mice and performed an extensive
phenotypic characterization. We tested cognitive behavior but
also other forms of behavior as patients with CAMK2G missense
mutations suffer from severe intellectual disability and autism
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spectrum disorder but also impaired motor skills, hypotonia
during infancy, and atypical body growth development (Proietti
Onori et al, 2018). Our results indicate that in contrast
to CAMK2A and CAMK2B, CAMK2G is not essential for
hippocampus-dependent learning or synaptic plasticity, which
contradicts previous Camk2g knockout mice studies (Cohen
et al., 2018; He et al., 2021). Instead, we found that CAMK2G
plays a role in motor and innate behavior, further supporting
the role of CAMK2G in neurodevelopment.

Materials and methods

Mouse line

We obtained the by
ordering frozen sperm heterozygous for the MGI allele
Camk2g ™M 1a(EUCOMMWEsi iy 3 C57BL/6N background from
the European Conditional Mouse Mutagenesis Program
(EUCOMM). A super ovulating female C57BL/6] mouse was
inseminated by IVE, followed by the rederivation of the fertilized

Camk2g knockout mouse

eggs to a surrogate C57BL/6] mom. To obtain the experimental

TM1a(EUCOMM)Wisi 4o wwere

groups, heterozygous Camk2g
crossed and the genotype was determined by PCR. For the
experiments, we used male and female adult mice (>8 weeks
old). They were group-housed at 22 £ 2°C, except for the
nest-building test for which they had to be single-caged, and
had food and water available ad libitum in a 12/12-h light/dark
cycle. Experiments were executed during the light phase by
an experimenter blind to the genotypes. All experiments with
animals were conducted in accordance with the European
Commission Council Directive 2010/63/EU (CCD project
license AVD101002017893), and all described experiments and
protocols were ethically approved by an independent review
board of the Erasmus MC.

Western blot on isolated brain regions

Animals were anesthetized by isoflurane and decapitated.
The brain was quickly removed from the skull and the
cerebellum and brainstem were separated. The cerebrum was
turned upside down, and the hypothalamus was isolated. Next,
it was cut in half coronally, and from the anterior part, the
striatum was isolated. The leftover tissue, predominantly the
anterior cortex, but without the olfactory bulb, was labeled
“forebrain.” From the posterior cerebrum, the cortex was
isolated and collected. Now the oval-shaped hippocampus was
visible and isolated. The leftover tissue, predominantly the
thalamus, was labeled “diencephalon.” As soon as the regions
were collected in Eppendorf tubes, they were snap-frozen in
liquid nitrogen.
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Samples were sonicated in lysis buffer (0.1M Tris-HCl of
pH 6.8, 4% SDS) with 1:20 protease inhibitor cocktail (P8340,
Sigma, St Louis, MO, United States) and 1:40 phosphatase
inhibitor cocktail 2 (P5726, Sigma) and 3 (P0044, Sigma).
Protein concentrations were determined by the Pierce™ BCA
protein assay (23225, Thermo Fisher Scientific, Waltham,
MA, United States), and Bis-Tris SDS PAGE gels (3450124,
Bio-rad, Hercules, CA, United States) were loaded with
30 pg protein, denatured by adding Dithiothreitol (DTT,
0.IM) and boiling at 95°C. The gel was transferred using a
turbo transfer system (1704150, Bio-Rad) on a nitrocellulose
membrane (1704159, Bio-rad). Blots were probed with primary
antibodies anti-CAMK2G (HPA040656, Sigma, 1:1000), anti-
ACTIN (MABI1501R, Sigma, St Louis, MO, United States,
1:20 000), anti-CAMK2A [NB100-1983 (clone 6G9), Novus
Biologicals, Abingdon, United Kingdom, 1:20 000], and anti-
CAMK2B (13-9800, Invitrogen, Waltham, MA, United States,
1:10 000) for 2 h at room temperature or overnight at 4°C.
Blots were probed with IRDye® secondary antibodies (800CW
Goat anti-Mouse, 680LT Goat anti-Rabbit, LI-COR, Lincoln,
NE, United States, 1:15 000) for 1 h at room temperature.
Blots were developed on an Odyssey® Imager (LI-COR) and
quantified with Image Studio™ Lite software (LI-COR).

RNA-seq analysis

To look at the distribution of Camk2g splice variants, we
utilized an RNA-seq dataset that measured the transcriptome
of the forebrain and cerebellum in adult male C57BL/6 mice
(GEO: GSE141252; PRJNA592965; Stoeger et al.,, 2019). We
imported raw sequencing data of the two brain regions of 4
mice (mouse number 10, 12, 13, and 25) to the Galaxy web
platform (Afgan et al, 2018) and assessed the quality of the
reads by FastQC (Galaxy Version 0.73 + galaxy0).! Single-end
reads were mapped to the mouse reference genome (mm39 Full)
using the RNA star algorithm (Galaxy Version 2.7.8a; Dobin
et al, 2013). Generated.bam files were opened in Integrative
Genomics Viewer (version 2.11.9), and Sashimi plots of the
Camk2g transcript were analyzed for the number of junctions
between exons. Sashimi plots of the Camk2g linker domain
are shown in Supplementary Figure 3. The number of splice
junctions was averaged across the 4 mice and compared between
the brain regions. To calculate the ratio of splicing, the number
of times the exon was spliced out was divided by the average
number of times the exon was spliced in; for example, for exon
13, the number of splice junctions from exon 12-14 (exon
13 spliced out) was divided by the average number of splice
junctions from exon 12-13 and exon 13-14 (exon 13 spliced in).

1 Babraham Bioinformatics. FastQC. A quality control tool for
high throughput sequence data. Available online at: https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/
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Behavior

Mice were handled by an experimenter blinded to their
genotype before the start of experiments. The order of
experiments was as follows: rotarod, Morris water maze, and
fear conditioning. In a separate cohort: rotarod, open field,
marble burying, grip strength, nest building, forced swim, and
balance beam test.

Rotarod

Mice were placed on an accelerating cylinder (4-40 rpm;
Ugo Basile Biological Research Apparatus, model 7650) for 5
consecutive days with 2 trials per day. A trial lasted for a
maximum of 5 min, and the daily trials had a 45-60 min interval.
The experimenter manually scored how long a mouse would
stay on the rotarod or how long it clung to the cylinder for
3 consecutive rotations without walking. Sample sizes were 19
female and 26 male mice for CamegH+ (n=45),and 22 female
and 23 male mice for Cameg*/’ (n = 45).

Morris water maze

Mice were trained in a circular pool of 1.2 m to find
a round platform of 11 cm that was submerged (1 cm) in
cloudy water at 25-26°C. The training lasted 5 consecutive days
with two trials per day in which the mouse was released at a
pseudorandom location and had 60 s to locate the platform.
The latency to find the platform was scored manually, and if
the mouse did not find the platform within 60 s, it was guided
by the experimenter. In between trials, the mouse rested on
the platform for 30 s. The probe trial started with placing
the mouse on the platform for 30 s, after which the platform
was removed and the mouse was tracked using EthoVision®
software (Noldus®, Wageningen, Netherlands). The probe trial
was executed on day 5. Sample sizes were 6 female and 9 male
mice for CamegH+ (n=15), and 9 female and 6 male mice for
Cameg*/* (n=15).

Fear conditioning

Mice
(26 cm x 22 cm x 18 cm; San Diego Instruments, San
Diego, CA, United States) with a grid floor, white light turned
on, and a camera monitoring motor activity. Conditioning

were  placed in a  soundproof  box

consisted of placing the mice in a lightened soundproof
box (26 x 22 x 18 cm; San Diego Instruments) and after
150 s presenting them with 85 dB tone for 20 s, followed
by a single foot shock of 1.0 mA that lasted 2 s. Contextual
memory was tested 24 h later by placing the mice in the
same context for 180 s and measuring the amount of freezing
by the camera. Again, 24 h later, cued memory was tested
by placing the mice in a modified context for 220 s. The
modification consisted of making the box dark, placing
plexiglass walls in a triangular shape, removing the grid floor,
and presenting them with a mild acetone smell. After 120 s,
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mice were presented with the conditioned stimulus, i.e., the
tone, for 100 s, and the amount of freezing was measured
by the camera. Freezing behavior was defined as no activity
for 1.00 s and analyzed by Video Freeze® software (Med
Associates Inc., Fairfax, VT, United States). Sample sizes were
6 female and 9 male mice for Camk2gt/* (n = 15), and 9
female and 6 male mice for Camk2g~/~ (n = 15). A separate
cohort was tested for only contextual fear conditioning that
consisted of 7 female and 8 male mice for Camk2g™/*
(n = 15), and 6 female and 9 male mice for Cameg_/_
(n=15).

Open field

Mice were placed facing the wall in a brightly lit circular
open arena of 110 cm in diameter. Their activity was tracked
for 10 min using EthoVision® software (Noldus®). Sample sizes
were 6 female and 9 male mice for Camk2gt/* (n = 15), and 7
female and 8 male mice for Cameg_/_ (n=15).

Grip strength

Mice were placed on the grid of the grip strength test
(Bioseb, Vitrolles, France) that was set at an angle of 30°. The
grip strength of the fore and hind limbs was simultaneously
measured by steadily pulling the tail in a horizontal direction.
This was repeated 3 times per mouse. Sample sizes were 6 female
and 9 male mice for CamenghL (n =15), and 7 female and 8
male mice for Cameg_/_ (n=15).

Balance beam

Mice were placed on a platform and motivated with the
gentle guidance of the hand to cross a beam 1 m long to a
second platform that was closed. Beams were 12, 10, or 8 mm
wide and were suspended at 50 cm in the air. Mice crossed
the beams 3 times on 3 consecutive days; on day 1, mice were
tested on beams of 12 and 10 mm, on day 2 mice were tested
on beams of 10 and 8 mm, and on day 3 mice were tested on
beams of 12, 10, and 8 mm. Videos were recorded and manually
analyzed offline for the number of foot slips and latency. The
figure reports the results when crossing the specific beam for
the second day. Sample sizes were 5 female and 4 male mice
for Camk2g™/* (n = 9), and 4 female and 5 male mice for
Cameg_/_ (n=9).

Marble burying
Mice
(50 cm x 26 cm x 18 cm) containing a 4-cm bedding

were placed in an open Makrolon cage
(Lignocel Hygenic Animal Bedding, JRS) with 20 blue glass
marbles equally distributed on top. After 30 min, mice were
gently removed from the cages, and the number of marbles
buried (>50% covered) was scored manually. Sample sizes were
6 female and 9 male mice for Camk2g+/+ (n=15), and 7 female

and 8 male mice for Cameg’/’ (n=15).
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Nest building

For this experiment, mice were single-caged 5-7 days
beforehand. The former nest building material was replaced by
extra thick blot filter paper (11 g; 1703969, Bio-rad). Paper that
was not used to build a nest was weighed every 24 h for 5
consecutive days. Sample sizes were 6 female and 9 male mice
for Camk2g*/* (n = 15), and 7 female and 8 male mice for
Cameg_/_ (n=15).

Forced swim test

Mice were placed in a glass cylinder (diameter 18 cm and
height 27 cm) that was filled with water at 26 &= 1°C up to 15 cm.
Trials lasted 6 min, of which the first 2 min were for the mice to
get habituated to the situation and the final 4 min were scored
manually for immobility, defined as no activity other than that
needed for the mice to remain afloat and keep its balance.
Sample sizes were 6 female and 9 male mice for Camk2g™/+
(n=15), and 7 female and 8 male mice for Cameg*/’ (n=15).

Electrophysiology

Mice were sedated by inhalation of isoflurane and
decapitated. The brains were quickly removed and placed in
a vibratome (PELCO easiSlicer™, Ted Pella, Inc., Redding,
CA, United States) with ice-cold artificial cerebrospinal fluid
(ACSF; in mM: 120 NaCl, 3.5 KCl, 2.5 CaCl2, 1.3 MgSO4,
1.25 NaH2PO4, 26 NaHCO3, and 10 D-glucose). Sagittal slices
of 400 pm were made from which the hippocampus was
isolated and left to recover for 60 min in oxygenated (95%)
and carbonated (5%) ACSF at room temperature. Bipolar
platinum/iridium stimulating and recording electrodes (FHC;
Bowdoin, ME, United States) were placed in the CA3-CAl
Schafer collateral pathway and the slices were left to habituate
for 30 min. The input/output paradigm was executed by
stimulation of 10, 20, 40, 60, 80, and 100 mA at 0.05 Hz.
Paired-pulse facilitation was stimulated at one-third of max
field excitatory postsynaptic potential (fEPSP) as assessed by the
input/output. Paired pulses were given with an interval of 10, 25,
50, 100, 200, and 400 s at 0.05 Hz, and this was repeated two
times. LTP recordings were at 1 Hz and consisted of a baseline
recording of 10 min, followed by LTP induction and subsequent
recordings for 60-120 min. Induction of 100 Hz lasted for
1 s and stimulation was done at one-third max fEPSP. Theta
induction was done at two-thirds max fEPSP strength with a
burst of 4 stimuli at 100 Hz, repeated 10, 3, or 2 times, with an
interval of 200 s between stimulation bursts. Recordings took
place in submerged chambers with a flow of 2 ml/min of ACSF
at 30°C. Analysis was done in pCLAMP 11 software (Molecular
Devices, San Jose, CA, United States), measuring the slope of
the fEPSP and normalizing it to the baseline. Recordings that
showed an unstable response during baseline were excluded.
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Statistical analysis

Statistical analysis was done with GraphPad Prism software.
Behavioral data were tested for normality with the D’Agostino-
Pearson test. Subsequently, parametric or non-parametric tests
were used, and P-values of <0.05 were considered significant.
Details about the statistical tests used and their exact values are
indicated in the figure legends together with the sample sizes.

Results

Camk2g knockout mice (EUCOMM; Camk2g~/~) were
bred in a C57BL/6] background. For all experiments, wild-type
littermates (Camk2g*/*) were used as control. Camk2g~/~
were viable and appeared healthy, but showed reduced body
weight compared with Camk2g™/* (Supplementary Figure 1).
To validate the Camk2g~/~ mice and assess where CAMK2G
is expressed, we isolated 8 brain regions from Camk2g~/~ and
Camk2g*/* mice and performed Western blots on forebrain,
striatum, hypothalamus, diencephalon, cortex, hippocampus,
cerebellum, and brainstem. Probing for CAMK2G revealed
three bands, of which the upper two were specific and were
absent in the Camk2g~/~ samples (Figure 1A), suggesting
different isoforms of CAMK2G are expressed in the brain. In
general, CAMK2G is expressed quite consistently throughout
the brain, with a trend for the highest expression levels in the
cortex (Figures 1A, B; for statistics see the legends). As expected,
CAMK2G is absent in all brain regions of the Camk2g™/~
samples, while CAMK2A and CAMK2B expressions were
unaltered compared to Camk2gt/ T (Figures 1A, D). The lowest
aspecific band of CAMK2G overlapped with CAMK2B (for
raw blots see Supplementary Figure 2). Interestingly, the two
CAMK2G isoforms showed a region-defined expression: in
regions from the cerebrum, both isoforms were nearly equally
expressed, but in the cerebellum and brainstem, expression of
the larger isoform was markedly decreased (Figures 1A, C).

To confirm the presence of different CAMK2G isoforms
in different brain areas, an online RNA-seq database (GEO
accession number: GSE141252; Stoeger et al., 2019 bioRxiv) on
the forebrain and cerebellum tissue of adult C57BL/6] mice
was used to quantify exon-junctions of the Camk2g transcripts.
Confirming literature (Takeuchi et al,, 2000; Tombes et al,
2003; Kamata et al.,, 2006; Sloutsky and Stratton, 2021), we
found splice variants solely in the linker domain of Camk2g,
splicing out exon 13, 15, 16, and/or 19 (for numbering of
exons see Supplementary Figure 3). Figure 1E illustrates
exons in the linker domain with the amount of transcript
reads between exons (for raw data plots, see Supplementary
Figure 4). Intriguingly, exon 13 showed the largest difference
between brain regions and is spliced out more frequently
in the cerebellum than in the forebrain (Figure 1F), which
would translate to a 1.1 kDa decrease in size on protein
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level, corresponding to our Western blot results (Figure 1A).
Therefore, the observed different ratio in cerebrum versus
cerebellum protein expression is likely due to region-specific
CAMK?2G isoform distribution.

Having established that our mouse model is indeed lacking
CAMK2G expression, we set out to study the role of CAMK2G
in learning and plasticity. For spatial memory, we made use
of the Morris water maze. Although the Camk2¢g~/~ mice
show slightly longer latencies to find the platform in the first
2 days compared with Camk2g*/* mice, all mice showed a
reduction in their latency to find the platform over days, with no
differences between genotypes over days (Figure 2A). Reduction
in latency does not necessarily mean that the mouse shows
spatial learning as mice can use different non-hippocampus-
dependent strategies to find the platform. Hence, to assess
hippocampus-dependent spatial memory, the platform was
removed for a probe trial on day 5 and the time spent in
the different quadrants of the water maze was analyzed. Both
Camk2g*/* and Camk2g~/~ spent significantly more time in
the target quadrant (TQ) compared with the other quadrants
(Figures 2B, C), indicating intact, or at best very moderately
impaired, spatial learning in our Camk2g~/~ mouse model.
Additionally, no differences were found in the number of
platform crosses (Figure 2D) or the swim speed (Figure 2E).

We next tested associative learning using contextual and
cued fear conditioning. Mice were placed in a context, where
after 150 s a tone was presented for 20 s, immediately followed
by a foot shock (Figure 2F). No significant differences in
freezing behavior were observed between the Camk2gt/* and
Camk2g~/~ mice during baseline measurement (Figure 2G).
Surprisingly, Camk2g~/~ showed significantly more freezing
than Camk2g*/* in the context condition (Figure 2H). Also
in the cued condition, Camk2g¢~/~ showed significantly more
freezing than Camk2g™/*; however, baseline freezing was
already significantly different in the Camk2g™/~ mice compared
with their wild-type littermates. To assess the learning effect,
pre-tone freezing levels were subtracted from tone freezing
levels, which still revealed significantly higher freezing levels in
Camk2g~/~ than Camk2g™/* (Figure 21). Combining the tone
and shock strongly activates the amygdala, potentially masking
the hippocampus-dependent contribution of this conditioning
task. To explicitly test the hippocampal contribution to the
phenotype, in a separate cohort we only tested contextual
conditioning, omitting the cue. Again, no significant difference
was observed in baseline freezing levels (Figure 2J). When
placed back in the same context 24 h later, similar freezing
levels were observed between Camk2g*/* and Camk2g~/~
(Figure 2K). Thus, our results suggest that CAMK2G is not
necessary for hippocampus-dependent learning and memory,
but potentially plays a role in amygdala-dependent associative
fear conditioning.

Having assessed hippocampal learning, we set out to
investigate hippocampal synaptic plasticity in Camk2g=/~,
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FIGURE 1
CAMK2G expression profile in the brain. (A) Immunoblots of different isolated brain regions in Camk2g wild type (+/+4) and knockout (—/—) mice
probed with antibodies against CAMK2G, CAMK2A, CAMK2B, and ACTIN. Note the triple band of CAMK2G, of which 2 are absent in Camk2g~—/~
mice. (B) Quantification of CAMK2G expression, normalized to values in the cortex. fb, forebrain; str, striatum; hyp, hypothalamus; de,
diencephalon; cx, cortex; hpc, hippocampus; cb, cerebellum; bs, brainstem [one-way ANOVA with Bonferroni's post hoc analysis, F(7.24) = 2.98,
p = 0.021; fb vs. str p > 0.999, fb vs. hyp p > 0.999, fb vs. bg p > 0.999, fb vs. cx p = 0.088, fb vs. hpc p > 0.999, fb vs. cb p > 0.999, fb vs. bs
p > 0.999, strvs. hyp p > 0.999, strvs. bg p > 0.999, strvs. cx p = 0.019, str vs. hpc p > 0.999, strvs. cb p > 0.999, strvs. bs p > 0.999, hyp vs.
bg p > 0.999, hyp vs. cx p = 0.134, hyp vs. hpc p > 0.999, hyp vs. cb p > 0.999, hyp vs. bs p > 0.999, bg vs. cx p = 0.272, bg vs. hpc p > 0.999,
bgvs.cb p > 0.999, bg vs. bs p > 0.999, cx vs. hpc p = 0.109, cx vs. cb p = 0.037, cx vs. bs p = 0.073, hpc vs. cb p > 0.999, hpc vs. bs p > 0.999,
cbvs. bs p > 0.999; n = 4]. (C) Ratio of the specific CAMK2G bands. The lower band shows higher expression levels throughout the brain, but
(Continued)
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FIGURE1 (Continued)

##4#p < 0.001

exceptionally so in cerebellum and brainstem, *indicates significance compared to cerebellum and # compared to brainstem [one-way ANOVA
with Bonferroni’s post-hoc analysis compared to Cb and Bs, F(7,24) = 9.57, p < 0.001; fb vs. cb p < 0.001, fb vs. bs p = 0.003, str vs. cb p = 0.001,
strvs. bs p = 0.008, hyp vs. cb p = 0.115, hyp vs. bs p = 0.615, de vs. cb p = 0.013, de vs. bs p = 0.090, cx vs. cb p < 0.001, cx vs. bs p = 0.002,
hpc vs. cb p < 0.001, hpc vs. bs p < 0.001, and cb vs. bs p > 0.999]. (D) CAMK2A (left) and CAMK2B (right) expression differs between brain
regions, but importantly does not differ between Camk2g™/* and Camk2g~/~ [two-way Anova, CAMK2A F(7,24y = 0.245, p = 0.625; CAMK2B
F(7.24y = 0.809, p = 0.378; n = 2-3]. (E) Average amount of reads between exons of Camk2g in RNA-seq database on the forebrain (blue) and
the cerebellum (green). The start and end of the amino acid sequence are indicated for the exons. Splice variants only occur on exons 13
(orange), 15, 16, and 19 (outlined in orange). (F) Ratio of when the exon is spliced out versus not spliced out in the forebrain and the cerebellum,
lines indicate quantifications within mice. Only exon 13 shows a significant ratio difference between the forebrain and the cerebellum, with exon
13 more often spliced out in the cerebellum [two-way ANOVA with Bonferroni's post hoc analysis on exon splicing, interaction: F(3,24) = 3.86,
p =0.022; exon 13 p = 0.001, exon 15, 16, and 19 p > 0.999; n = 4]. Data represents mean + SEM; *, #p < 0.05, **, ##p < 0.01, and ***,

which could potentially still reveal a mild phenotype. We
performed extracellular field recordings in the CAl to CA3
Shaffer collateral pathway and detected no differences in
baseline synaptic transmission since the presynaptic fiber
volley and the field excitatory postsynaptic potential (fEPSP)
increased equally between Camk2gt/* and Camk2g=/~ mice
with increasing stimulus strength (Figure 3A). We detected
a significant decrease in the paired-pulse facilitation in
Camk2g~/~ compared with Camk2g*/*, but this was only
apparent at the 10- and 50-ms intervals (Figure 3B). Induction
of long-term potentiation (LTP) using a 100-Hz induction
protocol resulted in LTP in both Camk2g™/* and Camk2g=/~,
with no significant difference neither after 60 min nor after
120 min recording between the two groups (Figure 3C and
Supplementary Figure 5). As the classical 100-Hz stimulation
is very strong, it is possible that a plasticity phenotype is
masked, hence, milder LTP induction protocols were tested.
No differences in LTP were found between Camk2g*/* and
Camk2g_/ ~ in the 10-theta condition; however, Cameg_/ -
showed significantly impaired LTP compared to Camk2g*/* in
the 3-theta induction condition (Figures 3D, E). Surprisingly,
this difference was lost in the 2-theta condition (Figure 3F).
These results suggest that if there is a role for CAMK2G in
synaptic plasticity at the CA3-CA1l synapse, it is very mild.

To further study the effect of the absence of CAMK2G on
behavior and brain function, we expanded our tests to include
other forms of behavior such as motor and innate behavior.
We tested locomotor activity in the open field and found a
trend toward decreased activity in Camk2g~/~ compared with
Camk2g*/, though not significant (Figure 4A). We further
challenged their motor performance as well as their motor
learning using the accelerating rotarod. Although both the
Camk2g~/~ and Camk2g*/* mice showed motor learning
over days, the Camk2g~/~ performed significantly poorer at
all time points measured (Figure 4B). Also, on the balance
beam, sensitive to balance and fine motor coordination,
Camk2g~/~ consistently showed more foot slips crossing beams
of varying widths (Figure 4C). Since CAMK2G patients show
developmental hypotonia (Proietti Onori et al, 2018), we
tested if reduced muscle strength could play a role in the
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reduced motor performance seen in Camk2g~/~ mice, but
this was not the case as grip strength was equal between
the groups (Figure 4D). Finally, we assessed some innate
behaviors of the Camk2g~/~ using the nest building, marble
burying, and forced swim test. Compared with Camk2g™/*,
Camk2g~/~
over days (Figure 5A) and showed impaired burying behavior

used significantly less material to build a nest

(Figure 5B). No significant differences were observed between
Camk2g~/~ and Camk2g™/* mice in floating behavior in the
forced swim test (Figure 5C).

Discussion

With  the
CAMK2G-associated neurodevelopmental disorder (de Ligt
et al,, 2012; Proietti Onori et al,, 2018), the interest to study
the role of CAMK2G in normal brain functioning significantly

identification of patients suffering from

increased. Here, we set out to expand the knowledge on
the role of CAMK2G in neuronal functioning through the
characterization of a novel Camk2g~/~ mouse model. We
provide evidence for differential expression of different
CAMK2G isoforms depending on the brain area, where we
speculate that this is due to differential splicing of exon 13.
At the behavioral level, our results suggest that CAMK2G has
a minor role in hippocampus-dependent spatial learning and
memory, as well as synaptic plasticity, but does affect amygdala-
dependent fear learning. Finally, we find clear phenotypes in
fine motor performance and intrinsic behaviors, as measured
using the nest-building and marble-burying assays.

The expression levels of CAMK2G throughout the brain
were assessed by isolating different brain regions of Camk2g™/+
and Camk2g¢~/~ mice. Isolation of brain regions was validated
by CAMK2A expression, which was highest in the hippocampus
and the cortex and lowest in the cerebellum and the brainstem,
and CAMK2B expression, also highest in the hippocampus
and dominant in the cerebellum yet nearly absent in the
brainstem (Cook et al.,, 2018). Total levels of CAMK2G did
not differ much between the different brain areas. Interestingly,
in brain areas where CAMK2B and CAMK2A showed little
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FIGURE 2

CAMK2G in cognitive behavior. (A) Camk2g™/* and Camk2g~/~ mice similarly showed reduced latencies to find the platform over days
[two-way repeated measures ANOVA; interaction: F(4,112) = 0.41, p = 0.804]. (B) Both groups spent significantly more time in the target
quadrant (TQ) compared with other quadrants in the probe trial on day 5 [one-way ANOVA with Bonferroni's post hoc analysis. Camk2*t/+:
F(3.56) = 31.61, p < 0.001, TQ vs. OP p < 0.001, TQ vs. AR p < 0.001, TQ vs. AL p < 0.001; Camk2~/~: itF(3.,56) = 17.04, p < 0.001, TQ vs. OP
p <0.001, TQvs. AR p < 0.001, TQ vs. AL p < 0.001]. TQ, target quadrant; OP, opposite; AR, adjacent right; AL, adjacent left. (C) Heat map of the
probe trial, the arena is divided into four quadrants and the location where the platform was located during learning is indicated with a dashed
line. (D) During the probe trial, mice crossed the zone where the platform was situated during learning with a similar frequency [unpaired t-test,
togy = 0.37, p = 0.711]. (E) Swim speed velocity was similar between groups during the probe trial [unpaired t-test, t(2g)y = 0.0018, p = 0.999]. (F)
Schematic representation of the fear conditioning test. (G) Freezing behavior at baseline showed no significant difference between Camk2g*/+
and Camk2g~—/~ (Mann—Whitney U test, U = 84.5, p = 0.245). (H) When placed in the same context, Camk2g~/~ showed significantly more
freezing (Mann—-Whitney U test, U = 60, p = 0.030). (I) When put in a different context, Camk2g~/~ already showed more freezing than
Camk2g™/* pretone (Mann—Whitney U test, U = 64, p = 0.026). Upon exposure to the tone, Camk2g~/~ again showed significantly more
(Continued)
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FIGURE2 (Continued)

freezing than Camk2g™/* [unpaired t-test, t(2g) = 3.13, p = 0.004]. The ratio was calculated by subtracting pre-tone from tone freezing levels
and still showed significantly more freezing in Camk2g~/~ than Camk2g™/* [unpaired t-test, t(2g) = 3.02, p = 0.005]. (J) In a separate cohort,
mice were tested exclusively for contextual fear conditioning and showed no differences in freezing behavior at baseline (Mann-Whitney U test,
U =71, p =0.083). (K) When put in the same context 24 h later, Camk2g
[unpaired t-test, t(2g) = 0.885, p = 0.384]. Data represents mean + SEM (n = 15); * p < 0.05, ** p < 0.01, *** p < 0.001.

showed no differences in freezing compared to Camk2g™/+

expression, such as the hypothalamus, CAMK2G appeared to
be one of the more dominating CAMK2 isozymes. However,
we have to be careful in drawing such conclusion as we did
not use a pan-CAMK?2 antibody to directly compare expression
levels between CAMK2s. Even though the CAMK2G antibody
also recognized CAMK2B (see raw blots in Supplementary
Figure 2), which runs at the height of the lowest band, it is
interesting to see that in the hypothalamus and the brainstem,
the lowest band can still be seen in the WT but no longer
in the knockout samples. As CAMK2B is hardly detectable in
these brain areas and this lowest band disappears in Camk2g~/~
samples, these findings could suggest the expression of a third
smaller isoform of CAMK2G. A more specific antibody that
does not cross-react with CAMK2B would be necessary to
substantiate this conclusion. For the upper two CAMK2G
bands, we find evidence for differential expression of different
CAMK2G isoforms. Based on RNA-seq data, the different
isoforms correspond with differential splicing of exon 13. Our
data suggest that the isoform containing this exon is expressed
in the cerebrum but hardly in the cerebellum. Interestingly, the
most common transcript found in the human hippocampus
does not contain this exon as the number of transcripts with
exon 13 detected was <1% (Sloutsky et al., 2020). Whether
CAMK2G in the human brain shows region-specific isoforms
or whether this differential expression of isoforms is species-
specific remains to be studied. A homolog of exon 13 is
expressed by CAMK2B, sharing 55% similarity with exon 13
in CAMK2G on the amino acid level, and encompasses the
binding region for F-Actin (O’leary et al., 2006). Future research
will have to show whether this exon in CAMK2G also mediates
binding to F-Actin.

Our conclusion that CAMK2G has a minor role in
hippocampal learning, memory, and cognition is in contrast
with previous findings. The first study on a global Camk2g=/~
mouse model showed impaired long-term (24 h) memory, as
well as reduced late-phase LTP in Camk2g~/~ (Cohen et al.,
2018). Furthermore, they show that the deletion of CAMK2G
solely in forebrain excitatory neurons is sufficient to cause the
deficits seen in the global Camk2g=/~ mice (Cohen et al,
2018). Interestingly, the following study showed that CAMK2G
is mainly expressed in interneurons and that the deletion
of CAMK2G specifically in parvalbumin-positive interneurons
is sufficient to induce deficits in synaptic plasticity in these
interneurons as well as in behavioral long-term (24 h) memory
(He et al, 2021). It is challenging to explain the differences
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in findings between the different labs. One of the possible
explanations is the differences in mouse strains used. The
mice we used for our experiments were kept in the C57BL/6]
background, whereas the original mice used in the other studies
were in a 29SvEv/C57BL6/CD1 mixed background (Backs et al.,
2010; Cohen et al., 2018; He et al., 2021). Indeed, it has been
shown for other mouse models that mouse strain can make
a significant difference in behavioral phenotypes (Born et al,
2017; Sonzogni et al., 2018). However, to test whether this is
indeed the case for CAMK2G, the different mouse strains would
need to be assessed side by side.

It might not be surprising that CAMK2G only has a
minor role in hippocampus-dependent learning and plasticity.
CAMK2A and CAMK2B, the two most abundant CAMK2
isozymes expressed in the brain, have both been shown to be
essential for hippocampal plasticity and learning (Silva et al,
1992a,b; Elgersma et al., 2002; Borgesius et al., 2011), and the
deletion of Camk2a and Camk2b simultaneously results in the
complete absence of NMDA-receptor dependent LTP (Kool
etal,, 2019). If CAMK2G were to play a role in these processes as
well, it should (partially) compensate for the lack of CAMK2A
and CAMK2B, which it does not. Especially considering that
CAMK2G is one of the earliest CAMK2 isozymes to be
expressed during development; it can be detected already as
early as E11.5, whereas CAMK2B starts to be expressed at E14.5
and CAMK2A around P1 (Bayer et al., 1999).

On the other hand, it is possible that CAMK2G affects
different than CAMK2A and/or
CAMK?2B, having a unique role in plasticity. For example,

intracellular pathways
CAMK2G plays a role in the excitation-transcription coupling
in excitatory neurons, shuttling calmodulin to the nucleus
upon excitation (Ma et al., 2014; Cohen et al.,, 2016). This
specific excitation-transcription shuttling could explain why
the previous study in Camk2¢~/~ mice only found a difference
in late-phase LTP and not in the early phase (Cohen et al., 2018).
However, when testing late-LTP in our mouse model, we did
not find a deficit (Supplementary Figure 5). The discrepancy
in findings could be due to different induction protocols. We
used a 1 x 100 Hz for 1 s induction protocol, whereas Cohen
et al. (2018) used a stronger induction protocol: 3 x 100 Hz
for 1 s with 5 min interstimulus interval. Whether these
differences in induction protocols could result in differences in
excitation-transcription coupling remains to be studied. The
difference in mouse strains used is likely a better explanation
for the discrepancy in findings between labs. Indeed, strain
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p =0.734; n = 28/9 for Camk2g™/* and n = 33/10 for Camk2g

%

CAMK2G in synaptic plasticity. (A) Field recordings were done in the Schaffer-collateral-CAl synapses of the hippocampus. At baseline synaptic
transmission, mice did not show differences in the input/output (I/O) between the presynaptic fiber volley and postsynaptic fEPSP with
increasing stimulus strength [unpaired t-test on slopes of curve (inset), t(2eg) = 1.01, p = 0.314. Fiber volley n = 126/21 slices/mice for
Camk2gt/* and n = 144/24 for Camk2g~—/~; fEPSP n = 144/21 for Camk2g*/* and n = 162/24 for Camk2g~/~1. (B) We tested presynaptic
short-term plasticity with paired-pulse facilitation and showed differences between Camk2g™/+ and Camk2g™/~ mice at interstimulus intervals
of 10 and 50 ms [unpaired t-tests, 10 ms: t(197) = 3.70, p < 0.001; 25 ms: t(197) = 1.65, p = 0.101; 50 ms: t(197) = 3.45, p < 0.001; 100 ms:

ta97) = 1.54, p = 0.125; 200 ms: t(197) = 1.82, p = 0.071; 400 ms: t(197) = 0.94, p = 0.352; n = 95/15 for Camk2g™/*+ and n = 104/17 for
Camk2g~/~1]. (C) No differences were found in LTP elicited by stimulation at 100-Hz for 1 s [two-way repeated measures ANOVA on final

10 min, genotype: F(1,77y = 1.01, p = 0.318; n = 37/7 for Camk2g*/* and n = 42/8 for Camk2g
by 10-theta stimulation [two-way repeated measures ANOVA on final 10 min, genotype: F(y,35) = 0.25, p = 0.622; n = 19/5 for Camk2g™*/* and
n = 18/5 for Camk2g~/~]. (E) Camk2g~/~ mice showed reduced post-tetanic potentiation and LTP elicited by 3-theta stimulation [two-way
repeated measures ANOVA on final 10 min, genotype: F(1,80) = 7.02, p = 0.010; n = 41/11 for Camk2g™/* and n = 42/12 for Camk2g~/~1. (F) No
differences were found in LTP elicited by 2-theta stimulation [two-way repeated measures ANOVA on final 10 min, genotype: F(1,59) = 0.12,

]. Data represents mean + SEM; * p < 0.05, *** p < 0.001.
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differences have been shown both for hippocampal learning
and LTP (Nguyen et al., 2000). Finally, CAMK2G is not the only
CAMK? isozyme containing a nuclear localization signal (NLS),
as this has also been shown for a CAMK2A isoform found in the
midbrain/diencephalon regions (Brocke et al.,, 1995), and for
CAMK2D (Srinivasan et al., 1994; Shioda et al., 2015). However,
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the exact role of the nuclear translocation of these isozymes
remains to be elucidated.

There are several piles of evidence that suggest a role
for CAMK2G in neurodevelopment: (1) the expression onset
of CAMK2G is already very early in neurodevelopment, and
at that developmental timepoint, CAMK2G and CAMK2D
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FIGURE 4

CAMK2G in motor behavior. (A) No differences were found in the distance traveled in the open field [unpaired t-test, t(g) = 1.85, p = 0.076;
n = 15]. (B) Camk2g~/~ mice showed reduced latency to fall of the accelerating rotarod [two-way repeated measures ANOVA; interaction:
Fa.352y = 1.51, p = 0.200; genotype: F(1,88) = 18.40, p < 0.001; n = 45]. (C) Camk2g~/~ mice consistently slipped more often when crossing
beams that were 12, 10, and 8 mm wide [unpaired t-test or Mann—Whitney U test; 12 mm: t(pg) = 2.75, p = 0.014; 10 mm: U = 8.5, p = 0.003;
8 mm: t(2) = 2.81, p = 0.013; n = 9]. (D) Grip strength was unaltered between Camk2g™/* and Camk2g~/~ mice [Mann-Whitney U test,

U =111, p = 0.959; n = 15]. Data represents mean + SEM; * p < 0.05, ** p < 0.01, *** p < 0.001.
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FIGURE 5

CAMK2G in intrinsic behavior. (A) Camk2g~/~ mice used less material to build nests than Camk2g™/* mice [two-way repeated measures

ANOVA; interaction: F4.112) = 4.55, p = 0.002]. (B) Camk2g

mice buried less marbles than Camk2g™/* mice [unpaired t-test, t2g) = 2.65,

p = 0.013]. (C) No differences were found in the amount of time the mice spent immobile in the forced swim test (Mann—Whitney U test,
U =905, p = 0.372). Data represent mean &+ SEM (n = 15); * p < 0.05, ** p < 0.01.

are the most abundant CAMK2 isozymes expressed in the
brain (Proietti Onori et al,, 2018); (2) CAMK2G is necessary
for proper neurite formation during neuronal development
in vitro (Proietti Onori et al., 2018; Xi et al., 2019), and (3) a
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pathogenic mutation in CAMK2G has been shown to cause a
neurodevelopmental disorder in children (de Ligt et al., 2012;
Proietti Onori et al., 2018). Our findings that CAMK2G plays an
important role in motor and innate behavior further support the
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neurodevelopmental role for CAMK2G. Indeed, the behavioral
tests assessed here, especially marble burying and rotarod, have
been shown by us and others to have critical developmental
periods, for example, in Ube3a and Shank3 knockout mice
(Silva-Santos et al.,, 2015; Mei et al, 2016; Rotaru et al,
2020; Sonzogni et al,, 2020). Not only does adult Ube3a or
Shank3 gene reinstatement fail to rescue the marble burying
or rotarod phenotypes but adult deletion of Ube3a also fails
to induce phenotypes in these behavioral assays (Sonzogni
et al, 2019). Another evidence for a neurodevelopmental
origin for motor behavior comes from the inducible Camk2b
knockout mouse. Deletion of Camk2b from the germline
causes severe impairment in rotarod performance, whereas
in mice where deletion of Camk2b is induced in adulthood,
this phenotype is much milder (Kool et al.,, 2016). This is in
stark contrast to cognitive behavior as, for example, tested
in a conditional Camk2a mouse model. Deletion of Camk2a
in adult mice is as detrimental for hippocampal learning and
plasticity as germline deletion (Achterberg et al,, 2014), and
adult reinstatement rescues all cognitive behavior (Rigter et al.,
2022). One important aspect here is the onset of expression.
Whereas CAMK2G, CAMK2B, and UBE3A already have their
expression onset prenatally, CAMK2A starts to be expressed
postnatally; hence, early neurodevelopment is unaltered (Bayer
et al., 1999; Judson et al., 2014).

Overall, our results reinforce previous literature suggesting
that CAMK2G plays a critical role in normal brain functioning,
albeit not in hippocampus-dependent memory, and further
support the role of CAMK2G in neurodevelopment.
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Abnormal gray matter (GM) asymmetry has been verified in autism spectrum disorder
(ASD), which is characterized by high heterogeneity. ASD is distinguished by three
core symptom domains. Previous neuroimaging studies have offered support for
divergent neural substrates of different core symptom domains in ASD. However,
no previous study has explored GM asymmetry alterations underlying different core
symptom domains. This study sought to clarify atypical GM asymmetry patterns
underlying three core symptom domains in ASD with a large sample of 230 minors
with ASD (ages 7-18 years) and 274 matched TD controls from the Autism Brain
Imaging Data Exchange | (ABIDE |) repository. To this end, the scores of the
revised autism diagnostic interview (ADI-R) subscales were normalized for grouping
ASD into three core-symptom-defined subgroups: social interaction (SlI), verbal
communication (VA), and restricted repetitive behaviors (RRB). We investigated
core-symptom-related GM asymmetry alterations in ASD resulting from advanced
voxel-based morphometry (VBM) by general linear models. We also examined the
relationship between GM asymmetry and age and between GM asymmetry and
symptom severity assessed by the Autism Diagnostic Observation Schedule (ADOS).
We found unique GM asymmetry alterations underlying three core-symptom-
defined subgroups in ASD: more rightward asymmetry in the thalamus for SI,
less rightward asymmetry in the superior temporal gyrus, anterior cingulate and
caudate for VA, and less rightward asymmetry in the middle and inferior frontal
gyrus for RRB. Furthermore, the asymmetry indexes in the thalamus were negatively
associated with ADOS_SOCIAL scores in the general ASD group. We also showed
significant correlations between GM asymmetry and age in ASD and TD individuals.
Our results support the theory that each core symptom domain of ASD may have
independent etiological and neurobiological underpinnings, which is essential for the
interpretation of heterogeneity and the future diagnosis and treatment of ASD.

autism, gray matter asymmetry, minors, core symptom domains, brain-behavior
relationships
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1. Introduction

Autism spectrum disorder (ASD) encompasses a group of
pervasive neurodevelopmental disorders characterized by three
core symptom domains: social interaction deficits (SI), verbal
communication abnormalities (VA), and restricted repetitive
behaviors (RRB) (Shulman et al,, 2020). All three core symptom
domains encompass various behaviors that manifest diversely across
the disease, making ASD a condition with complex behaviors.
While ASD is a common neurodevelopmental condition and
has been investigated in numerous studies, it is also remarkably
heterogeneous, complicating its diagnosis and neuroimaging
findings. Over the past 30 years, the definition of autism has
undergone a constant transformation, leading to the current autism
spectrum (Shulman et al., 2020).

Identifying neuroimaging is vital to understanding the etiology
and pathophysiology of ASD patients. Such markers can lead to early
diagnosis and better treatment (Loth et al., 2016), particularly early
in life, when interventions can have the greatest effect on patients
with ASD. Although the exact neuroimaging changes in patients
with ASD remain unknown, some brain structural alterations seem
to be involved. These changes include decreased cortical thickness
in the right pre- and postcentral gyrus and increased cortical
thickness in the superior temporal sulcus, cingulate gyrus, and
fusiform gyrus (Hardan et al., 2006; Hyde et al., 2010); greater gray
matter (GM) volume in the amygdala, bilateral superior temporal
gyrus, and precuneus and lower GM volume in the right inferior
temporal gyrus in children with ASD (Retico et al., 2016; Lucibello
et al.,, 2019); atypical cortical thickness development with accelerated
expansion followed by accelerated thinning and atypical cortical
volume development with increased cortical total volume (especially
in the frontal and temporal lobes) in young ASD children (Li et al,,
2017; Rommelse et al., 2017); and altered brain structure asymmetry
with significantly increased rightward asymmetry in the posterior
superior temporal gyrus, inferior parietal lobule, and auditory cortex
and reduced rightward asymmetry in the parahippocampal gyrus,
fusiform- and inferior temporal thickness (Gage et al., 2009; Floris
et al., 2016; Postema et al., 2019).

Brain asymmetry is thought to be an evolutionary adaptation
ensuring more efficient transcortical information integration and
avoiding redundancy in cognitive processing (Hugdahl, 2011).
Alterations in brain asymmetry have been shown to influence a
variety of neurological and psychotic disorders, especially ASD (Prior
and Bradshaw, 1979). ASD patients exhibit deficits in left hemisphere
skills, such as language and motor skills, while right hemisphere skills
remain relatively unaffected (McCann, 1982). This pattern in ASD
has spawned theories that attempt to reconcile its complex clinical
features with atypical brain asymmetry. However, there are mixed
findings on brain structural asymmetry alterations in patients with
ASD (Postema et al., 2019). For instance, a study showed increased
leftward asymmetry of GM volume in the language-association areas
in ASD (Hazlett et al., 2006). However, research by De Fossé et al.
(2004) found rightward asymmetry of GM volume in the language-
related cortex in ASD.

Untangling the heterogeneity of brain structural asymmetry
may lead to the improvement of accurate diagnoses and elaborate
clinical subgrouping and may help in developing targeted treatment
plans for patients with ASD. Regarding heterogeneity, most studies
focus on ex-factors, such as age, comorbidities, medication use,
and methodological differences (Hobson and Petty, 2021). However
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Haar et al. (2016) found that differences between the ASD group and
the control group were overshadowed by considerable within-group
variability. Happé et al. (2006) demonstrated that each core symptom
domain of ASD has independent etiological and neurobiological
underpinnings. Ronald et al. (2006) studied the genetic etiology
of autistic traits in 3,419 normal child twin pairs and found that
unique genetic variance was associated with each of the three core
symptom domains. As such, individuals will vary within a huge
permutation network, unavoidably leading to a highly heterogeneous
population. Additionally, previous neuroimaging studies of ASD
have offered support for the divergent neural substrates of different
core symptom domains, which are mediated by partially distinct
brain regions. For instance, social cognition mainly relies on certain
social brain regions, such as the fusiform face area, amygdala, medial
prefrontal cortex, anterior cingulate cortex, superior temporal sulcus,
and inferior frontal gyrus, RRB has been linked to abnormalities in
motor regions, and reduced activation in the right parahippocampal
gyrus, cerebellum, left anterior cingulate, and bilateral cingulate
in face-processing social tasks has been reported in patients with
ASD (Spencer et al.,, 2011; Patriquin et al., 2016; Duret et al., 2018;
Wilkes and Lewis, 2018). In addition, our previous research showed
that atypical gyrification patterns encode changes in the symptom
dimensions of ASD (Ning et al., 2021). The analysis is complicated
by likely distinct symptom clusters or subgroups that exist among
patients with ASD (Lenroot and Yeung, 2013). Significant intra-
and interindividual variabilities in patients with ASD make it
challenging to reliably determine the neural mechanisms of the
disorder. Therefore, it is necessary to subcategorize patients with
ASD according to core symptoms to explore their brain structural
asymmetry. However, no previous study thus far has explored this
issue.

Based on the above research, we hypothesize that subgroups
dominated by different core symptom domains may have unique
brain structural asymmetry alterations because each subgroup
has differential
underpinnings. However, we also assumed that there would

clinical manifestations and neurobiological
be shared brain structural asymmetry alterations because these
subgroups are on the same disease spectrum and have partly
similar pathological mechanisms. For this, an advanced voxel-based
morphometry (VBM) method established by Kurth et al. (2015) and
a large sample (230 minors with ASD, 274 control subjects) from the
Autism Brain Imaging Data Exchange I (ABIDE I) repository was
used to clarify GM asymmetry atypical patterns underlying three core
symptom domains and to further explore the relationship between
GM asymmetry and age and between abnormal GM asymmetry and
symptom severity measured by the Autism Diagnostic Observation
Schedule (ADOS).

2. Participants and methods

2.1. Participant recruitment

A total of 230 minors with ASD (ages 7-18 years) and 274
matched typically developing (TD) controls were examined from
ABIDE I: a consortium with 539 individuals with ASD and 573 TD
controls (ages 7-64 years) collected from 17 sites. Our data were
aggregated across right sites that included at least five individuals
with ASD and five age-, gender-, and site-matched TD controls who
met our inclusion criteria. Briefly, we selected individuals aged 7-18
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(the ages most represented in ABIDE I sites) with good quality T1-
weighted images that can be preprocessed successfully, with complete
revised autism diagnostic interview (ADI-R) scores.

To investigate whether GM asymmetry differs across ASD
dominated by different core symptom domains, we divided minors
with ASD into three subgroups, SI, VA, and RRB based on the
ADI-R (Bokadia et al, 2020). The ADI-R is a semistructured
scale that evaluates and scores the condition mainly through
interviews with patients’ parents, including the ADI-R-SOCIAL-
TOTAL-A (corresponding to SI), ADI-R-VERBAL-TOTAL-BV
(corresponding to VA), and ADI-R-RRB-TOTAL-C (corresponding
to RRB) subscales. First, we used the corresponding maximal values
to normalize the scores of three ADI-R subscales according to the
following formula and then obtained three values between 0 and 1,
denoted as S, V; and R, respectively (Bokadia et al., 2020).

’ X
X = ——
X_MAX

Finally, minors with ASD were assigned to three subgroups
according to the normalized scores: subjects with S as the largest value
were included in the SI subgroup; subjects with V as the largest value
were included in the VA subgroup; subjects with R as the largest value
were included in the RRB subgroup. If S=VorS=Ror V=R, he
would be excluded. TD controls were randomly selected to form age-,
gender- and site-matched TD groups. To maximize the sample size,
each TD control was matched four times, meaning that some controls
may have appeared in multiple subgroups. Ultimately, 230,146, 43,
and 41 patients were included in the general ASD, SI, VA, and RRB
subgroups, respectively, and 264, 249, 127, and 111 controls were
included in the corresponding TD subgroups.

The ADI-R was from the parents’ assessment, which lacked an
assessor’s objective evaluation of clinical symptoms. To prevent any
influence of subjective parents’ assessment on the subgroup, we
conducted subgroups based on ADOS with the same methodology.
ADOS is a semistructured standard diagnostic tool employing a play-
based approach to detect autistic symptoms. Ultimately, 148,19, and
0 patients were included in the SI,, VA,, and RRB, subgroups based
on ADOS, respectively, and 225, 55, and 0 controls were included in
the corresponding TD subgroups.

All data were anonymized and collected by studies approved by
the regional Institutional Review Boards.

2.2. MRI data acquisition

Whole-brain high-resolution T1-weighted anatomical images of
all participants in our study were acquired in ABIDE I, and detailed
parameters and acquisition protocols used at each site can be seen at
http://fcon_1000.projects.nitrc.org/indi/abide/.

2.3. Image analysis

2.3.1. Image preprocessing
In our study, we preprocessed 3D T1-weighted images using
VBM! toolbox for Statistical Parametric Mapping (SPM8?) software.

1 http://dbm.neuro.uni-jena.de/vbm8

2 http://www filion.ucl.ac.uk/spm
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Before preprocessing, visual checks were performed for all images. (1)
Segment tissue: the symmetrical tissue probability map downloaded
from the internet®> was used to perform tissue segmentation on
3D T1-weighted images to obtain GM, white matter (WM) and
cerebrospinal fluid segments, and quality inspection was performed.
(2) Flip tissue segments: the GM and WM segments obtained in the
last step were flipped with the midline of the brain as the axis to
create new images with reversed left and right brain hemispheres.
(3) Generate a symmetrical template: the flipped images obtained
in step 2 and the original versions obtained in step 1 were used to
generate a symmetrical Diffeomorphic Anatomical Registration Lie
(DARTEL) template. (4) Warp images: unflipped and flipped GM
images obtained in steps 1 and 2, respectively, were warped to the
symmetric DARTEL template obtained in step 3. (5) Generate the
right-hemisphere mask: a right-hemisphere mask was generated in
MRIcron* using the DARTEL template obtained in step 3 to limit
further analysis to the right hemisphere.

2.3.2. Estimation of the asymmetry index (Al)

All warped original GM versions and their corresponding warped
flipped GM segments (both generated in step 4) and the right-
hemispheric mask (obtained in step 5) were selected to calculate
the voxel-wise GM asymmetry following the optimized protocol by
Kurth et al. (2015). In this step, the left hemispheres were discarded
for all original and flipped GM versions of all subjects during
the masking procedure. As a result, the original and flipped GM
segments yielded the right and left hemispheres, respectively (Kurth
et al,, 2015). Then, the masked asymmetry index (AI) images of
each participant were generated according to the following formula:
Al = ((i1-i2)/((i14i2).%0.5)).*i3, in which il and i2 are original
and flipped GM warped images, respectively, and i3 is the right-
hemispheric mask image (Kurth et al., 2015). The resulting Al images
were then spatially smoothed with an 8 mm Gaussian kernel. In
the results, positive and negative AI values indicate rightward and
leftward asymmetry, respectively.

2.4. Statistical analyses

Differences in gender between each subgroup pair were tested
using the chi-square test in SPSS software (IBM Corp, Armonk,
NY), and other variables were tested using the independent two-
sample t-test. At an uncorrected threshold of P < 0.05, the results
were considered statistically significant. For demographic differences
among the three subgroups, the nonparametric test was used for ADI-
R subscores, and P < 0.05 was considered statistically significant after
Bonferroni correction by SPSS software.

To explore which brain regions exhibited differences in GM
asymmetry between the ASD/SA/VI/RRB group and corresponding
TD groups, general linear models were evaluated, with age, gender,
and site as covariates in SPM8. When the participants belong to site
1, site 1 was recorded as 1 and other sites were recorded as 0 (other
sites = 0, site 1 = 1). The same was true for the other sites. In the Data
Preprocessing Assistant for rs-fMRI software (DPARSF®; Yan et al,,

3 http://dbm.neuro.uni-jena.de/vbm8/TPM_symmetric.nii
4 https://www.nitrc.org/frs/?group_id=152
5 http://rfmri.org/dpabi
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2016), brain clusters with significant differences in between-group
comparisons were saved as masks.

In addition, to test the relationship between symptom severity
measured by ADOS subscores and Als in the general ASD group,
multiple regression analyses were implemented, with age, gender,
and site as covariates in SPM8. Scatter plots describing the linear
relation between the clinical severity and Als were conducted in
SPSS. Because few ASD participants were using ADOS in three
subgroups based on ADI-R, we performed regression analyses only
in the general ASD group; ultimately, 129 ASD patients in the general
ASD group were used for regression analyses. Similarly, to explore
the relationship between Als and age in patients with ASD and
TD controls, multiple regression analyses were implemented, with
gender and site as covariates. Scatter plots describing the linear
relation between age and Als were generated in SPSS. Importantly,
multiple regression analyses concentrated on masks saved in the
above between-group comparisons.

In all general linear models and multiple regression analyses, the
results were corrected for multiple comparisons using the Gaussian
random field (GRF) procedure with the voxel level of P-value < 0.005
and the cluster level of P < 0.05 implemented by DPARSF (Deng and
Wang, 2021).

3. Results

3.1. Demographic and clinical details

Descriptive statistics are presented in Tables 1, 2 and
Supplementary Table 1. There were no significant differences
between each subgroup pair in age and gender (P > 0.05). Three
subgroups significantly differed in ADI-R subscale scores (P < 0.05).

3.2. Differences in GM asymmetry
between general ASD and TD controls

As shown in Figure 1A and Table 3, specific brain regions
showed significant differences between general ASD and TD controls:
ASD patients had more leftward asymmetry in Cluster Al (inferior
temporal/middle temporal gyrus), Cluster A2 (parahippocampal
gyrus), Cluster A3 (superior temporal gyrus), and Cluster A6
(precuneus) and had more rightward asymmetry in Cluster A4
(thalamus), Cluster A5 (medial frontal gyrus) and Cluster A7
(postcentral/precentral gyrus).

3.3. Differences in GM asymmetry
between ASD subgroups and TD controls

Differences in GM asymmetry between the SI/VA/RRB group
and corresponding TD groups were then assessed (Figures 1B-
D and Table 3). In particular, relative to the TD group, the SI
subgroup showed significantly more rightward asymmetry in Cluster
S2 (thalamus) and Cluster S4 (postcentral/precentral gyrus) and less
rightward asymmetry in Cluster S1 (middle temporal gyrus) and
Cluster S3 (precuneus). The VA subgroup showed significantly less
rightward asymmetry than the TD group in Cluster V1 (inferior
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temporal gyrus), Cluster V2 (middle temporal/superior temporal
gyrus), Cluster V3 (anterior cingulate/caudate), and Cluster V4
(precuneus/postcentral gyrus). Relative to the TD group, the RRB
subgroup showed significantly more rightward asymmetry in Cluster
R4 (precentral/postcentral gyrus) and less rightward asymmetry
in Cluster R1 (middle temporal gyrus), Cluster R2 (inferior
frontal/middle frontal gyrus), Cluster R3 (inferior temporal/fusiform
gyrus), and Cluster R5 (precuneus).

3.4. GM asymmetry results validation

GM asymmetry results between ADOS-based ASD subgroups
and TD controls overlapped in main brain areas with GM asymmetry
findings based on ADI-R, suggesting that our subgrouping based on
ADI-R was robust (Supplementary Figure 1 and Supplementary
Table 2).

3.5. Brain-behavior relationships

The multiple regression analyses using clinical severity measured
by ADOS as the independent predictor of Al showed significant
negative associations: Als of Cluster A4 were negatively associated
with social scores measured by the ADOS in the general ASD group
(r=—0.187, P = 0.032; Figure 2).

3.6. The effect of age

Multiple regression analyses were calculated between Als and age
in patients with ASD and TD controls: Cluster V1 exhibited increased
leftward asymmetry from age 7 to 18 in the VA subgroup (r = —0.361,
P=0.017), Cluster A5 presented increased rightward asymmetry with
age in the general ASD group (r = 0.155, P = 0.019), and Cluster A2
showed increased rightward asymmetry over time in the TD group
(r=0.162, P = 0.008; Figure 3).

4. Discussion

In this study, we attempted to explore atypical GM asymmetry
patterns and subcategorize the neuroimaging of ASD based on its
core symptoms in a large brain imaging database (ABIDE I). We
found unique and elaborate GM asymmetry patterns among the
three ASD subgroups.

4.1. The atypical pattern of GM asymmetry
in the general ASD group

Abnormal structural asymmetries in patients with ASD have
been reported to be widely distributed across various brain regions
(Maximo et al,, 2014). Examples include significantly increased
rightward asymmetry in the inferior parietal lobule, auditory cortex
(Floris et al.,, 2016), posterior superior temporal gyrus (Gage et al,,
2009), and lateral orbitofrontal surface area (Postema et al., 2019)
and reduced rightward asymmetry in the medial orbitofrontal surface
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TABLE 1 Participant demographics.

PITT STANFORD TRINITY YALE Total
ASD and TD Subjects (N) ASD (TD) 56 (65) 52 (45) 14 (25) 7(9) 14 (20) 9 (14) 13 (24) 230 (264)
Age (years) ASD 11.23 +£2.62 13.04 +2.50 13.00 +2.34 10.26 + 1.46 12.80 £ 1.00 9.86 + 1.63 14.62 £ 1.75 12.45 +2.97 12.25 4+ 2.61
TD 12.06 4 2.79 12.96 + 1.92 13.69 + 2.59 10.37 + 1.31 13.32 4+ 1.00 9.95 + 1.60 1433 + 1.63 12,52 +2.57 12.48 4+ 2.58
Gender M (F) ASD 56 (10) 47 (5) 55 (10) 13 (1) 4(3) 11(3) 9(0) 10 (3) 199 (31)
TD 50 (13) 39 (6) 50 (12) 24 (1) 7(2) 16 (4) 14 (0) 17 (7) 219 (45)
Statistics Age t=—1.69, t=0.33, t=—1.56, t=-0.25, t=—103, t=—-0.12, t=0.41, t=—-0.73, t=—1.00,
p=0.09 p=057 p=0.12 p=0.80 p=032 =090 p=0.69 p=094 p=032
Gender X2 =0.40, X2 =0.17, X2 =0.35, X2 =0.18, X% =0.78, X2 =0.01, - X2 =0.16, X2 =1.20,
p=053 p=087 p=0.56 =067 =038 p=092 =069 p=027
SIand TD Subjects (N) SI(TD) 30 (58) 16 (34) 16 (44) 14 (25) 7(9) 14 (20) 9 (14) 13 (24) 146 (249)
Age (years) SI 11.69 + 2.67 12.80 +2.55 12.68 +2.30 10.26 + 1.46 12.80 % 1.00 9.89 + 1.63 14.62 + 1.75 1245 +2.97 12.25 %+ 2.56
TD 12.59 +2.82 13.03+1.73 13.19 +2.46 10.37 + 1.31 13.31 £ 1.00 9.95 4 1.60 14.33 £ 1.63 12.52 4+2.57 12.49 4 2.47
Gender M (F) SI 28 (2) 15 (1) 15 (1) 13 (1) 4(3) 11(3) 9(0) 10 (3) 124 (22)
TD 54 (4) 29 (5) 43 (1) 24(1) 7(2) 16 (4) 14 (0) 17(7) 213 (36)
Statistics Age t=—1.44, t=—-037, t=—-0.72, t=—0.25, t=—103, t=—-0.12, t=0.41, t=-0.93, t=—0.49,
p=0.15 p=071 p =048 p=0.80 p=032 =090 p=0.69 =036 =062
Gender X2 =0.002, X% =0.74, X2 =0.58, X% =0.18, X% =0.78, X2 =0.01, - X2 =0.16, X% =0.03,
p=097 p=039 p=045 p=0.67 =038 p=092 p=0.69 p=087
(Continued)
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TABLE 1 (Continued)

Variables
RRB and TD Subjects (N) RRB (TD) 10 (33) 15 (34) 16 (44) 41 (111)
Age (years) RRB 11.14 £ 2.59 12.70 £ 2.60 12.45+£2.13 12.22 4+ 2.45
TD 11.90 £ 2.06 13.02 +£1.73 13.19 £ 2.46 12.75 £ 2.19
Gender M (F) RRB 10 (0) 14 (1) 15 (1) 39 (2)
TD 33 (0) 29 (5) 43 (1) 106 (5)
Statistics Age t =—0.96, t=—0.49, t=—1.06, t=—1.28,
p=034 p=0.62 p=029 p=0.20
Gender - X2 =0.30, X% =0.58, X2 =0.01,
p=0.59 p=0.45 p=092
VA and TD Subjects (N) VA (TD) 16 (48) 10 (35) 17 (44) 43 (127)
Age (years) VA 10.42 £ 2.47 13.00 £ 2.75 13.42£2.73 12.21£2.93
TD 11.16 & 2.40 13.00 £ 2.10 14.66 + 2.67 12.88 +2.83
Gender M (F) VA 12 (4) 8(2) 16 (1) 36 (7)
TD 33 (15) 31(4) 43 (1) 107 (20)
Statistics Age t = —1.06, t =0.00, t = —1.60, t=—1.34,
p=029 p=1 p=012 p=0.18
Gender X2 =0.23, X2 =0.50, X% =0.50, X2 =0.07,
p=0.64 p=048 p=048 p=093

ASD, autism spectrum disorder; TD, typically developing; SI, subgroup dominated by social interaction deficits; VA, subgroup dominated by verbal communication abnormalities; RRB, subgroup dominated by restricted repetitive behaviors; KKI, Kennedy Krieger Institute;
NYU, New York University Langone Medical Center; UCLA, University of California-Los Angeles; UM, University of Michigan; YALE, Yale Child Study Center; STANFORD: Stanford University; TRINITY, Trinity Centre for Health Sciences; PITT, University of Pittsburgh

School of Medicine.
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TABLE 2 Differences in the three ADI-R subscales among the three ASD subgroups.

SIvs. VA SI'vs. RRB VA vs. RRB
ADI-R-SOCIAL —4.295 < 0.0001 3.727 < 0.0001 0.607 1.000
ADI-R-VERBAL —2.666 0.023 0.512 1.000 —4.759 < 0.0001
ADI-R-RRB —0.524 1.000 6.909 < 0.0001 5.178 < 0.0001

ADI-R-SOCIAL, social subscore of autism diagnostic interview-revised (ADI-R); ADI-R-VERBAL, verbal subscore of ADI-R; ADI-R-RRB, restricted repetitive behaviors subscore of ADI-R; SI,
subgroup dominated by social interaction deficits; VA, subgroup dominated by verbal communication abnormalities; RRB, subgroup dominated by restricted repetitive behaviors.

*Bonferroni corrected p-values.

area, putamen volume, and the parahippocampal gyrus (Postema
et al,, 2019; Li et al,, 2021). The reported multiregional asymmetry
alterations are consistent with the notion that laterality is easily
disrupted in patients with ASD (Maximo et al., 2014). In our study,
the results showed that various GM asymmetry alterations were
located in several clusters in the general ASD group, predominantly
involving the temporal, frontal, and parahippocampal gyrus, which
part overlapped with findings in previous studies, such as the
parahippocampal gyrus having more leftward asymmetry (Li et al,,
2021). However, in the postcentral gyrus, general ASD showed more
rightward asymmetry; previous studies by Hau et al. (2022) reported
leftward asymmetry of the postcentral gyrus volume in ASD patients
relative to the TD group. Interestingly, we found that this brain
region exhibited more rightward asymmetry in the SI and RRB
subgroups but leftward asymmetry in the VA subgroup. Furthermore,
our analysis revealed additional GM asymmetry alterations, including
the anterior cingulate, caudate, inferior frontal gyrus, middle frontal

A ASD vs.TD B

SIvs. TD

e&m%@;& &»M@

FIGURE 1

Differences in GM asymmetry in between-group comparisons.

(A) General ASD vs. TD controls: seven clusters with significant
differences between general ASD and TD controls. (B) Sl vs. TD: four
clusters with significant differences between Sl and TD controls.

(C) VA vs. TD: four clusters with significant differences between VA
and TD controls. (D) RRB vs. TD: five clusters with significant
differences between RRB and TD controls; the red color indicates the
general ASD/SI/VA/RRB group with more rightward asymmetry, and
the blue color indicates more leftward asymmetry. The results were
corrected for multiple comparisons using the Gaussian random field
procedure with the voxel level P-value < 0.005 and the cluster level of
P < 0.05. GM, gray matter; ASD, autism spectrum disorder; TD,
typically developing; Sl, subgroup dominated by social interaction
deficits; VA, subgroup dominated by verbal communication
abnormalities; RRB, subgroup dominated by restricted repetitive
behaviors.

Frontiers in Neuroscience

gyrus, and fusiform, that were present only in ASD subgroups but
not in the general ASD group. Our results further suggested the
neuroimaging heterogeneity of ASD. Such heterogeneity would result
in the truth being offset or inaccurate if ASD is considered as a whole.

4.2. Divergent GM asymmetry patterns in
ASD subgroups

Different GM asymmetry alterations were presented across three
core-symptom-defined ASD subgroups in our study, consistent with
previous notions that brain structure and function alterations are
associated with specific clinical symptoms in ASD. For instance,
social cognition mainly relies upon certain social brain regions
2016). The results of our study indicated that
different clinical phenotypes defined by divergent core-symptom
domains would result in heterogeneity in neuroimaging.

(Patriquin et al.,

Specifically, there was more rightward asymmetry in the thalamus
for SI, less rightward asymmetry in the superior temporal gyrus,
anterior cingulate, and caudate for VA, and less rightward asymmetry
in the middle and inferior frontal gyrus for RRB.

The thalamus, known as the subcortical-cortical relay, is related
to social deficits and is thought to be a vital region in ASD (Schuetze
etal,, 2016). Although MRI cannot provide cellular-level evidence for
changed thalamic volume asymmetry, alterations in thalamic volume
may be concerned with changes in myelination or other properties
of WM axons innervating the region or changes in dendritic or
2016). Structurally, the
rightward asymmetry of thalamic volume modulated the correlation
between parental alienation and the social abilities of children with
2020).
level, hypoconnectivity between the posterior thalamus and parieto-
occipital cortex has been found in ASD (Nair et al,, 2013), and the
pulvinar nucleus has been shown to have significant connections with

neuropil compartments (Schuetze et al,

social anxiety disorder (Zhang et al, On the functional

the prefrontal and parieto-occipital cortices in studies on humans
(Arcaro et al,, 2015). The occipital abnormalities have been related
to social reciprocity deficits in ASD (Amaral et al., 2008). Our results
indicate that thalamic volume properties at the structural level may
result in alterations in these functional connectivities, which, in turn,
influence social interaction in ASD.

The superior temporal gyrus (STG) is one of the language-
functional regions in normally developed and language-impaired
subjects. During embryologic and early postnatal development, the
right STG is equally capable of language processing as the left STG
(Kertesz et al., 1992). Nevertheless, this equivalent capacity starts to
vary during later development, with the left STG showing a clear
advantage in language processing (Kertesz et al., 1992). Reports on
language-association area asymmetry in ASD have had inconsistent
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TABLE 3 Coordinates of clusters with significant differences in between-group comparisons.

MNI coordinates

ASD vs. TD Al Inferior Temporal Gyrus/Middle Temporal Gyrus 67.5 —34.5 —22.5 268/126 —3.271
A2 ParaHippocampal 13.5 1.5 —24 69 -3.170
A3 Superior Temporal Gyrus 42 10.5 —16.5 41 —2.810
A4 Thalamus 19.5 —18 12 127 3.169
A5 Medial Frontal Gyrus 12 37.5 255 5 2.739
A6 Precuneus 3 —60 45 106 —2.998
A7 Postcentral Gyrus/Precentral Gyrus 55.5 —24 60 233/145 3.053
SIvs. TD S1 Middle Temporal Gyrus 60 —24 -9 67 —2.986
S2 Thalamus 19.5 —-18 12 65 2.955
S3 Precuneus 3 —58.5 46.5 182 —3.355
S4 Postcentral/Precentral Gyrus 55.5 —255 60 456/172 3.411
VA vs. TD V1 Inferior Temporal Gyrus 66 —48 —19.5 78 —3.829
V2 Middle Temporal/Superior Temporal Gyrus 45 =27 —15 133/102 —3.310
V3 Anterior Cingulate/Caudate 9 22.5 -3 75156 —3.055
V4 Precuneus/Postcentral 9 —58.5 67.5 146/75 —2.973
RRB vs. TD R1 Middle Temporal Gyrus 57 6 —24 42 —2.678
R2 Inferior Frontal/Middle Frontal Gyrus 25.5 315 —25.5 81/60 —2.869
R3 Inferior Temporal Gyrus/Fusiform 48 —40.5 —25.5 607/245 —3.794
R4 Postcentral/Precentral 48 9 22.5 536/204 3.877
R5 Precuneus 16.5 —72 57 103 —3.017

ASD, autism spectrum disorder; TD, typically developing; SI, subgroup dominated by social interaction deficits; VA, subgroup dominated by verbal communication abnormalities; RRB, subgroup

dominated by restricted repetitive behaviors.

results, with research showing increased leftward asymmetry of
fusiform- and inferior temporal thickness (Postema et al., 2019),
study reporting increased leftward asymmetry of GM volume in
the language-association areas (Hazlett et al., 2006), lack of planum
temporale leftward asymmetry (Rojas et al., 2005), or investigation
exhibiting rightward asymmetry of GM volume in language-related
cortex in ASD (De Fossé et al,, 2004). The fact that patients in
the VA subgroup in our study exhibited less rightward asymmetry
again provides evidence for atypical GM asymmetry in ASD, albeit
admittedly in a different pattern than much of the prior literature.

The frontostriatal system plays a key role in social motivation,
which is thought to be the basis of abnormities in verbal
communication in ASD (Delmonte et al.,, 2013). A previous study
showed that the mechanisms controlling the number and volume of
neurons and the total volume of the caudate nucleus are dysregulated
in ASD (Hollander et al., 2005). These cellular alterations result in
different volumes of the bilateral caudate (i.e., abnormal caudate
asymmetry) in ASD. Abnormal caudate asymmetry underlies the
disruption of structural and functional connectivities between the
frontal cortex (including anterior cingulate) and striatum (Delmonte
et al,, 2013), which may potentially explain the link between the
leftward asymmetry of the caudate and anterior cingulate and verbal
communication deficits in ASD in our study.

It was reported that response inhibition is consistently associated
with the inferior and middle frontal gyrus, which may relate to the
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