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Autism spectrum disorder (ASD) is a neurodevelopmental disorder that
encompasses a range of symptoms including difficulties in verbal
communication, social interaction, limited interests, and repetitive behaviors.
Neuroplasticity refers to the structural and functional changes that occur in the
nervous system to adapt and respond to changes in the external environment. In
simpler terms, it is the brain’s ability to learn and adapt to new environments.
However, individuals with ASD exhibit abnormal neuroplasticity, which impacts
information processing, sensory processing, and social cognition, leading to the
manifestation of corresponding symptoms. This paper aims to review the current
research progress on ASD neuroplasticity, focusing on genetics, environment,
neural pathways, neuroinflammation, and immunity. The findings will provide a
theoretical foundation and insights for intervention and treatment in pediatric
fields related to ASD.
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1 Introduction

Autism spectrum disorder (ASD), also known as autism or autistic disorder, is most
commonly diagnosed in children. It encompasses a group of genetically heterogeneous
neurobehavioral disorders characterized by impairments in three core areas:
communication, social interaction, and stereotypical repetitive behaviors.
Epidemiological data suggests ASD affects approximately 2% of children, with a male-to-
female ratio of 4:1, and heritability estimates ranging from 70% to 90% (1). Globally, the
prevalence of ASD in children under 5 years old decreased from 1990 to 2019, but
prevalence and disability-adjusted life year (DALY) rates increased (2). Children with
developmental delays, intellectual disabilities, or epilepsy exhibit longer and more varied
stereotypes (3). ASD development is influenced by a variety of factors, including complex
interactions between genetic and environmental factors, as well as functional and structural
abnormalities in neurodevelopment (4).

Neuroplasticity refers to adaptive changes in the structure and function of the nervous
system that allow people to learn, remember, and adapt to new environments through
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experience. Plasticity is achieved primarily through regulation of
genetic, molecular, and cellular mechanisms enabling gain or loss of
behavior or function by influencing synaptic connections and
neural circuit formation. Abnormalities in neuroplasticity have
been found in brains of patients with ASD, potentially leading to
abnormal neuronal connectivity and circuit formation, affecting
information transmission and coordination between brain regions
(5). This plasticity is a complex process with increased sensitivity
during fetal and infant brain development and to a lesser extent
during adolescence and adulthood (6). This review focuses on the
important role of neuroplasticity in ASD in terms of genetics,
environment, neural pathways, neuroinflammation, and
immunity to inform the design, timing, and sequencing of
neuromodulatory interventions for clinical research to enhance
and optimize their translational application in childhood
brain disorders.

2 Genetic and environmental factors
2.1 Chromosomal abnormalities

ASD has a clear genetic predisposition, and although
heritability estimates for ASD range from 70% to 90%, the
molecular diagnosis rate is lower than expected (7). The New
Jersey Language and Autism Genetics Study (NJLAGS)
investigated more than 100 families with at least one member
with ASD (8). Identical twins have a higher concordance of ASD
symptoms compared to dizygotic twins (9). Up to 40% of children
with ASD are diagnosed with genetic syndromes or chromosomal
abnormalities, including small DNA deletions or duplications,
genetic variants, and metabolic disorders with mitochondrial
dysfunction, among others, all suggesting a genetic influence on
ASD (10). In particular, chromosomal abnormalities are important
in the pathogenesis of ASD, and the relative telomere length of
chromosomes has a sexually dimorphic pattern in ASD, with boys
with ASD having significantly shorter relative telomere lengths than
typically developing controls and paired siblings (11). Numerous
studies show many diseases resembling ASD-like phenotypes often
involve chromosome 15q11-q13 segments (12). Deletions and
duplications of chromosomes 15q11.2, 15q13.3, 16p11.2, 22q11.2,
and BP1-BP2 are among the common genetic causes of ASD (1, 13).

2.2 Genetic mutations

The pattern of inheritance of ASD involves numerous rare gene
mutations, many clustered in nervous system maturation, including
neurogenesis, axonal development, and synapse formation. These
play a critical role in normal neuroplasticity development (14). On
chromosome 17ql2, the LHX1 gene is associated with
neurodevelopmental abnormalities and plays a role in GABA
neuron migration/differentiation, affecting interneuron
development/survival (15). In animal experiments, CSMD3 gene
deletion resulted in abnormal dendritogenesis of cerebellar Purkinje
cells in mice, producing typical ASD symptoms and motor
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dysfunction (16). Genetic variants in the y-aminobutyric acid
receptor subunit gene, which encodes the neurotransmitter
receptor, also contribute to the development of ASD (17). In
addition, ASD patients with mutations in GRIN2B, SHANKS3,
and UBTF genes exhibit hyperexcitability and early cortical
neuron maturation, characterized by increased sodium currents,
larger/faster excitatory postsynaptic currents, and more action
potentials during early neuron development (18). Most ASD-
related genes determine the function of the nervous system and
affect certain protein activities and cellular functions in genetic
information propagation, such as disruption of protein localization
on the mitotic spindle, cell cycle arrest, DNA damage and cell death
(19). In terms of single genes, haploinsufficiency in KMT2E (20),
Taokl (21), PLPPR4 (22), ZDHHCI5 (23), ASHIL (24), and
Kdméb (25)affects neurological development and produces ASD
symptoms. The CAPRINI gene is critical for synaptic plasticity,
encoding a ubiquitous protein regulating mRNA transport and
translation. CAPRINI haploinsufficiency leads to neuronal tissue
destruction, impaired calcium signaling with increased oxidative
stress, and developmental/functional deficits of the neuronal
network, including language deficits, attention deficit
hyperactivity disorder, and ASD (26). Thus, some potent
neuroplasticity modulators have the potential to treat ASD.
Haploinsufficiency of the SHANK3 gene on chromosome 3q22.13
usually results in severe deficits in motor behavior, sensory
processing, language, and cognitive function. An IGFBP2 mimetic
peptide fragment, JB2, directly binds to dendrites and synapses,
rescuing these deficits and facilitating neuronal culturing and repair
of synaptic functional plasticity (27).

2.3 Environmental factors

Environmental factors play an important role in the
development of ASD (28). The etiology of ASD often involves a
complex interaction between genetic and environmental factors.
Some mutations are not considered to be the direct cause of the
development of ASD, but rather their mutation is induced by
environmental factors. Maternal dietary habits, prenatal use of
pharmacologic agents (29), diabetes (30), obesity (31), asthma
(32), and deficiencies in important nutritional factors increase
gene mutation rates (33). Fetal hypoxia or asphyxia, mother’s
history of multiple spontaneous abortions (34), bleeding during
pregnancy and complications during labor and delivery (35) also
increase ASD risk in offspring. It is worth mentioning that parental
education level can impact the symptoms of ASD. Parents with
higher education tend to pay more attention to prenatal care, family
environment, and parenting styles, which can reduce the likelihood
of risk factors triggering the disorder and facilitate early
detection and intervention in the early stages of the disorder
(36). Additionally, pesticide poisoning also contributes to
the development of ASD. Chlorpyrifos is a widely used
organophosphorus pesticide that induces dysfunctional
synaptic plasticity in rat hippocampal neurons (37). Maternal
organochlorine pesticide exposure increases the risk rate of ASD
in the offspring (38). The incidence of pesticide poisoning is two
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times higher in males than in females, and the number of ASDs and
disability-adjusted life years (DALYs) are four times higher in males
than in females, and pesticide poisoning may be a contributing
factor to gender differences in ASDs (39). Macronutrients and
micronutrients can harm human health when outside normal
ranges. Toxic substances produce chemical effects in the body,
and overexposure to toxic heavy metals or inadequate essential
metal intake during fetal and infant life correlate positively with
ASD prevalence (40). Children with ASD have higher
concentrations of chromium (Cr), mercury (Hg), arsenic (As),
manganese (Mn), copper (Cu), and aluminum (Al) in their blood
compared to neurotypical children, often accompanied by zinc
deficiencies, which is a major cause of social difficulties and
language skill deficits (41); Copper induces neuronal degeneration
and oxidative damage, disrupts synaptic plasticity and inhibits the
CREB/BDNF pathway, exacerbating learning and memory deficits
(42); Zinc deficiency may lead to decreased cognitive and learning
abilities and increased oxidative stress (43). Some metabolic and
chromosomal disorders such as Down syndrome, phenylketonuria,
Rett syndrome, and fragile X syndrome are also common genetic
causes of ASD (44). In summary, ASD occurs in response to
unfavorable internal and external factors during a critical period
of central nervous system development, when neural structure and
function are impaired, and consequently, associated symptoms
(Figure 1). However, the mechanisms by which these factors
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influence neuroplasticity have not been adequately supported by
research and need to be further explored.

2.4 Sexual dimorphism

Many researchers have observed increasing gender differentiation
in ASD. Some ASD-associated miRNAs exhibit sexual dimorphism,
such as miR-219 and miR-338, promoting oligodendrocyte
differentiation, miR-125 involved in neuronal differentiation, and
miR-488 associated with anxiety. Although their target genes of these
miRNAs are significantly enriched in neural pathways in both sexes,
less than one-third of the targets are shared between the sexes (45). As
the main difference between males and females is in sex chromosomes
and many gender-associated genes. Therefore, a pertinent question
arises: does the X chromosome mitigate ASD prevalence, or does the Y
chromosome elevate predisposition? For example, in Turner
syndrome, the female phenotype has only one X chromosome and
about 3% have ASD, 3 times the risk of the general population (46). In
children with the XYY syndrome chromosome, about 14% have ASD
(47). Tt can be hypothesized that the X chromosome may be a
protective factor and the Y chromosome may be a risk factor for
ASD. In a study of the female protective hypothesis, it was discovered
that females with ASD who carried a higher number of ASD-associated
risk alleles in the OXTR gene demonstrated enhanced functional

Genetic and environmental factors of ASD. Adverse external environmental factors exposed to mothers and children lead to chromosomal

abnormalities in children and eventually ASD.
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connectivity between the nucleus accumbens. Females exhibit stronger
functional connectivity between cortical regions involved in learning
and motor control compared to males (48). Overexpression of e[FAE in
microglia leads to higher synaptic density, neuroligins, and excitation-
to-inhibition ratio in cortical neurons of male mice that exhibit ASD-
like behaviors (49). These mice exhibit unique social deficits and
reduced spine density in relevant neurons, possibly due to enhanced
microglial phagocytosis leading to excessive pruning of synapses and
disruption of neural circuits controlling social behavior (50). However,
not all findings indicate that males exhibit more prominent ASD
phenotypes. Research has shown that young girls diagnosed with ASD
often have greater social communication deficits than young boys in
toddlers and preschool children (51). Additionally, the functional
impairment of some candidate risk genes for ASD, such as EPHB2,
results in more repetitive behaviors, hyperactivity, and learning and
memory deficits in models of female mice exhibiting typical ASD
behaviours (52). The sexual dimorphism of ASD is influenced by
various factors, but the primary mechanisms underlying its occurrence
and effects require further in-depth research.

3 Neural pathways
3.1 Neurotransmitter abnormalities

Neurotransmitters are chemicals that transmit signals between
neurons, and an abnormal neurotransmitter system can lead to
malfunctioning signaling between neurons, disrupting the process
of neuroplasticity. The process of neuroplasticity involves various
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amino acids and their derivatives, including glutamate (Glu),
glycline (Gly), y-aminobutyric acid (GABA), 5-hydroxytryptamine
(5-HT), dopamine (DA), and norepinephrine (NE), among
others (Figure 2).

Glu is an excitatory neurotransmitter that not only regulates
synapse formation, but also participates in astrocyte migration,
differentiation, and apoptosis and is responsible for learning,
memory, behavioral, motor, and sensory functions (53). Gly and
Glu act as co-agonists to induce Glutamatergic N-methyl-D-
aspartate (NMDA) excitatory potentials, resulting in enhanced
neuroexcitotoxicity (54). GABA is an inhibitory neurotransmitter
responsible for brain development, cognitive activity, and attention
formation (55). All three amino acids are involved in maintaining
homeostasis and balance in the nervous system. Abnormally high
levels of Glu and abnormally low GABA receptor binding in the
nervous system disrupt this balance, resulting in synaptic
overstimulation and aberrant neuronal excitation, leading to
cognitive impairment (56). Mean plasma Glu levels were
significantly higher in children with ASD compared to the
normal group and increased with increasing severity of ASD (57).
However, GABA levels, which were also relatively increased,
exhibited excitotoxicity in neurons, probably due to a decrease in
the number of GABA receptors, the absence of an effective receptor
uptake system, and the accumulation of GABA in the extracellular
space to a sufficiently high level (58). The high-Gluergic state
reflects an imbalance in the ASD brain that is excitatory rather
than inhibitory (59). These findings can serve as biomarkers for
clinical ASD diagnosis, as children’s developing brains are more
susceptible to neuroexcitotoxic effects. Based on these theories, they

Abnormalities of neurotransmitters in ASD. Abnormal changes in different neurotransmitters at the synapse may impair neuronal plasticity,

triggering ASD.
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may provide novel ideas for clinical ASD treatment. An NMDA
receptor antagonist, memantine, has been found to modulate the
disturbed relationship between Glutamine (Gln), Glu, and GABA
and maintain nervous system homeostasis (60). A study noted that
bumetanide can alter the synaptic excitatory-inhibitory (E-I)
balance by potentiating GABA effects, thereby reducing ASD
symptom severity in animal models (61). Icariin (ICA) could be a
promising new therapeutic agent for ASD, attenuating disturbed E-I
synaptic protein balance in model animals, suppressing
neuroinflammation, and alleviating ASD symptoms by decreasing
pro-inflammatory cytokine protein levels (62).

5-HT in the nervous system is responsible for synaptogenesis
and regulation of neuronal activity and for the regulation of mood,
memory and learning in the brain (63). 5-HT neurotransmission
dysfunction and circuit dysregulation may underlie the behavioral
abnormalities associated with ASD (64). Patients with ASD often
exhibit hyper-serotonemia, and 5-HT levels are significantly
predictive of ASD development (65). Its receptor serotonin
transporter protein (SERT) was found to regulate synaptic
serotonin, modulating mitochondrial copy number and
mitochondrial respiratory complex gene expression in the frontal
cortex and cerebellum in a sexually dimorphic manner, which could
help explain the gender bias in ASD prevalence (66).
Catecholamines are neurotrophic and regulatory factors, with DA
primarily responsible for attention, reward motivation, motor and
communication skills (67). Developmental deficits in DA neurons
in the midbrain underlie the pathogenesis of ASD, with a positive
correlation between low DAergic status and impaired socio-
emotional and communication (68), accompanied by higher levels
of hypervanillic acid (69). Effective dopamine therapy could be a
potential ASD treatment. Cullin 3 (CUL3), a core component of the
Cullin-RING ubiquitin E3 ligase complex, whose deficiency
increases the excitability of ventral tegmental area (VTA) DA
neurons, and a hyperpolarization-activated channel, HCN2, can
act as a target for CUL3 in DA neurons to attenuate CUL3-induced
behavioral deficits through inhibition of either D2 receptors or DA
neuronal activity (70). In addition, ASD may result from decreased
activity of dopamine-B-hydroxylase (DBH) in the hippocampus
and neocortex (71), as this enzyme is regulated by a single gene,
DBH, and catalyzes conversion of DA to NE (72), which is a system
that affects intelligence, memory, rewards, arousal, and attention
and stress (73). Thus, perinatal DBH gene low activity may create
conditions for ASD development. At the same time, children with
ASD exhibit increased tonicity and decreased phasic activity of the
locus coeruleus-norepinephrine (LC-NE) system. Abnormal LC-NE
activation may be associated with atypical arousal and reduced
behavioral response in ASD (74).

3.2 Neurotransmitter receptor abnormality
Neurotransmitter receptors are proteins on neurons

responsible for receiving and transmitting signals from
neurotransmitters. Their abnormalities may lead to altered
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neuronal response to neurotransmitters, affecting neuroplasticity
(75). Neuronal communication involves two trans-synaptic
signaling pathways of the cell adhesion protein family,
presynaptic neuregulin (Nrxn) and postsynaptic neuroligin
(Nlgn), which are among the most frequently affected pathways
in ASD (76). The Nrxn gene encodes presynaptic cell adhesion
molecules that are important in regulating synaptic
neurotransmitter release, particularly Gluergic and GABAergic
transmission (77). Mutations in the Nrxn1-3 gene or disruption of
its splicing program impair cognitive function in the brain, which
is associated with ASD (78). Nlgn is a postsynaptic cell adhesion
molecule organizing synapses. It is involved in synaptic
recognition, specification, and functional maturation, and
maintains E-I homeostasis in specific neural connections (79).
One study found that mice prenatally exposed to valproic acid
(VPA) exhibited cognitive and motor deficits in Y-maze learning,
which may be due to reduced levels of proteins involved in
excitatory synapse formation, such as Nlgnl and PSD-95 (80).
Among the subtypes of Nlgn, the Nlgn2 gene is often reduced in
expression in severe neuropsychiatric disorders (81), Nlgn3
primarily mediates enteric neuron-neuroglial (82), and Nlgn4 is
primarily involved in functioning in intelligence, social skills,
sleep, and arousal (83) and impairments of all of these subtypes
are associated with ASD. Additionally, GPR85, an ASD risk factor,
associates with NLGN-associated postsynaptic density protein
PSD-95 in brain, interfering with dendritic formation via the
NLGN-PSD-95 receptor complex and causing neural excitation-
inhibition imbalance, affecting learning and memory (84). These
factors may be genes or signaling pathways related to ASD
synaptic abnormalities, so some ASD pathogenesis may also
stem from synaptic dysfunction. Moreover, choline is an
important neurotransmitter with cognitive enhancement effects,
and cholinergic transmission deficits may be responsible for
lifelong attention deficits in ASD patients (85). Reduced M1
muscarinic cholinergic receptor activity may contribute to the
ASD phenotype, whereas the use of partial M1 muscarinic
receptor agonists reduces repetitive behaviors and interest
restriction in a mouse model of ASD (86). The o7-nicotinic
acetylcholine receptors (0.7-nAChRs) have been associated with
social and communication deficits in ASD, and a positively-
mutated modulator (PAM) of this receptor enhances social
communication behavior in a rat model of ASD (87). These
findings can potentially help to identify drug therapy targets.

3.3 Abnormalities in neural circuits

Abnormalities in neural circuits may lead to altered brain
network activity and synaptic plasticity in patients with ASD.
Studies have shown that patients with ASD have abnormal
electroencephalogram (EEG) activity and functional magnetic
resonance imaging (fMRI) signals, which affects information
transfer between neurons and impairs cognitive functions such as
learning and memory (88).
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Patients with ASD exhibit hyperconnectivity in localized brain
areas regarding EEG functional connectivity, yet effective
connectivity across hemispheres is significantly reduced (89),
demonstrating hypo-connected networks and sub-optimal
network characteristics. Children with ASD have increased power
spectral density (PSD) fast bands (high beta and gamma), higher
variability (CV), and lower complexity (MSE) compared to
normally developing children (90). This suggests that in children
with ASD, neural networks are more variable, less complex, and less
adaptive, with reduced capacity for producing optimal responses.
Research found that children with ASD have elevated relative
efficacy in the 3, 6 (4-8 Hz), o (8-12 Hz), B, and 7y bands,
decreased 6/B ratios in frontal regions, enhanced 6/B ratios in Cz
and Pz electrodes, and significant correlations between 6/B and
cognitive function (91). The hierarchical processing of phonemic
and syllable range information (6/y coupling) is disrupted in
children with ASD, which may account for communication
difficulties in children with impaired speech reception (92). Total
lobe alpha power is lower in children with ASD than in neurotypical
children (93), whereas long-distance intra- and inter-hemispheric
connectivity is improved after transcranial magnetic stimulation
(rTMS) interventions, especially within the alpha band, while local
and global network properties are greatly enhanced in the §, 6, and
o, bands (94). Transcranial direct current stimulation (tDCS) holds
potential in ASD treatment via plasticity modulation, acting as a
novel method for motor and cognitive function enhancement to
alleviate ASD symptoms (95).

fMRI is a non-invasive imaging technique used to study brain
activity. Patients with ASD show high connectivity in the frontal
lobe, anterior cingulate, parahippocampus, left precuneus, horn,
caudate, superior temporal, and left pallidum, and low connectivity
in the antero-central, left supra-frontal, left mid-orbital frontal lobe,
right amygdala, and left posterior cingulate (96), suggesting
abnormal neural circuitry in patients with ASD. In early ASD,
reduced activation of socio-emotional verbal areas in the
supratemporal cortex and the appearance of atypical connections
in the visual and precuneus cortices are shown, which are closely
associated with the development of social and language deficits in
children with ASD (97). In addition, the lack of correlation between
bilateral prefrontal cortex and cerebellar gray matter volumes and
language social scores in children with ASD compared to
neurotypical children may underlie language and social deficits
(98). Pathological reductions in amygdala and hippocampal gray
matter volume bilaterally have been associated with lower language
skills (99). Underactivation of the right and left ventral striatum has
been associated with lower reward seeking in children (100). In
conclusion, these abnormal connections help to find biomarkers of
ASD, such as EEG spectral abilities, face perception responses (101),
and the brain’s default mode network (DMN) (102). The results of
these studies have also helped to improve diagnostic and
therapeutic methods for ASD patients. Scatter tensor imaging
(DTI), functional MRI (fMRI), flexible analytic wavelet transform
(FAWT) (103), and the application of artificial intelligence (104)
can be new ASD detection techniques. Therefore, it is important to
study non-invasive treatments such as EEG and fMRI to do a more
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in-depth study of specific stimuli and brainwave changes to enrich
the clinical diagnosis and treatment of ASD.

4 Neuroinflammation and immunity
4.1 Neuroinflammation

Neuroinflammation affects neuronal development,
connectivity, and function, including activation and proliferation
of microglia and astrocytes, excessive release of pro-inflammatory
cytokines and chemokines, breakdown of the blood-brain barrier,
and upregulation of inflammatory signaling pathways, among
others. Glial cells primarily prune synapses or respond to injury
by isolating the injury site and expressing inflammatory cytokines
(105). In ASD, the cell number and density of astrocytes and
microglia are increased (106). Astrocytes maintain homeostasis in
the brain microenvironment primarily through the uptake of ions
and neurotransmitters (107). However, astrocyte aquaporin-4
(AQP4) deficiency causes synaptic dysfunction and leads to
decreased social interaction and motor activity, increased anxiety,
and decreased ability to recognize new objects (108). Prenatal
exposure to valproic acid (VPA) produces ASD-like behavior by
downregulating myeloid cell 2 (TREM2) levels and upregulating
microglial cell levels, causing microglia to undergo polarization
dysregulation and excessive pruning of synapses (109).

Abnormal expression of inflammatory cytokines, including
interleukin-6 (IL-6), tumor necrosis factor-o. (TNF-o), and
interferon-y (IFN-Y), is present in patients with ASD. Increased
plasma granulocyte colony-stimulating factor (G-CSF)
concentrations have also been associated with an increased risk in
children diagnosed with ASD (110). Excessive release of these
inflammatory cytokines causes children with ASD to exhibit
higher leukocytes, monocytes, IL-10., IL-1B, IL-2, IL-4, IL-6, IL-8,
and IL-10, macrophage (M)1 profiles, and anti-inflammatory
profiles (111). Children with ASD who have gastrointestinal
symptoms are often associated with increases in many innate (IL-
1o, TNFo, GM-CSF, IFNa) and adaptive cytokines (IL-4, IL-13, IL-
12p70) (112). IL-6 is a neurogenic cytokine that affects neuronal
proliferation, synapse formation, differentiation, and migration and
acts as a modulator of central neural pathways, which are important
for cognitive functioning (113), and has also been associated with
worsening of restricted and repetitive behaviors (114). TNF-a. has
homeostatic functions, such as regulating neurogenesis, myelin
formation, blood-brain barrier permeability and synaptic
plasticity, and mediates changes in excitatory and inhibitory
neurotransmission in a concentration-dependent manner (115).
Abnormalities in the TNFo/NFkB signaling axis lead to defects in
neural progenitor cell proliferation and synaptic development that
exhibit ASD features (116). Neurons also require physiological IFN-
Y signaling to maintain CNS homeostasis, and pathological IFN-y
prolongs synaptic pathway transcript activation and impairs neural
function (117). High levels of IFN-y in children with ASD are
associated with more severe symptoms, especially in the behavioral-
motor, social, and language expression domains, and therefore, the
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level of IFN-y derived from Y0 T cells could be one of the potential
candidate biomarkers for ASD (118).

Dysregulation of chemokine levels early in life hinders normal
immune and neurobehavioral development, and elevated peripheral
chemokine levels at birth are strongly associated with the
progression of ASD (119). The expression of chemokine
receptors, inflammatory mediators, and transcription factors plays
a key role in neuroinflammatory diseases. A selective CXCR2
antagonist, SB33223, was able to trigger an anti-inflammatory
response by down-regulating inflammatory mediators and NF-
kB/Notch inflammatory signaling in mice modeled with ASD
(120), which could be a novel target for therapy. In addition, in
individuals with ASD, the blood-brain barrier is impaired and
permeability is increased (121), and high sensitivity C-reactive
protein (hsCRP), prolactin (PRL), and serum reactive oxygen
metabolites (ROM) are markedly elevated (122), accompanied by
mitochondrial dysfunction and neuronal oxidative stress (123).
Based on the neuroinflammatory theory, peripheral activation of
immune-inflammatory pathways may lead to neuroinflammation
and mitochondrial dysfunction in the CNS, resulting in
abnormalities in transsynaptic transmission and brain
neurodevelopment (124). Sphingosine-1-phosphate (S1P),
neuron-specific enolase (NSE) (125), glial fibrillary acidic protein
(GFAP), and neurofilament (Nfl) (126) are expected to be used as
biomarkers for the diagnosis of ASD. Notably, some studies have
found that prebiotics and probiotics have sufficient anti-
inflammatory and antioxidant properties to be considered useful
dietary components to help prevent ASD (127).

4.2 Neuroimmunity

Children with ASD are associated with immune abnormalities
in the brain and periphery, including inflammatory diseases and
autoimmunity, which can occur in affected individuals and
mothers, disrupting neurodevelopmental function. Abnormal
activation and functional alterations of immune cells are present
in patients with ASD, including activation of microglia,
macrophages, and abnormal expression of T cells. Disruption of
glial cell function in ASD may affect normal neurotransmitter
metabolism, synaptogenesis, and cause brain inflammation (128).
Deficiency of TMEM59 in microglia impairs their synaptic
phagocytosis by destabilizing the Clq receptor CD93, leading to
enhanced excitatory neurotransmission and increased dendritic
spine density (129). Maternal immune activation (MIA) alters the
microglia phenotype in the brains of fetal and neonatal mouse
offspring, resulting in a large increase in the number of microglia, as
well as excessive proliferation of neural progenitor cells in the
subventricular zone (SVZ), resulting in neurological abnormalities
(130). Minocycline inhibits microglia activation and may alleviate
ASD-like behavior and improve neurogenesis (131). The gut
microbiome is also an important regulator of microglia and ASD-
like social behavior (132). Microbial interventions, including diet,
probiotics, antibiotics, and fecal transplants, as well as
immunomodulatory therapies such as cytokine blockade during
preconception, pregnancy, and the postpartum are currently
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improving neurodevelopment, behavioral patterns, and
gastrointestinal health in individuals with autism (133).

It has been found that patients with ASD have a significant
decrease in regulatory B cells, CD4+ lymphocytes with regulatory T
lymphocytes (Tregs) and an increase in Th17 lymphocytes (134). T
cell apoptosis plays a crucial role in the pathogenesis of
inflammatory diseases. Whereas in T lymphocytes from subjects
with ASD, dysregulation of thioredoxin reductase-1 (TrxR1)/
thioredoxin-1 (Trx1) redox reactions, which is associated with
reduced Bcl2 expression and increased apoptosis, leads to reduced
T cell survival in ASD patients (135). Depletion of CD4 T cells
results in memory deficits that are exacerbated over time (136).
Photobiomodulatory treatment (PBMT) exerts beneficial
neuromodulatory effects by activating the JAK2/STAT4/STATS5
signaling pathway to promote IFN-y/IL-10 expression in non-
substantial CD4 T cells and induces improved brain
microenvironmental conditions and alleviates cognitive deficits in
a mouse model (137). Moreover, neonatal immune profiles vary by
sex, and their cytokine and chemokine concentrations are sex-
differentiated and associated with neurodevelopmental
outcomes (138).

Villin-1 (vill) may be a key pathway in MIA-induced ASD, and
knockdown of the fatty acid-binding protein 2 (fabp2) gene in
zebrafish rescues social behavioral deficits in MIA offspring (139).
MIA is also gender-specific in influencing social communication
behavior patterns, with males showing impaired preference for
olfaction in social stimuli, and females showing aggression in
social encounters and reacting more strongly to somatosensory
stimuli (140). Immune dysregulation by maternal autoantibodies
(aAbs) also disrupts metabolic signaling and induces
neuroanatomical alterations in the brain of the offspring,
demonstrating a reduction in verbal expression and marked
deficits in social play behavior (141).

5 Interactions of genetics,
environment, neural pathways,
neuroinflammation

and neuroimmunity

Although the genetic environment, neural pathways,
neuroinflammation, and immunity can all contribute to ASD
development, the individual factors often do not occur in isolation
from one another, but rather sequentially or concurrently and interact
with one another to create ASD’s complex pathology. An adverse
gestational environment can affect fetal maturation and development,
inducing abnormal gene expression or mutations. Prenatal exposure to
clinically relevant progestins in pregnant dams decreased estrogen
receptor B expression in the offspring’s amygdala, manifesting as
autism-like behavior (142). Notably, Haddad et al. found that both
MIA and Cntnap2 gene deficiency resulted in similar ASD-like
behavioral deficits, but that both independently and synergistically
exacerbated ASD-like symptoms in model rats when acted upon
together (143). The opposite result was obtained by Kim et al.
Knockout of the Cntnap2 gene and prenatal exposure to valproic

frontiersin.org


https://doi.org/10.3389/fpsyt.2024.1362288
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Chen et al.

acid, as two risk factors for both genetic and environmental factors,
acted together in a model mouse, which was found to have improved
social deficits, which may be related to the correction of abnormal
glutamatergic neuron excitability (144). It is clear that the effects of
multiple factors superimposed on ASD are bi-directionally modulated
compared to single factors. More than 800 genes and dozens of genetic
syndromes have been found to be associated with ASD (1). Mutations
in genes associated with neural formation and development can
directly affect neural function and produce corresponding ASD
symptoms. For example, Ash1L haploinsufficiency leads to defective
synaptic pruning of neurons in the brain, triggering ASD-related
behavioral deficits, and these abnormal behaviors are mediated by
cortical circuits (24). Neuroinflammation and neuroimmunity also
play an important role in this, Engrailed-2 knockout mice have an
increased density of astrocytes in the brain and induce
neuroinflammatory and neurodegenerative changes (145). ASD
patients have a significant overexpression of histaminergic system-
related genes in the brain and chronic neuroinflammation, which may
be due to the mechanism that histaminergic system affects
neuroinflammation by regulating microglial cell activation, cytokine
release, and migration to influence neuroinflammation (146). MIA
during pregnancy exacerbates ASD-like symptoms in Shank3-deficient
mice and is accompanied by the upregulation of postsynaptic densitin,
impairing the normal functioning of neural pathways (147). MIA may
also increase the risk of ASD by dysregulating aspects of fetal brain gene
expression, highlighted by transcriptional dysregulation of mTOR and
EIF4E, which affect a variety of key neural developmental
functions (148).

In summary, ASD development is a complex process involving
multiple factors and pathways. Genetic factors provide the basis for
ASD development; environmental factors may trigger or exacerbate
these genetic predispositions. Neuroinflammatory and
neuroimmune responses occur throughout. They all work
together to influence brain development and function by

10.3389/fpsyt.2024.1362288

disrupting neural pathway function and impairing neuroplasticity,
leading to the characteristic symptoms of ASD. The interactions
and cumulative effects of these factors form a complex network in
the pathogenesis of ASD (Figure 3).

6 Conclusion

Analysis of current literature sources on ASD mechanisms
demonstrates their polygenic, complex, multifactorial nature and
association with brain development and dysfunction. Most
researchers agree that the development of ASD is not necessarily
determined by a single gene, but rather is the result of a
combination of mutations in many genes, with a certain degree of
heritability. However, ASD is not a genetic disorder, especially in
the early stages of development, and many potential risk factors,
such as poor maternal pregnancy and childbirth, may trigger
mutations that produce ASD symptoms. Severity and symptom
variability can vary. Genetic and environmental factors can
activate the nervous system in a number of ways, shifting
neurodevelopment toward the autistic type. These factors usually
play a role in the early stages of neurological formation such as the
perinatal and early postnatal periods. Thus, we can explore
abnormal neuroplasticity during a critical period of neurological
development. However, the mechanisms by which these factors
influence the development of abnormal neuroplasticity in ASD
remain to be further investigated and demonstrated.

Altered excitatory-inhibitory neurotransmission plays a key
role in ASD and is an important component of the molecular
mechanisms of abnormal plasticity. Abnormalities in
neurotransmitters such as glutamate, gamma-aminobutyric acid,
and dopamine can dysregulate neural homeostasis and function.
Abnormalities in neurotransmitter receptors and neural pathways
involved in signaling of neural pathways can also result in
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Interactions of genetics, environment, neural pathways, neuroinflammation and neuroimmunity. These factors combine to contribute to the

development of ASD.
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neurodevelopmental dysfunction. However, all of these factors can
be considered as complementary diagnostic criteria for ASD
without a harmonized and highly selective and sensitive
biosensor, while more new biomarkers for ASD are yet to be
discovered. These targets can provide broader avenues and ideas
for ASD drug therapy development and research.

Although the exact pathophysiology of ASD is not well defined,
there is growing evidence to support a role for neuroinflammation
and immune dysregulation. Glial cells, cytokines, and chemokines
can induce neuroinflammation, which in turn affects synaptic
plasticity. Understanding the mechanisms of neuron-glia
interactions on synapse formation and maturation will help
develop new therapeutic targets for neurodevelopmental
disorders. The microbial-gut-brain axis involving the microbial-
immune-neuronal domain is also a hotspot for neuroinflammatory
research. Furthermore, although animal models support a causal
relationship between MIA and ASD development, their validity
remains to be explored. Therefore, a neuroplasticity perspective to
unravel potential neuromolecular mechanisms targeting ASD could
serve as a novel approach for developing ASD interventions,
diagnoses, and treatments.

Author contributions

ZC: Writing - review & editing, Writing - original draft,
Investigation. XW: Writing - review & editing, Software. SZ:

References

1. Genovese A, Butler MG. The autism spectrum: behavioral, psychiatric and genetic
associations. Genes (Basel). (2023) 14:677. doi: 10.3390/genes14030677

2. Kang L, Liu J, Liu Y, Liang W, Yang F, Liu M. Global, regional, and national
disease burden of autism spectrum disorder among children under 5 years from 1990 to
2019: an analysis for the Global Burden of Disease 2019 Study. Asian ] Psychiatr. (2023)
79:103359. doi: 10.1016/j.ajp.2022.103359

3. Melo C, Ribeiro TP, Prior C, Gesta C, Martins V, Oliveira G, et al. Motor
stereotypies in autism spectrum disorder: Clinical randomized study and classification
proposal. Autism. (2023) 27:456-71. doi: 10.1177/13623613221105479

4. Arun P, Azad C, Kaur G, Sharma P. A community-based study of antenatal and
neonatal risk factors in autism spectrum disorder. Prim Care Companion CNS Disord.
(2023) 25:22m03339. doi: 10.4088/PCC.22m03339

5. Newman BT, Jacokes Z, Venkadesh S, Webb SJ, Kleinhans NM, McPartland JC,
et al. Conduction velocity, G-ratio, and extracellular water as microstructural
characteristics of autism spectrum disorder. PLoS One. (2024) 19(4):e0301964.
doi: 10.1371/journal.pone.0301964

6. Li YN, Hu DD, Cai XL, Wang Y, Yang C, Jiang J, et al. Doublecortin-expressing
neurons in human cerebral cortex layer I and amygdala from infancy to 100 years old.
Mol Neurobiol. (2023) 60:3464-85. doi: 10.1007/s12035-023-03261-7

7. Genovese A, Butler MG. Clinical assessment, genetics, and treatment approaches
in autism spectrum disorder (ASD). Int ] Mol Sci. (2020) 21:4726. doi: 10.3390/
ijms21134726

8. Zhou A, Cao X, Mahaganapathy V, Azaro M, Gwin C, Wilson §, et al. Common
genetic risk factors in ASD and ADHD co-occurring families. Hum Genet. (2023)
142:217-30. doi: 10.1007/s00439-022-02496-z

9. Wang S, Li F, Wang F, Liao X, Li J, Guo X, et al. Comorbidity and characteristics
of autism spectrum disorders and ADHD in children: A clinically-based study. J Atten
Disord. (2023) 27:1504-11. doi: 10.1177/10870547231187166

10. Hope S, Shadrin AA, Lin A, Bahrami S, Rodevand L, Frei O, et al. Bidirectional
genetic overlap between autism spectrum disorder and cognitive traits. Transl
Psychiatry. (2023) 13:295. doi: 10.1038/s41398-023-02563-7

Frontiers in Psychiatry

10.3389/fpsyt.2024.1362288

Writing - review & editing, Investigation. FH: Writing - review
& editing, Supervision, Methodology, Conceptualization.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the State Administration of Traditional Chinese
Medicine of the People’s Republic of China (Grant no. 60102).

Conflict of interest

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

Publisher’'s note

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

11. Panahi Y, Salasar Moghaddam F, Babaei K, Eftekhar M, Shervin Badv R,
Eskandari MR, et al. Sexual dimorphism in telomere length in childhood autism. J
Autism Dev Disord. (2023) 53:2050-61. doi: 10.1007/s10803-022-05486-2

12. Elamin M, Lemtiri-Chlieh F, Robinson TM, Levine ES. Dysfunctional sodium
channel kinetics as a novel epilepsy mechanism in chromosome 15q11-q13 duplication
syndrome. Epilepsia. (2023) 64:2515-27. doi: 10.1111/epi.17687

13. Korteling D, Boks MP, Fiksinski AM, van Hoek IN, Vorstman JAS, Verhoeven-
Duif NM, et al. Untargeted metabolic analysis in dried blood spots reveals metabolic
signature in 22q11. 2 deletion syndrome. Transl Psychiatry. (2022) 12:97. doi: 10.1038/
$41398-022-01859-4

14. Gandhi T, Canepa CR, Adeyelu TT, Adeniyi PA, Lee CC. Neuroanatomical
alterations in the CNTNAP2 mouse model of autism spectrum disorder. Brain Sci.
(2023) 13:891. doi: 10.3390/brainscil3060891

15. Weingartner A, Pegoraro NB, Maglioni RT, Moreira ICFN, Rodrigues GE, Kunz
AG, et al. Autism and duplication of 17q12q21.2 by array-CGH: a case report. Rev Paul
Pediatr. (2023) 41:¢2021387. doi: 10.1590/1984-0462/2023/41/2021387

16. XiK, Cai SQ, Yan HF, Tian Y, Cai J, Yang XM, et al. CSMD3 deficiency leads to
motor impairments and autism-like behaviors via dysfunction of cerebellar purkinje
cells in mice. J Neurosci. (2023) 43:3949-69. doi: 10.1523/J]NEUROSCI.1835-22.2023

17. Adak P, Banerjee N, Sinha S, Bandyopadhyay AK. Gamma-aminobutyric acid
type A receptor variants are associated with autism spectrum disorders. ] Mol Neurosci.
(2023) 73:237-49. doi: 10.1007/s12031-023-02113-2

18. Hussein Y, Tripathi U, Choudhary A, Nayak R, Peles D, Rosh I, et al. Early
maturation and hyperexcitability is a shared phenotype of cortical neurons derived
from different ASD-associated mutations. Transl Psychiatry. (2023) 13:246.
doi: 10.1038/541398-023-02535-x

19. Lasser M, Sun N, Xu Y, Wang S, Drake S, Law K, et al. Pleiotropy of autism-associated
chromatin regulators. Development. (2023) 150:dev201515. doi: 10.1242/dev.201515

20. Li Y], Li CY, Li CY, Hu DX, Xv ZB, Zhang SH, et al. KMT2E haploinsufficiency
manifests autism-like behaviors and amygdala neuronal development dysfunction in
mice. Mol Neurobiol. (2023) 60:1609-25. doi: 10.1007/s12035-022-03167-w

frontiersin.org


https://doi.org/10.3390/genes14030677
https://doi.org/10.1016/j.ajp.2022.103359
https://doi.org/10.1177/13623613221105479
https://doi.org/10.4088/PCC.22m03339
https://doi.org/10.1371/journal.pone.0301964
https://doi.org/10.1007/s12035-023-03261-7
https://doi.org/10.3390/ijms21134726
https://doi.org/10.3390/ijms21134726
https://doi.org/10.1007/s00439-022-02496-z
https://doi.org/10.1177/10870547231187166
https://doi.org/10.1038/s41398-023-02563-7
https://doi.org/10.1007/s10803-022-05486-2
https://doi.org/10.1111/epi.17687
https://doi.org/10.1038/s41398-022-01859-4
https://doi.org/10.1038/s41398-022-01859-4
https://doi.org/10.3390/brainsci13060891
https://doi.org/10.1590/1984-0462/2023/41/2021387
https://doi.org/10.1523/JNEUROSCI.1835-22.2023
https://doi.org/10.1007/s12031-023-02113-2
https://doi.org/10.1038/s41398-023-02535-x
https://doi.org/10.1242/dev.201515
https://doi.org/10.1007/s12035-022-03167-w
https://doi.org/10.3389/fpsyt.2024.1362288
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Chen et al.

21. Wang J, Li W, Li Z, Xue Z, Zhang Y, Yuan Y, et al. Taokl haploinsufficiency
leads to autistic-like behaviors in mice via the dorsal raphe nucleus. Cell Rep. (2023)
42:113078. doi: 10.1016/j.celrep.2023.113078

22. Li H, Zhang Q, Wan R, Zhou L, Xu X, Xu C, et al. PLPPR4 haploinsufficiency
causes neurodevelopmental disorders by disrupting synaptic plasticity via mTOR
signalling. J Cell Mol Med. (2023) 27:3286-95. doi: 10.1111/jcmm.17899

23. Casellas-Vidal D, Mademont-Soler I, Sanchez J, Plaja A, Castells N, Camos M,
et al. ZDHHCI5 as a candidate gene for autism spectrum disorder. Am ] Med Genet A.
(2023) 191:941-7. doi: 10.1002/ajmg.a.63099

24. Yan Y, Tian M, Li M, Zhou G, Chen Q, Xu M, et al. ASHIL haploinsufficiency
results in autistic-like phenotypes in mice and links Eph receptor gene to autism
spectrum disorder. Neuron. (2022) 110:1156-72.€9. doi: 10.1016/j.neuron.2021.12.035

25. Gao Y, Aljazi MB, He J. Kdméb haploinsufficiency causes ASD/ADHD-like
behavioral deficits in mice. Front Behav Neurosci. (2022) 16:905783. doi: 10.3389/
fnbeh.2022.905783

26. Pavinato L, Delle Vedove A, Carli D, Ferrero M, Carestiato S, Howe JL, et al.
CAPRIN1 haploinsufficiency causes a neurodevelopmental disorder with language
impairment, ADHD and ASD. Brain. (2023) 146:534-48. doi: 10.1093/brain/awac278

27. Burgdorf JS, Yoon S, Dos Santos M, Lammert CR, Moskal JR, Penzes P. An
IGFBP2-derived peptide promotes neuroplasticity and rescues deficits in a mouse
model of Phelan-McDermid syndrome. Mol Psychiatry. (2023) 28:1101-11.
doi: 10.1038/s41380-022-01904-0

28. Lin Y, Wang G, Yang Y, Jin X, Huang H, Zhang Y, et al. Risk factors for ASD : risk
factors for autism spectrum disorder in shanghai, China: A population-based case-control
study. J Autism Dev Disord. (2023) 53:2954-63. doi: 10.1007/s10803-022-05603-1

29. Giines H, Tanidir C, Doktur H, Yilmaz S, Yildiz D, Ozbek F, et al. Prenatal,
perinatal, postnatal risk factors, and excess screen time in autism spectrum disorder.
Pediatr Int. (2023) 65:e15383. doi: 10.1111/ped.15383

30. Chen KR, Yu T, Lien YJ, Chou YY, Kuo PL. Childhood neurodevelopmental
disorders and maternal diabetes: A population-based cohort study. Dev Med Child
Neurol. (2023) 65:933-41. doi: 10.1111/dmen.15488

31. Chowdhury M, Hardin JW, Love BL, Merchant AT, McDermott S. Relationship
of nonsteroidal anti-inflammatory drug use during pregnancy with autism spectrum
disorder and intellectual disability among offspring. ] Womens Health (Larchmt).
(2023) 32:356-65. doi: 10.1089/jwh.2022.0113

32. Carter SA, Lin JC, Chow T, Yu X, Rahman MM, Martinez MP, et al. Maternal
obesity, diabetes, preeclampsia, and asthma during pregnancy and likelihood of autism
spectrum disorder with gastrointestinal disturbances in offspring. Autism. (2023)
27:916-26. doi: 10.1177/13623613221118430

33. Ravaei A, Rubini M. Folate in maternal rheumatoid arthritis-filial autism
spectrum disorder continuum. Reprod Toxicol. (2023) 115:29-35. doi: 10.1016/
j.reprotox.2022.11.004

34. Yang Y, Shen Y, Lin J, Dai S, Lu X, Xun G, et al. Association between history of
miscarriage and autism spectrum disorder. Eur Arch Psychiatry Clin Neurosci. (2023)
273:687-97. doi: 10.1007/s00406-022-01494-6

35. Seker A, Qirko-Gurakugi A, Tabaku M, Javate K, Rathwell I. Maternal atopic
conditions and autism spectrum disorder: a systematic review. Eur Child Adolesc
Psychiatry. (2023). doi: 10.1007/s00787-023-02285-7

36. Dong HY, FengJY, Li HH, Yue XJ, Jia FY. Non-parental caregivers, low maternal
education, gastrointestinal problems and high blood lead level: predictors related to the
severity of autism spectrum disorder in Northeast China. BMC Pediatr. (2022) 22:11.
doi: 10.1186/512887-021-03086-0

37. Zhou W, Zhang C, Wang P, Deng Y, Dai H, Tian J, et al. Chlorpyrifos-induced
dysregulation of synaptic plasticity in rat hippocampal neurons. ] Environ Sci Health B.
(2023) 58:100-9. doi: 10.1080/03601234.2023.2171236

38. Xu Y, Yang X, Chen D, Xu Y, Lan L, Zhao S, et al. Maternal exposure to
pesticides and autism or attention-deficit/hyperactivity disorders in offspring: A meta-
analysis. Chemosphere. (2023) 313:137459. doi: 10.1016/j.chemosphere.2022.137459

39. Hai Y, Leng G. A more than four-fold sex-specific difference of autism spectrum
disorders and the possible contribution of pesticide usage in China 1990-2030. Front
Public Health. (2022) 10:945172. doi: 10.3389/fpubh.2022.945172

40. Zhang J, Li X, Shen L, Khan NU, Zhang X, Chen L, et al. Trace elements in
children with autism spectrum disorder: A meta-analysis based on case-control studies.
J Trace Elem Med Biol. (2021) 67:126782. doi: 10.1016/j.jtemb.2021.126782

41. Awadh SM, Yaseen ZM, Al-Suwaiyan MS. The role of environmental trace
element toxicants on autism: A medical biogeochemistry perspective. Ecotoxicol
Environ Saf. (2023) 251:114561. doi: 10.1016/j.ecoenv.2023.114561

42. Zhang Y, Zhou Q, Lu L, Su Y, Shi W, Zhang H, et al. Copper induces cognitive
impairment in mice via modulation of cuproptosis and CREB signaling. Nutrients.
(2023) 15:972. doi: 10.3390/nu15040972

43. LiZ, LiuY, Wei R, Yong VW, Xue M. The important role of zinc in neurological
diseases. Biomolecules. (2022) 13:28. doi: 10.3390/biom13010028

44. Hunt E, Hogan A, Will EA, Roberts JE. ADHD and ASD symptoms in young
males with fragile X syndrome: associations with early trajectories of inhibitory control.
Child Neuropsychol. (2023) 29:760-86. doi: 10.1080/09297049.2022.2120605

45. Schumann CM, Sharp FR, Ander BP, Stamova B. Possible sexually dimorphic
role of miRNA and other sncRNA in ASD brain. Mol Autism. (2017) 8:4. doi: 10.1186/
s13229-017-0117-0

Frontiers in Psychiatry

10

10.3389/fpsyt.2024.1362288

46. Bjorlin Avdic H, Kleberg JL, van der Poll M, Frisen L, Hutley M, Sarjanen M,
et al. Cognitive profile in adult women with turner syndrome: IQ split and associations
with ADHD and ASD. Cognit Neuropsychiatry. (2023) 28:207-25. doi: 10.1080/
13546805.2023.2209312

47. Joseph L, Farmer C, Chlebowski C, Henry L, Fish A, Mankiw C, et al.
Characterization of autism spectrum disorder and neurodevelopmental profiles in
youth with XYY syndrome. ] Neurodev Disord. (2018) 10:30. doi: 10.1186/s11689-018-
9248-7

48. Hernandez LM, Lawrence KE, Padgaonkar NT, Inada M, Hoekstra JN, Lowe JK,
et al. Imaging-genetics of sex differences in ASD: distinct effects of OXTR variants on
brain connectivity. Transl Psychiatry. (2020) 10:82. doi: 10.1038/s41398-020-0750-9

49. Xu ZX, Kim GH, Tan JW, Riso AE, Sun Y, Xu EY, et al. Elevated protein
synthesis in microglia causes autism-like synaptic and behavioral aberrations. Nat
Commun. (2020) 11:1797. doi: 10.1038/s41467-020-15530-3

50. Dawson MS, Gordon-Fleet K, Yan L, Tardos V, He H, Mui K, et al. Sexual
dimorphism in the social behaviour of Cntnap2-null mice correlates with disrupted
synaptic connectivity and increased microglial activity in the anterior cingulate cortex.
Commun Biol. (2023) 6:846. doi: 10.1038/s42003-023-05215-0

51. Ros-Demarize R, Bradley C, Kanne SM, Warren Z, Boan A, Lajonchere C, et al.
ASD symptoms in toddlers and preschoolers: An examination of sex differences.
Autism Res. (2020) 13:157-66. doi: 10.1002/aur.2241

52. Assali A, Cho JY, Tsvetkov E, Gupta AR, Cowan CW. Sex-dependent role for
EPHB2 in brain development and autism-associated behavior. Neuropsychopharmacology.
(2021) 46:2021-9. doi: 10.1038/541386-021-00986-8

53. Tamman A, Jiang L, Averill CL, Mason GF, Averill LA, Abdallah CG. Biological
embedding of early trauma: the role of higher prefrontal synaptic strength. Eur |
Psychotraumatol. (2023) 14:2246338. doi: 10.1080/20008066.2023.2246338

54. Letellier M, Goda Y. Astrocyte calcium signaling shifts the polarity of
presynaptic plasticity. Neuroscience. (2023) 525:38-46. doi: 10.1016/
j-neuroscience.2023.05.032

55. Andersen JV, Schousboe A, Wellendorph P. Astrocytes regulate inhibitory
neurotransmission through GABA uptake, metabolism, and recycling. Essays
Biochem. (2023) 67:77-91. doi: 10.1042/EBC20220208

56. Erickson CA, Wink LK, Early MC, Stiegelmeyer E, Mathieu-Frasier L, Patrick V, et al.
Brief report: pilot single-blind placebo lead-in study of acamprosate in youth with autistic
disorder. ] Autism Dev Disord. (2014) 44:981-7. doi: 10.1007/s10803-013-1943-3

57. CaiJ, Ding L, Zhang JS, Xue J, Wang LZ. Elevated plasma levels of glutamate in
children with autism spectrum disorders. Neuroreport. (2016) 27:272-6. doi: 10.1097/
‘WNR.0000000000000532

58. Al-Otaish H, Al-Ayadhi L, Bjerklund G, Chirumbolo S, Urbina MA, El-Ansary
A. Relationship between absolute and relative ratios of glutamate, glutamine and GABA
and severity of autism spectrum disorder. Metab Brain Dis. (2018) 33:843-54.
doi: 10.1007/s11011-018-0186-6

59. Bejjani A, O'Neill J, Kim JA, Frew AJ, Yee VW, Ly R, et al. Elevated glutamatergic
compounds in pregenual anterior cingulate in pediatric autism spectrum disorder
demonstrated by IH MRS and 1H MRSI. PLoS One. (2012) 7:¢38786. doi: 10.1371/
journal.pone.0038786

60. Dabrowska-Bouta B, Sidoryk-Wegrzynowicz M, Sulkowski G. Memantine
improves the disturbed glutamine and y-amino butyric acid homeostasis in the brain
of rats subjected to experimental autoimmune encephalomyelitis. Int ] Mol Sci. (2023)
24:13149. doi: 10.3390/ijms241713149

61. Zhang L, Huang CC, Dai Y, Luo Q, Ji Y, Wang K, et al. Symptom improvement
in children with autism spectrum disorder following bumetanide administration is
associated with decreased GABA/glutamate ratios. Transl Psychiatry. (2020) 10:9.
doi: 10.1038/s41398-020-0747-4

62. Jiang P, Zhou L, Du Z, Zhao L, Tang Y, Fei X, et al. Icariin alleviates autistic-like
behavior, hippocampal inflammation and vGlutl expression in adult BTBR mice.
Behav Brain Res. (2023) 445:114384. doi: 10.1016/j.bbr.2023.114384

63. Buzzelli V, Carbone E, Manduca A, Schiavi S, Feo A, Perederiy JV, et al. Psilocybin
mitigates the cognitive deficits observed in a rat model of Fragile X syndrome.
Psychopharmacol (Berl). (2023) 240:137-47. doi: 10.1007/500213-022-06286-3

64. Higuchi Y, Tada T, Nakachi T, Arakawa H. Serotonergic circuit dysregulation
underlying autism-related phenotypes in BTBR mouse model of autism.
Neuropharmacology. (2023) 237:109634. doi: 10.1016/j.neuropharm.2023.109634

65. Xiaoxue L. Correlation between 5-HT, Hcy and the incidence and severity of autism
in children. Cell Mol Biol (Noisy-le-grand). (2023) 69:54-60. doi: 10.14715/cmb/2022.69.1.10

66. Thorne BN, Ellenbroek BA, Day DJ. The serotonin reuptake transporter
modulates mitochondrial copy number and mitochondrial respiratory complex gene
expression in the frontal cortex and cerebellum in a sexually dimorphic manner. J
Neurosci Res. (2022) 100:869-79. doi: 10.1002/jnr.25010

67. Yang T, Yu K, Zhang X, Xiao X, Chen X, Fu Y, et al. Plastic and stimulus-specific
coding of salient events in the central amygdala. Nature. (2023) 616:510-9.
doi: 10.1038/s41586-023-05910-2

68. LiY, Zhu M, Chen WX, Luo J, Li X, Cao Y, et al. A novel mutation in intron 1 of
Wntl causes developmental loss of dopaminergic neurons in midbrain and ASD-like
behaviors in rats. Mol Psychiatry. (2023) 28:3795-805. doi: 10.1038/s41380-023-02223-8

69. Saha S, Chatterjee M, Dutta N, Sinha S, Mukhopadhyay K. Analysis of
neurotransmitters validates the importance of the dopaminergic system in autism

frontiersin.org


https://doi.org/10.1016/j.celrep.2023.113078
https://doi.org/10.1111/jcmm.17899
https://doi.org/10.1002/ajmg.a.63099
https://doi.org/10.1016/j.neuron.2021.12.035
https://doi.org/10.3389/fnbeh.2022.905783
https://doi.org/10.3389/fnbeh.2022.905783
https://doi.org/10.1093/brain/awac278
https://doi.org/10.1038/s41380-022-01904-0
https://doi.org/10.1007/s10803-022-05603-1
https://doi.org/10.1111/ped.15383
https://doi.org/10.1111/dmcn.15488
https://doi.org/10.1089/jwh.2022.0113
https://doi.org/10.1177/13623613221118430
https://doi.org/10.1016/j.reprotox.2022.11.004
https://doi.org/10.1016/j.reprotox.2022.11.004
https://doi.org/10.1007/s00406-022-01494-6
https://doi.org/10.1007/s00787-023-02285-7
https://doi.org/10.1186/s12887-021-03086-0
https://doi.org/10.1080/03601234.2023.2171236
https://doi.org/10.1016/j.chemosphere.2022.137459
https://doi.org/10.3389/fpubh.2022.945172
https://doi.org/10.1016/j.jtemb.2021.126782
https://doi.org/10.1016/j.ecoenv.2023.114561
https://doi.org/10.3390/nu15040972
https://doi.org/10.3390/biom13010028
https://doi.org/10.1080/09297049.2022.2120605
https://doi.org/10.1186/s13229-017-0117-0
https://doi.org/10.1186/s13229-017-0117-0
https://doi.org/10.1080/13546805.2023.2209312
https://doi.org/10.1080/13546805.2023.2209312
https://doi.org/10.1186/s11689-018-9248-7
https://doi.org/10.1186/s11689-018-9248-7
https://doi.org/10.1038/s41398-020-0750-9
https://doi.org/10.1038/s41467-020-15530-3
https://doi.org/10.1038/s42003-023-05215-0
https://doi.org/10.1002/aur.2241
https://doi.org/10.1038/s41386-021-00986-8
https://doi.org/10.1080/20008066.2023.2246338
https://doi.org/10.1016/j.neuroscience.2023.05.032
https://doi.org/10.1016/j.neuroscience.2023.05.032
https://doi.org/10.1042/EBC20220208
https://doi.org/10.1007/s10803-013-1943-3
https://doi.org/10.1097/WNR.0000000000000532
https://doi.org/10.1097/WNR.0000000000000532
https://doi.org/10.1007/s11011-018-0186-6
https://doi.org/10.1371/journal.pone.0038786
https://doi.org/10.1371/journal.pone.0038786
https://doi.org/10.3390/ijms241713149
https://doi.org/10.1038/s41398-020-0747-4
https://doi.org/10.1016/j.bbr.2023.114384
https://doi.org/10.1007/s00213-022-06286-3
https://doi.org/10.1016/j.neuropharm.2023.109634
https://doi.org/10.14715/cmb/2022.69.1.10
https://doi.org/10.1002/jnr.25010
https://doi.org/10.1038/s41586-023-05910-2
https://doi.org/10.1038/s41380-023-02223-8
https://doi.org/10.3389/fpsyt.2024.1362288
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Chen et al.

spectrum disorder. World J Pediatr. (2023) 19:770-81. doi: 10.1007/s12519-023-00702-
0

70. Gao N, Liu Z, Wang H, Shen C, Dong Z, Cui W, et al. Deficiency of cullin 3, a
protein encoded by a schizophrenia and autism risk gene, impairs behaviors by
enhancing the excitability of ventral tegmental area (VTA) DA neurons. ] Neurosci.
(2023) 43:6249-67. doi: 10.1523/JNEUROSCI.0247-23.2023

71. Juarez-Cedillo T, Martinez-Rodriguez N, Fragoso JM, Islas-Pérez V, Lopez-
Martinez A, Valle-Medina A. Multifactor dimensionality reduction analysis to evaluate
the association of dopamine beta-hydroxylase (DBH) polymorphisms with
susceptibility to dementia (SADEM study). Mol Neurobiol. (2023) 60:4731-7.
doi: 10.1007/s12035-023-03367-y

72. Motta C, Assogna M, Bonomi CG, Di Lorenzo F, Nuccetelli M, Mercuri NB, et al.
Interplay between the catecholaminergic enzymatic axis and neurodegeneration/
neuroinflammation processes in the Alzheimer's disease continuum. Eur ] Neurol.
(2023) 30:839-48. doi: 10.1111/ene.15691

73. Isingrini E, Guinaudie C, Perret L, Guma E, Gorgievski V, Blum ID, et al.
Behavioral and transcriptomic changes following brain-specific loss of noradrenergic
transmission. Biomolecules. (2023) 13:511. doi: 10.3390/biom13030511

74. Kim Y, Kadlaskar G, Keehn RM, Keehn B. Measures of tonic and phasic activity
of the locus coeruleus-norepinephrine system in children with autism spectrum
disorder: An event-related potential and pupillometry study. Autism Res. (2022)
15:2250-64. doi: 10.1002/aur.2820

75. Wang ZW, Niu L, Riaz S. Regulation of ryanodine receptor-dependent
neurotransmitter release by AIP, calstabins, and presenilins. Adv Neurobiol. (2023)
33:287-304. doi: 10.1007/978-3-031-34229-5

76. Camasio A, Panzeri E, Mancuso L, Costa T, Manuello J, Ferraro M, et al. Linking
neuroanatomical abnormalities in autism spectrum disorder with gene expression of
candidate ASD genes: A meta-analytic and network-oriented approach. PLoS One.
(2022) 17:€0277466. doi: 10.1371/journal.pone.0277466

77. Cheung A, Konno K, Imamura Y, Matsui A, Abe M, Sakimura K, et al. Neurexins
in serotonergic neurons regulate neuronal survival, serotonin transmission, and
complex mouse behaviors. Elife. (2023) 12:e85058. doi: 10.7554/eLife.85058

78. Marchese E, Valentini M, Di Sante G, Cesari E, Adinolfi A, Corvino V, et al.
Alternative splicing of neurexins 1-3 is modulated by neuroinflammation in the
prefrontal cortex of a murine model of multiple sclerosis. Exp Neurol. (2021)
335:113497. doi: 10.1016/j.expneurol.2020.113497

79. Jeong J, Han W, Hong E, Pandey S, Li Y, Lu W, et al. Regulation of NLGN3 and
the synaptic Rho-GEF signaling pathway by CDK5. ] Neurosci. (2023) 43:7264-75.
doi: 10.1523/J]NEUROSCI.2309-22.2023

80. Hernandez A, Delgado-Gonzalez E, Durairaj RV, Reyes-Haro D, Martinez-
Torres A, Espinosa F. Striatal synaptic changes and behavior in adult mouse upon
prenatal exposure to valproic acid. Brain Res. (2023) 1815:148461. doi: 10.1016/
j.brainres.2023.148461

81. Heshmati M, Aleyasin H, Menard C, Christoffel D], Flanigan ME, Pfau ML, et al.
Cell-type-specific role for nucleus accumbens neuroligin-2 in depression and stress
susceptibility. Proc Natl Acad Sci U S A. (2018) 115:1111-6. doi: 10.1073/
pnas.1719014115

82. Herath M, Cho E, Marklund U, Franks AE, Bornstein JC, Hill-Yardin EL.
Quantitative spatial analysis of neuroligin-3 mRNA expression in the enteric nervous
system reveals a potential role in neuronal-glial synapses and reduced expression in
nlgn3(R451C) mice. Biomolecules. (2023) 13:1063. doi: 10.3390/biom13071063

83. Toya A, Fukada M, Aoki E, Matsuki T, Ueda M, Eda S, et al. The distribution of
neuroligin4, an autism-related postsynaptic molecule, in the human brain. Mol Brain.
(2023) 16:20. doi: 10.1186/s13041-023-00999-y

84. Fujita-Jimbo E, Tanabe Y, Yu Z, Kojima K, Mori M, Li H, et al. The association
of GPR85 with PSD-95-neuroligin complex and autism spectrum disorder: a molecular
analysis. Mol Autism. (2015) 6:17. doi: 10.1186/s13229-015-0012-5

85. Nemy M, Dyrba M, Brosseron F, Buerger K, Dechent P, Dobisch L, et al.
Cholinergic white matter pathways along the Alzheimer's disease continuum. Brain.
(2023) 146:2075-88. doi: 10.1093/brain/awac385

86. Athnaiel O, Job GA, Ocampo R, Teneqexhi P, Messer WS, Ragozzino ME. Effects
of the partial M1 muscarinic cholinergic receptor agonist CDD-0102A on stereotyped
motor behaviors and reversal learning in the BTBR mouse model of autism. Int |
Neuropsychopharmacol. (2022) 25:64-74. doi: 10.1093/ijnp/pyab079

87. Gzielo K, Nikiforuk A. The effects of positive allosteric modulators of o.7-nAChR
on social play behavior in adolescent rats prenatally exposed to valproic acid. Pharm
(Basel). (2022) 15:1417. doi: 10.3390/ph15111417

88. Cirovi¢ M, Jelicic L, Maksimovic S, Fati¢ S, Marisavljevi¢c M, Boskovi¢ Matic T,
et al. EEG correlates of cognitive functions in a child with ASD and white matter signal
abnormalities: A case report with two-and-a-half-year follow-up. Diagnostics (Basel).
(2023) 13:2878. doi: 10.3390/diagnostics13182878

89. Geng X, Fan X, Zhong Y, Casanova MF, Sokhadze EM, Li X, et al. Abnormalities
of EEG functional connectivity and effective connectivity in children with autism
spectrum disorder. Brain Sci. (2023) 13:130. doi: 10.3390/brainscil3010130

90. Angulo-Ruiz BY, Ruiz-Martinez FJ, Rodriguez-Martinez EI, Ionescu A, Saldana
D, Gomez CM. Linear and non-linear analyses of EEG in a group of ASD children
during resting state condition. Brain Topogr. (2023) 36:736-49. doi: 10.1007/s10548-
023-00976-7

Frontiers in Psychiatry

11

10.3389/fpsyt.2024.1362288

91. Zhao Q, Luo Y, Mei X, Shao Z. Resting-state EEG patterns of preschool-aged
boys with autism spectrum disorder: A pilot study. Appl Neuropsychol Child. (2023)
12:1-8. doi: 10.1080/21622965.2023.2211702

92. Wang X, Delgado J, Marchesotti S, Kojovic N, Sperdin HF, Rihs TA, et al. Speech
reception in young children with autism is selectively indexed by a neural oscillation
coupling anomaly. ] Neurosci. (2023) 43:6779-95. doi: 10.1523/J]NEUROSCI.0112-
22.2023

93. Neuhaus E, Santhosh M, Kresse A, Aylward E, Bernier R, Bookheimer S, et al.
Frontal EEG alpha asymmetry in youth with autism: Sex differences and social-
emotional correlates. Autism Res. (2023) 16:2364-77. doi: 10.1002/aur.3032

94. Yang Y, Jiang L, He R, Song P, Xu P, Wang Y, et al. Repetitive transcranial
magnetic stimulation modulates long-range functional connectivity in autism spectrum
disorder. J Psychiatr Res. (2023) 160:187-94. doi: 10.1016/j.jpsychires.2023.02.021

95. Kang J, Fan X, Zhong Y, Casanova MF, Sokhadze EM, Li X, et al. Transcranial
direct current stimulation modulates EEG microstates in low-functioning autism: A
pilot study. Bioengineering (Basel). (2023) 10:98. doi: 10.3390/bioengineering10010098

96. Khandan Khadem-Reza Z, Shahram MA, Zare H. Altered resting-state
functional connectivity of the brain in children with autism spectrum disorder.
Radiol Phys Technol. (2023) 16:284-91. doi: 10.1007/s12194-023-00717-2

97. Xiao Y, Wen TH, Kupis L, Eyler LT, Taluja V, Troxel J, et al. Atypical functional
connectivity of temporal cortex with precuneus and visual regions may be an early-age
signature of ASD. Mol Autism. (2023) 14:11. doi: 10.1186/s13229-023-00543-8

98. Xin J, Huang K, Yi A, Feng Z, Liu H, Liu X, et al. Absence of associations with
prefrontal cortex and cerebellum may link to early language and social deficits in
preschool children with ASD. Front Psychiatry. (2023) 14:1144993. doi: 10.3389/
fpsyt.2023.1144993

99. Arutiunian V, Davydova E, Pereverzeva D, Sorokin A, Tyushkevich §,
Mamokhina U, et al. Reduced grey matter volume of amygdala and hippocampus is
associated with the severity of autistic symptoms and language abilities in school-aged
children with Autism Spectrum Disorder: an exploratory study. Brain Struct Funct.
(2023) 228:1573-9. doi: 10.1007/500429-023-02660-9

100. Baumeister S, Moessnang C, Bast N, Hohmann S, Aggensteiner P, Kaiser A,
et al. Processing of social and monetary rewards in autism spectrum disorders. Br ]
Psychiatry. (2023) 222:100-11. doi: 10.1192/bjp.2022.157

101. Webb SJ, Naples AJ, Levin AR, Hellemann G, Borland H, Benton J, et al. The
autism biomarkers consortium for clinical trials: Initial evaluation of a battery of
candidate EEG biomarkers. Am ] Psychiatry. (2023) 180:41-9. doi: 10.1176/
appi.ajp.21050485

102. Yang B, Wang M, Zhou W, Wang X, Chen S, Potenza MN, et al. Disrupted
network integration and segregation involving the default mode network in autism
spectrum disorder. J Affect Disord. (2023) 323:309-19. doi: 10.1016/j.jad.2022.11.083

103. Chawla P, Rana SB, Kaur H, Singh K. Computer-aided diagnosis of autism
spectrum disorder from EEG signals using deep learning with FAWT and multiscale
permutation entropy features. Proc Inst Mech Eng H. (2023) 237:282-94. doi: 10.1177/
09544119221141751

104. Helmy E, Elnakib A, ElNakieb Y, Khudri M, Abdelrahim M, YousafJ, et al. Role
of artificial intelligence for autism diagnosis using DTI and fMRI: A survey.
Biomedicines. (2023) 11:1858. doi: 10.3390/biomedicines11071858

105. Wu J, Zhang J, Chen X, Wettschurack K, Que Z, Deming BA, et al. Microglial
over-pruning of synapses during development in autism-associated SCN2A-deficient
mice and human cerebral organoids. Mol Psychiatry. (2024). doi: 10.1038/s41380-024-
02518-4

106. Frasch MG, Yoon BJ, Helbing DL, Snir G, Antonelli MC, Bauer R. Autism
spectrum disorder: a neuro-immunometabolic hypothesis of the developmental origins.
Biol (Basel). (2023) 12:914. doi: 10.3390/biology12070914

107. Fedotova A, Brazhe A, Doronin M, Toptunov D, Pryazhnikov E, Khiroug L,
et al. Dissociation between neuronal and astrocytic calcium activity in response to
locomotion in mice. Funct (Oxf). (2023) 4(4):zqad019. doi: 10.1093/function/zqad019

108. Davoudi S, Rahdar M, Hosseinmardi N, Behzadi G, Janahmadi M. Chronic
inhibition of astrocytic aquaporin-4 induces autistic-like behavior in control rat
offspring similar to maternal exposure to valproic acid. Physiol Behav. (2023)
269:114286. doi: 10.1016/j.physbeh.2023.114286

109. Luo L, Chen J, Wu Q, Yuan B, Hu C, Yang T, et al. Prenatally VPA exposure is
likely to cause autistic-like behavior in the rats offspring via TREM2 down-regulation to
affect the microglial activation and synapse alterations. Environ Toxicol Pharmacol.
(2023) 99:104090. doi: 10.1016/j.etap.2023.104090

110. Belica I, Jansakova K, Celusakova H, Kopcikova M, Polényiova K, Raskova B,
et al. Plasma cytokine concentrations of children with autism spectrum disorder and
neurotypical siblings. Cytokine. (2023) 170:156333. doi: 10.1016/j.cyt0.2023.156333

111. Ferencova N, Visnovcova Z, Ondrejka I, Hrtanek I, Bujnakova I, Kovacova V,
et al. Peripheral inflammatory markers in autism spectrum disorder and attention
deficit/hyperactivity disorder at adolescent age. Int J Mol Sci. (2023) 24:11710.
doi: 10.3390/ijms241411710

112. Ashwood P. Preliminary findings of elevated inflammatory plasma cytokines in
children with autism who have co-morbid gastrointestinal symptoms. Biomedicines.
(2023) 11:436. doi: 10.3390/biomedicines11020436

113. Brosseron F, Maass A, Kleineidam L, Ravichandran KA, Kolbe CC,
Wolfsgruber S, et al. Serum IL-6, SAXL, and YKL-40 as systemic correlates of

frontiersin.org


https://doi.org/10.1007/s12519-023-00702-0
https://doi.org/10.1007/s12519-023-00702-0
https://doi.org/10.1523/JNEUROSCI.0247-23.2023
https://doi.org/10.1007/s12035-023-03367-y
https://doi.org/10.1111/ene.15691
https://doi.org/10.3390/biom13030511
https://doi.org/10.1002/aur.2820
https://doi.org/10.1007/978-3-031-34229-5
https://doi.org/10.1371/journal.pone.0277466
https://doi.org/10.7554/eLife.85058
https://doi.org/10.1016/j.expneurol.2020.113497
https://doi.org/10.1523/JNEUROSCI.2309-22.2023
https://doi.org/10.1016/j.brainres.2023.148461
https://doi.org/10.1016/j.brainres.2023.148461
https://doi.org/10.1073/pnas.1719014115
https://doi.org/10.1073/pnas.1719014115
https://doi.org/10.3390/biom13071063
https://doi.org/10.1186/s13041-023-00999-y
https://doi.org/10.1186/s13229-015-0012-5
https://doi.org/10.1093/brain/awac385
https://doi.org/10.1093/ijnp/pyab079
https://doi.org/10.3390/ph15111417
https://doi.org/10.3390/diagnostics13182878
https://doi.org/10.3390/brainsci13010130
https://doi.org/10.1007/s10548-023-00976-7
https://doi.org/10.1007/s10548-023-00976-7
https://doi.org/10.1080/21622965.2023.2211702
https://doi.org/10.1523/JNEUROSCI.0112-22.2023
https://doi.org/10.1523/JNEUROSCI.0112-22.2023
https://doi.org/10.1002/aur.3032
https://doi.org/10.1016/j.jpsychires.2023.02.021
https://doi.org/10.3390/bioengineering10010098
https://doi.org/10.1007/s12194-023-00717-2
https://doi.org/10.1186/s13229-023-00543-8
https://doi.org/10.3389/fpsyt.2023.1144993
https://doi.org/10.3389/fpsyt.2023.1144993
https://doi.org/10.1007/s00429-023-02660-9
https://doi.org/10.1192/bjp.2022.157
https://doi.org/10.1176/appi.ajp.21050485
https://doi.org/10.1176/appi.ajp.21050485
https://doi.org/10.1016/j.jad.2022.11.083
https://doi.org/10.1177/09544119221141751
https://doi.org/10.1177/09544119221141751
https://doi.org/10.3390/biomedicines11071858
https://doi.org/10.1038/s41380-024-02518-4
https://doi.org/10.1038/s41380-024-02518-4
https://doi.org/10.3390/biology12070914
https://doi.org/10.1093/function/zqad019
https://doi.org/10.1016/j.physbeh.2023.114286
https://doi.org/10.1016/j.etap.2023.104090
https://doi.org/10.1016/j.cyto.2023.156333
https://doi.org/10.3390/ijms241411710
https://doi.org/10.3390/biomedicines11020436
https://doi.org/10.3389/fpsyt.2024.1362288
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Chen et al.

reduced brain structure and function in Alzheimer's disease: results from the
DELCODE study. Alzheimers Res Ther. (2023) 15:13. doi: 10.1186/s13195-022-
01118-0

114. Hughes HK, Onore CE, Careaga M, Rogers SJ, Ashwood P. Increased monocyte
production of IL-6 after toll-like receptor activation in children with autism spectrum
disorder (ASD) is associated with repetitive and restricted behaviors. Brain Sci. (2022)
12:220. doi: 10.3390/brainsci12020220

115. Kleidonas D, Kirsch M, Andrieux G, Pfeifer D, Boerries M, Vlachos A.
Microglia modulate TNFo-mediated synaptic plasticity. Glia. (2023) 71:2117-36.
doi: 10.1002/glia.24383

116. Liu X, Liu H, Gu N, Pei ], Lin X, Zhao W. Preeclampsia promotes autism in
offspring via maternal inflammation and fetal NFxB signaling. Life Sci Alliance. (2023)
6:€202301957. doi: 10.26508/1sa.202301957

117. Clark DN, O'Neil SM, Xu L, Steppe JT, Savage JT, Raghunathan K, et al.
Prolonged STAT1 activation in neurons drives a pathological transcriptional response.
J Neuroimmunol. (2023) 382:578168. doi: 10.1016/j.jneuroim.2023.578168

118. Xu XJ, Lang JD, Yang J, Long B, Liu XD, Zeng XF, et al. Differences of gut
microbiota and behavioral symptoms between two subgroups of autistic children based
on Y3T cells-derived IFN-y Levels: A preliminary study. Front Immunol. (2023)
14:1100816. doi: 10.3389/fimmu.2023.1100816

119. Kim DH, Krakowiak P, Meltzer A, Hertz-Picciotto I, Van de Water ]. Neonatal
chemokine markers predict subsequent diagnosis of autism spectrum disorder and
delayed development. Brain Behav Immun. (2022) 100:121-33. doi: 10.1016/
j.bbi.2021.11.009

120. Alomar HA, Ansari MA, Nadeem A, Attia SM, Bakheet SA, Al-Mazroua HA,
et al. A potent and selective CXCR2 antagonist improves neuroimmune dysregulation
through the inhibition of NF-kB and notch inflammatory signaling in the BTBR mouse
model of autism. J Neuroimmunol. (2023) 377:578069. doi: 10.1016/
jjneuroim.2023.578069

121. Memis I, Mittal R, Furar E, White I, Eshraghi RS, Mittal ], et al. Altered blood
brain barrier permeability and oxidative stress in cntnap2 knockout rat model. J Clin
Med. (2022) 11:2725. doi: 10.3390/jcm11102725

122. Morimoto M, Hashimoto T, Tsuda Y, Suenaga M, Nakamura T, Katoh S. Study
on oxidative stress and inflammatory/antioxidant substance levels in autism spectrum
disorder. ] Chin Med Assoc. (2023) 86:489-93. doi: 10.1097/JCMA.0000000000000917

123. Esvap E, Ulgen KO. Neuroinflammation, energy and sphingolipid metabolism
biomarkers are revealed by metabolic modeling of autistic brains. Biomedicines. (2023)
11:583. doi: 10.3390/biomedicines11020583

124. Gevezova M, Sbirkov Y, Sarafian V, Plaimas K, Suratanee A, Maes M. Autistic
spectrum disorder (ASD) - Gene, molecular and pathway signatures linking systemic
inflammation, mitochondrial dysfunction, transsynaptic signalling, and
neurodevelopment. Brain Behav Immun Health. (2023) 30:100646. doi: 10.1016/
j.bbih.2023.100646

125. Stancioiu F, Bogdan R, Dumitrescu R. Neuron-specific enolase (NSE) as a
biomarker for autistic spectrum disease (ASD). Life (Basel). (2023) 13:1736.
doi: 10.3390/1ife13081736

126. Simone M, De Giacomo A, Palumbi R, Palazzo C, Lucisano G, Pompamea F,
et al. Serum neurofilament light chain and glial fibrillary acidic protein as potential
diagnostic biomarkers in autism spectrum disorders: A preliminary study. Int ] Mol Sci.
(2023) 24:3057. doi: 10.3390/ijms24033057

127. Alsubaiei S, Alfawaz HA, Bhat RS, El-Ansary A. Nutritional intervention as a
complementary neuroprotective approach against propionic acid-induced
neurotoxicity and associated biochemical autistic features in rat pups. Metabolites.
(2023) 13:738. doi: 10.3390/metabo13060738

128. McNamara NB, Munro D, Bestard-Cuche N, Uyeda A, Bogie JFJ, Hoffmann A,
et al. Microglia regulate central nervous system myelin growth and integrity. Nature.
(2023) 613:120-9. doi: 10.1038/s41586-022-05534-y

129. Meng ], Han L, Zheng N, Wang T, Xu H, Jiang Y, et al. Microglial tmem59
deficiency impairs phagocytosis of synapse and leads to autism-like behaviors in mice.
Neurosci. (2022) 42:4958-79. doi: 10.1523/JNEUROSCI.1644-21.2022

130. Loayza M, Lin S, Carter K, Ojeda N, Fan LW, Ramarao S, et al. Maternal immune
activation alters fetal and neonatal microglia phenotype and disrupts neurogenesis in mice.
Pediatr Res. (2023) 93:1216-25. doi: 10.1038/s41390-022-02239-w

Frontiers in Psychiatry

12

10.3389/fpsyt.2024.1362288

131. Luo Y, Lv K, Du Z, Zhang D, Chen M, Luo J, et al. Minocycline improves
autism-related behaviors by modulating microglia polarization in a mouse model of
autism. Int Immunopharmacol. (2023) 122:110594. doi: 10.1016/j.intimp.2023.110594

132. Smith CJ, Rendina DN, Kingsbury MA, Malacon KE, Nguyen DM, Tran JJ,
et al. Microbial modulation via cross-fostering prevents the effects of pervasive
environmental stressors on microglia and social behavior, but not the dopamine
system. Mol Psychiatry. (2023) 28:2549-62. doi: 10.1038/s41380-023-02108-w

133. Kim A, Zisman CR, Holingue C. Influences of the immune system and
microbiome on the etiology of ASD and GI symptomology of autistic individuals.
Curr Top Behav Neurosci. (2023) 61:141-61. doi: 10.1007/7854_2022_371

134. Ellul P, Rosenzwajg M, Peyre H, Fourcade G, Mariotti-Ferrandiz E, Trebossen
V, et al. Regulatory T lymphocytes/Th17 lymphocytes imbalance in autism spectrum
disorders: evidence from a meta-analysis. Mol Autism. (2021) 12:68. doi: 10.1186/
s13229-021-00472-4

135. Alshehri S, Nadeem A, Ahmad SF, Alqarni SS, Al-Harbi NO, Al-Ayadhi LY,
et al. Disequilibrium in the thioredoxin reductase-1/thioredoxin-1 redox couple is
associated with increased T-cell apoptosis in children with autism. Metabolites. (2023)
13:286. doi: 10.3390/metabo13020286

136. Herz ], FuZ, Kim K, Dykstra T, Wall M, Li H, et al. GABAergic neuronal IL-4R
mediates T cell effect on memory. Neuron. (2021) 109:3609-3618.e9. doi: 10.1016/
jneuron.2021.10.022

137. Wu X, Shen Q, Chang H, Li J, Xing D. Promoted CD4+ T cell-derived IFN-y/
IL-10 by photobiomodulation therapy modulates neurogenesis to ameliorate cognitive
deficits in APP/PS1 and 3xTg-AD mice. ] Neuroinflammation. (2022) 19:253.
doi: 10.1186/s12974-022-02617-5

138. Kim D, Iosif AM, Ramirez-Celis A, Ashwood P, Ames JL, Lyall K, et al.
Neonatal immune signatures differ by sex regardless of neurodevelopmental disorder
status: Macrophage migration inhibitory factor (MIF) alone reveals a sex by diagnosis
interaction effect. Brain Behav Immun. (2023) 111:328-33. doi: 10.1016/
j.bbi.2023.05.002

139. Wu J, Lin X, Wu D, Yan B, Bao M, Zheng P, et al. Poly(I:C)-exposed zebrafish
shows autism-like behaviors which are ameliorated by fabp2 gene knockout. Front Mol
Neurosci. (2022) 15:1068019. doi: 10.3389/fnmol.2022.1068019

140. Gzielo K, Piotrowska D, Litwa E, Popik P, Nikiforuk A. Maternal immune
activation affects socio-communicative behavior in adult rats. Sci Rep. (2023) 13:1918.
doi: 10.1038/541598-023-28919-z

141. Bruce MR, Couch A, Grant S, McLellan J, Ku K, Chang C, et al. Altered
behavior, brain structure, and neurometabolites in a rat model of autism-specific
maternal autoantibody exposure. Mol Psychiatry. (2023) 28:2136-47. doi: 10.1038/
s41380-023-02020-3

142. Xie W, Ge X, Li L, Yao A, Wang X, Li M, et al. Resveratrol ameliorates prenatal
progestin exposure-induced autism-like behavior through ERB activation. Mol Autism.
(2018) 9:43. doi: 10.1186/s13229-018-0225-5

143. Haddad FL, De Oliveira C, Schmid S. Investigating behavioral phenotypes
related to autism spectrum disorder in a gene-environment interaction model of
Cntnap2 deficiency and Poly I:C maternal immune activation. Front Neurosci. (2023)
17:1160243. doi: 10.3389/fnins.2023.1160243

144. Kim JW, Park K, Kang RJ, Gonzales EL, Oh HA, Seung H, et al. Gene-
environment interaction counterbalances social impairment in mouse models of
autism. Sci Rep. (2019) 9:11490. doi: 10.1038/541598-019-47680-w

145. Lazzarini G, Gatta A, Miragliotta V, Vaglini F, Viaggi C, Pirone A. Glial cells are
affected more than interneurons by the loss of Engrailed 2 gene in the mouse
cerebellum. ] Anat. (2024) 244:667-75. doi: 10.1111/j0a.13982

146. Wright C, Shin JH, Rajpurohit A, Deep-Soboslay A, Collado-Torres L, Brandon
NJ, et al. Altered expression of histamine signaling genes in autism spectrum disorder.
Transl Psychiatry. (2017) 7:e1126. doi: 10.1038/tp.2017.87

147. Atanasova E, Arévalo AP, Graf I, Zhang R, Bockmann J, Lutz AK, et al. Immune
activation during pregnancy exacerbates ASD-related alterations in Shank3-deficient
mice. Mol Autism. (2023) 14:1. doi: 10.1186/s13229-022-00532-3

148. Lombardo MV, Moon HM, Su J, Palmer TD, Courchesne E, Pramparo T.
Maternal immune activation dysregulation of the fetal brain transcriptome and
relevance to the pathophysiology of autism spectrum disorder. Mol Psychiatry.
(2018) 23:1001-13. doi: 10.1038/mp.2017.15

frontiersin.org


https://doi.org/10.1186/s13195-022-01118-0
https://doi.org/10.1186/s13195-022-01118-0
https://doi.org/10.3390/brainsci12020220
https://doi.org/10.1002/glia.24383
https://doi.org/10.26508/lsa.202301957
https://doi.org/10.1016/j.jneuroim.2023.578168
https://doi.org/10.3389/fimmu.2023.1100816
https://doi.org/10.1016/j.bbi.2021.11.009
https://doi.org/10.1016/j.bbi.2021.11.009
https://doi.org/10.1016/j.jneuroim.2023.578069
https://doi.org/10.1016/j.jneuroim.2023.578069
https://doi.org/10.3390/jcm11102725
https://doi.org/10.1097/JCMA.0000000000000917
https://doi.org/10.3390/biomedicines11020583
https://doi.org/10.1016/j.bbih.2023.100646
https://doi.org/10.1016/j.bbih.2023.100646
https://doi.org/10.3390/life13081736
https://doi.org/10.3390/ijms24033057
https://doi.org/10.3390/metabo13060738
https://doi.org/10.1038/s41586-022-05534-y
https://doi.org/10.1523/JNEUROSCI.1644-21.2022
https://doi.org/10.1038/s41390-022-02239-w
https://doi.org/10.1016/j.intimp.2023.110594
https://doi.org/10.1038/s41380-023-02108-w
https://doi.org/10.1007/7854_2022_371
https://doi.org/10.1186/s13229-021-00472-4
https://doi.org/10.1186/s13229-021-00472-4
https://doi.org/10.3390/metabo13020286
https://doi.org/10.1016/j.neuron.2021.10.022
https://doi.org/10.1016/j.neuron.2021.10.022
https://doi.org/10.1186/s12974-022-02617-5
https://doi.org/10.1016/j.bbi.2023.05.002
https://doi.org/10.1016/j.bbi.2023.05.002
https://doi.org/10.3389/fnmol.2022.1068019
https://doi.org/10.1038/s41598-023-28919-z
https://doi.org/10.1038/s41380-023-02020-3
https://doi.org/10.1038/s41380-023-02020-3
https://doi.org/10.1186/s13229-018-0225-5
https://doi.org/10.3389/fnins.2023.1160243
https://doi.org/10.1038/s41598-019-47680-w
https://doi.org/10.1111/joa.13982
https://doi.org/10.1038/tp.2017.87
https://doi.org/10.1186/s13229-022-00532-3
https://doi.org/10.1038/mp.2017.15
https://doi.org/10.3389/fpsyt.2024.1362288
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	Neuroplasticity of children in autism spectrum disorder
	1 Introduction
	2 Genetic and environmental factors
	2.1 Chromosomal abnormalities
	2.2 Genetic mutations
	2.3 Environmental factors
	2.4 Sexual dimorphism

	3 Neural pathways
	3.1 Neurotransmitter abnormalities
	3.2 Neurotransmitter receptor abnormality
	3.3 Abnormalities in neural circuits

	4 Neuroinflammation and immunity
	4.1 Neuroinflammation
	4.2 Neuroimmunity

	5 Interactions of genetics, environment, neural pathways, neuroinflammation and neuroimmunity
	6 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


