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Abstract 

Neurodevelopmental disorders encompass a range of conditions such as intellectual disability, autism spectrum 
disorder, rare genetic disorders and developmental and epileptic encephalopathies, all manifesting during child-
hood. Over 1,500 genes involved in various signaling pathways, including numerous transcriptional regulators, 
spliceosome elements, chromatin-modifying complexes and de novo variants have been recognized for their sub-
stantial role in these disorders. Along with new machine learning tools applied to neuroimaging, these discover-
ies facilitate genetic diagnoses, providing critical insights into neuropathological mechanisms and aiding in prog-
nosis, and precision medicine. Also, new findings underscore the importance of understanding genetic contribu-
tions beyond protein-coding genes and emphasize the role of RNA and non-coding DNA molecules but also new 
players, such as transposable elements, whose dysregulation generates gene function disruption, epigenetic al-
teration, and genomic instability. Finally, recent developments in analyzing neuroimaging now offer the possibil-
ity of characterizing neuronal cytoarchitecture in vivo, presenting a viable alternative to traditional post-mortem 
studies. With a recently launched digital atlas of human fetal brain development, these new approaches will 
allow answering complex biological questions about fetal origins of cognitive function in childhood. In this review, 
we present ten fascinating topics where major progress has been made in the last year. 
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Abbreviations 

ABCD® - Adolescent Brain Cognitive Develop-
ment℠ study; ABIDE - Autism Brain Imaging Data Ex-
change; ADOS - Autism Diagnostic Observation 
Schedule; ASD - autism spectrum disorder; BBB- 

blood-brain barrier; BOLD - blood-oxygen-level- 
dependent; CBP - CREB-binding protein; CP - cortical 
plate; CREBBP - CREB-binding protein; CRISPR-
Cas9 - clustered regularly interspaced short palin- 
romic repeats and CRISPR-associated protein 9; 
DAXX - death-associated protein; DS - Down syn-
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drome; DTI - diffusion tensor imaging; DWI - diffu-
sion-weighted images; ENet - elastic net; EP300 - ad-
enovirus E1A-associated cellular p300; ER - endo-
plasmic reticulum; ESAM - endothelial cell adhesion 
molecule; fMRI - functional-MRI; GBSS - gray mat-
ter-based spatial statistics; H3K4me - histone H3 
lysine 4; hCS - human cortical spheroids; hnRNPs - 
heterogeneous nuclear ribonucleoproteins; hPSCs - 
human pluripotent stem cells; HSA21 - Homo sapi-
ens chromosome 21; ID - intellectual disability; iP-
SCs - induced pluripotent stem cells; ISOVF - iso-
tropic volume fraction; JAMs - junctional adhesion 
molecules; KDM5C - lysine (K)-specific demethylase 
5C; KDM6A - lysine (K)-specific demethylase 6A; 
KDM7B - lysine (K)-specific demethylase 7B; 
KMT2B - lysine methyltransferase 2B; LINEs-1 - 
long-interspersed elements class-1; lncRNA - long 
non-coding RNA; LNPK - lunapark; LTR - long-termi-
nal repeat; MECP2 - methyl-CpG binding protein 2; 
ML - machine learning; MRI - magnetic resonance 
imaging; NDD - neurodevelopmental disorder; NDI - 
neurite density index; NODDI - neurite orientation 
dispersion and density imaging; NVU - neurovascu-
lar unit; OCLN - occludin; ODI - orientation disper-
sion index; oRGs - outer radial glia; oSVZ - outer sub-
ventricular zone; p300 - E1A-associated protein 
p300; PBMC - peripheral blood mononuclear cell; 
PCP preprocessed connectomes project; RBPs - 
RNA-binding proteins; RBFOX1 - RNA-binding Fox 
protein 1; ROI - regions of interest; RSI - restriction 
spectrum imaging; SFARI - Simons Foundation Au-
tism Research Initiative; SHAP - SHapley Additive 
exPlanations; SHH - sonic hedgehog; snATACseq - 
single nucleus Assay for Transposase-Accessible 
Chromatin using sequencing; Snhg11 - small nucleo-
lar RNA host gene 11; snRNA-seq - single nucleus 
RNA-sequencing; snRNPs - small nuclear RNPs; 
SVM - support vector machines; SVR – support 
vector regression; SWI/SNF - SWItch/Sucrose Non-
Fermentable; TD - typically developing; TEs - trans-
posable elements; TND - total neurite density; VZ - 
ventricular zone; XLMR - human X-linked mental 
retardation. 

Introduction 

In this new collection featuring the most rele-
vant findings in neurodevelopmental disorders 
(NDDs) from 2023 and early 2024, we aimed to 

encompass a wide range of aspects that we believe 
will be of interest to neuropathologists. The selected 
topics range from the importance of understanding 
genetic and epigenetic contributions to the estab-
lishment of NDDs to the presentation of new tech-
nologies and tools for studying brain development, 
with a high impact on disentangling the origin of 
NDDs. 

First, we highlight genetic elements that have 
been historically understudied but have become in 
recent years more relevant in the pathogenesis of 
neurodegenerative disorders, new evidence sug-
gesting their involvement in neurodevelopment. 
New studies suggest that de novo retrotransposition 
events occur during early embryogenesis and trans-
posable elements are involved in several NDDs, such 
as Down syndrome (DS) (1). Although still poorly 
studied, we expect that their understanding of their 
role in the onset and evolution of NDDs will increase 
in the next few years. Another intriguing genetic 
 element with a possible impact on NDDs that we 
spotlight in this review is the non-coding RNA, par-
ticularly the long non-coding RNA (lncRNA). LncRNAs 
are epigenetic regulators and thus can be determi-
nants of the identity and functionality of postmitotic 
neuronal cells and the organization of the nervous 
system development. Around 40 % of the lncRNAs 
are specifically expressed in the brain, suggesting 
brain-specific roles and a link to neurobiological pro-
cesses and NDDs. For example, the lncRNA Snhg11 
is involved in DS patients with neurogenesis deficits 
(2,3). These findings underscore the importance of 
understanding genetic contributions beyond pro-
tein-coding genes. Going beyond the elements of 
the genome, we emphasize key regulatory mecha-
nisms such as RNA transcription. During the pre-
mRNA transcription, alternative splicing takes place 
to remove introns and there is increasing evidence 
that a spliceosome malfunction drives altered 
neuronal differentiation and function. In fact, a 2023 
discovery shows that de novo mutations in U2AF2 
and PRPF19 which encode spliceosomal subunits, 
are associated with intellectual disability (ID) and 
autism spectrum disorder (ASD) (4). 

A revolution in the management of big data has 
occurred in the last decade providing new analytical 
tools for disentangling complex imaging data. This is 
the case of the first digital atlas of human fetal brain 
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development in which 1,059 optimal quality, three-
dimensional (3D) ultrasound brain volumes from 
899 fetuses have been analyzed using an automated 
pipeline (5). The outcome is a comprehensible tool 
to explore brain maturation and the origin of cogni-
tive function in childhood. In other recent studies, 
new strategies to combine imaging data coming 
from different resources such as magnetic reso-
nance imaging (MRI) or diffusion tensor imaging 
(DTI) have shed new light on the existing discrep-
ancy in the cortical thickness across various brain re-
gions in ASD (6,7). Finally, we discuss the use of ad-
vanced machine learning and image processing tools 
with different purposes such as the construction of 
a map showing how the fetal brain matures as 
pregnancy advances or the diagnosis of ASD taking 
into account the brain network organization (8). 

Another 2023 highlight is the new concept of 
“tightjunctionopathies”. This refers to the im-
portance of the integrity of tight junctions in the 
neurovascular unit for maintaining blood-brain bar-
rier (BBB) function and protecting the brain during 
development. Disruption or dysfunction of the BBB 
has been implicated in various NDDs, in some cases 
due to variants in cell adhesion proteins such as 
ESAM (endothelial cell-selective adhesion molecule) 
(9). Another relatively poorly studied aspect of NDDs 
is the region-specific contribution to those patholo-
gies. The cerebellar development requires a long 
maturation during early childhood, becoming espe-
cially susceptible to early perturbations increasing 
the risk of NDDs. New findings from a single-cell ge-
nomics study at early postnatal ages indicate that 
early childhood inflammation prevents specific 
cerebellum neurons from reaching complete matu-
ration. The authors suggest that inflammation might 
lead to the premature down-regulation of develop-
mental gene expression programs with putative 
consequences in the onset of NDDs (10). 

Finally, we address the relevance of the new 
genes discovered through whole-exome sequencing 
and genome-wide association studies on brain 
development and NDDs, and how new in vitro exper-
imental approaches are gaining relevance. Recent 
advances have combined human induced pluripo-
tent stem cells (iPSC)-derived cerebral organoids 
and CRISPR-Cas9-mediated genome editing, achiev-
ing a powerful tool for investigating in vitro the role 

of candidate NDD genes in brain development. In 
this review, we have underlined two innovative 
studies that allow respectively to determine cell-
type-specific contributions in cortical development 
to genetic disorders (4) and the impact of some NDD 
genes in the cellular migration and maturation 
during brain development (11). Finally, we have pro-
vided several studies using organoids and iPSc to 
disentangle the origin of schizophrenia by injuries 
during brain development (12,13). This set of studies 
emphasizes the importance of examining beyond 
neurons to understand risk genes. 

1. Contribution of retrotransposition 
to developmental disorders 

Millions of transposable elements (TEs) have 
been accumulated throughout evolution, compris-
ing up to 70 % of the human genome (14). Although 
mostly silenced via different epigenetic mecha-
nisms, such as histone modifications and DNA meth-
ylation, the TEs activity impacts genome structure, 
function, and chromatin dynamics (15). TEs are 
classified by their mechanism of transposition into 
retrotransposons and DNA-transposons (16). Re-
trotransposons, so-called due to their "copy-and-
paste" mechanism involving an RNA intermediate, 
are subdivided into long-terminal repeat (LTR) and 
non-LTR elements (17,18). One LTR subtype in par-
ticular, the Long-Interspersed Elements class-1 
(LINEs-1), constitutes nearly 20 % of the human 
genome (17,18) and is the only autonomous  
retrotransposon encoding essential proteins for its 
mobility (19). LINEs-1 are involved in diverse biolog-
ical processes. During early neurodevelopment, 
studies have shown that active LINEs-1 influence 
neural progenitor cell differentiation, contributing 
to neuronal diversity and brain somatic mosaicism 
formation (20) (Figure 1). LINEs-1 enrichment was 
evidenced around genes involved in neuronal line-
age commitment and function, altering gene expres-
sion levels and chromatin compaction (21). Alt-
hough studies in cell cultures and animal models 
suggested that most de novo LINEs-1 retrotranspo-
sition events accumulate during early embryogene-
sis (20), new LINEs-1 insertions can also accumulate 
in adult brain tissues (22). Moreover, it was evi-
denced that experience-dependent LINEs-1 re-
trotransposition may contribute to neuronal plastic-
ity (23).
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Figure 1. Transposable elements (TEs) involved in neurogenesis and cell differentiation. Scheme showing insertion and activation of 
LINEs-1 at early stages in neurodevelopment. In differentiated neurons at mature stages, LINEs-1 tend to be less active or repressed 
(Created with BioRender.com). 

Even though most LINEs-1 are inactive copies 
unable to retrotranspose (17), they can become 
active. Studies have shown that during senescence, 
LINE-1 elements become de-repressed and actively 
transpose (24), showing misregulated retrotranspo-
sition that can lead to pathological outcomes. 
LINEs-1 are also dysregulated in NDDs (25,26) such 
as Rett’s syndrome (22), ASD, or fragile X syndrome 
(27). In recent studies, altered LINEs-1 were de-
tected in a DS mouse model. Their altered activity 
was blocked by a reverse transcriptase inhibitor 
thus rescuing hippocampal‐dependent recognition 
memory (1,28). This may be related to the role of 
LINEs-1 in neurogenesis which is altered in DS 
mouse models (3,29). 

In summary, despite TEs comprising more than 
half of the human genome, their role in brain disor-
ders is understudied. Their pervasive presence and 
activity, especially LINEs-1, seem to be essential for 
proper brain development and function. TEs dysreg-
ulation generates gene function disruption, epige-
netic alteration, and genomic instability which may 

lead to NDDs. With advances in sequencing technol-
ogies and gene editing approaches, we will certainly 
be able to understand better the role of TEs in the 
future. 

2. New epigenetic players in neurode-
velopmental disorders 

Epigenetic mechanisms are key determinants 
of the identity and functionality of postmitotic 
neuronal cells and the organization of the nervous 
system development. It is thus not surprising 
that mutations of genes involved in chromatin 
regulation and genome organization lead to NDDs. 
This is illustrated by monogenic syndromes like the 
α-thalassemia mental retardation syndrome, caused 
by the mutation of the ATRX, a chromatin-remodel-
ing enzyme of the SWI/SNF family that cooperates 
with the histone chaperone DAXX to promote nucle-
osome exchange (30). Histone demethylases are 
involved in neural development, hence mutations in 
KDM5C and KDM7B are found in human X-linked 
mental retardation (XLMR), such as the Claes-Jensen 
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disorder (31,32). Kabuki syndrome is a mendelian 
disorder characterized by ID and postnatal growth 
deficiency that has been related to variants in genes 
encoding for histone demethylase KDM6A (33) and 
histone methyltransferase KMT2D (34). Similarly, 
the mutation of the X-linked gene encoding methyl-
CpG binding protein 2 encoded by MECP2 results in 
Rett syndrome, one of the most common causes of 
ID in young girls (35). At the histone acetylation 
level, the mutation of CREBBP or EP300 transcrip-
tional co-activator genes leads to Rubinstein-Taybi 
syndrome, characterized by moderate to severe ID 
(36). The dysfunctions manifested in these syn-
dromes likely arise from the alteration of the epige-
netic patterns required for cell fate commitment 
during development and neuronal maturation. 

In recent years, the advent of next-generation 
sequencing has profoundly transformed epigenetics 
and RNA biology with the discovery of a multitude of 
non-coding RNAs. Among these intriguing mole-
cules, lncRNA are epigenetic regulators (37), acting 
as biological decoys, chromatin modifiers and scaf-
folds. Albeit lncRNAs can be found throughout the 
body, around 40 % are specifically expressed in the 
brain, suggesting brain-specific roles (38). Although 
these roles have only recently been investigated, 
multiple lncRNAs have been functionally and mech-
anistically linked with neurobiological processes and 
NDDs (39). 

Sierra et al. (3) showed the involvement of the 
lncRNA Snhg11 in DS, the most common genomic 

cause of ID caused by trisomy of Homo sapiens chro-
mosome 21 (HSA21) (Figure 2). HSA21 is among the 
poorest chromosomes for non-coding RNAs, includ-
ing microRNA-encoding genes, with the relevant ex-
ception of lncRNA genes, which are very enriched in 
HSA21 and are abnormally expressed in DS iPSCs 
(40). LncRNAs have been associated with neuronal 
proliferation or migration (2), but little is known 
about their direct mechanisms. A study proposes 
that lncRNAs modulate their ability to differentiate, 
or the migration of newly born cells to their proper 
location within the brain (2). Interestingly, lncRNAs 
might also be critical for the adult hippocampal GA-
BAergic circuit (Liu et al., 2022), thus covering sev-
eral of the DS pathogenicity mechanisms. Single-cell 
transcriptomics revealed that lncRNAs are abun-
dantly expressed in individual cells and are highly 
cell type-specific (3,41). Using single nuclei RNA-se-
quencing (snRNA-seq), the authors identified 
Snhg11 to be specifically downregulated in the den-
tate gyrus of a DS mouse model and post-mortem 
brains of DS individuals (3). Moreover, through in 
vivo knockdown strategies they showed Snhg11 in-
volvement in hippocampal-dependent cognitive 
phenotypes, possibly contributed by impaired adult 
neurogenesis. This recapitulates findings in human 
embryonic stem cells, in which knocking down 
lncRNAs blocked neurogenesis and differentiation 
(42). These findings underscore the importance of 
understanding genetic contributions beyond pro-
tein-coding genes and emphasize the role of RNA 
molecules and non-coding DNA in NDDs. 

 

Figure 2. Snhg11, a long non-coding gene involved in Down syndrome. The left panel shows DS brain neuropathology due to the excess 
dosage of HSA21 products. The right panel shows the impact of a long non-coding gene (Shng11) on neurogenesis at the early stages of 
neurodevelopment. (Created with BioRender.com, modified from Cesar Sierra Doctoral Thesis presentation) 
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3. Neurodevelopmental disorders 
caused by spliceosome malfunction 

Most human protein-coding genes are tran-
scribed as pre-mRNAs containing exons and introns, 
with introns removed through pre-mRNA splicing 
before translation. This precise process involves nu-
merous elements and protein factors, including het-
erogeneous nuclear ribonucleoproteins (hnRNPs), 
uridine-rich small nuclear RNPs (snRNPs), the PRP19 
complex, and various RNA-binding proteins 
(RBPs)(43). Dysregulation of these elements can sig-
nificantly impact neuronal differentiation, pattern-
ing, and synaptic function, although germline vari-
ants in core spliceosome components are rarely 
implicated in NDDs (44). 

During the last year, de novo variants in spliceo-
some machinery have been incorporated into the 
list of traits related to NDDs (45–47). Li et al. (48) 
integrated clinical phenotyping, exome/genome 
sequencing, protein structure analysis, and model-
ing in flies and human pluripotent stem cells (hPSCs) 
to explore the roles of three NDD-associated genes. 
The authors identified 46 and 6 individuals with 
de novo variants in U2AF2 and PRPF19, respectively, 
which encode spliceosomal subunits. These variants 
led to neurodevelopmental phenotypes like devel-
opmental delay, ID, and ASD. Neuritogenesis was 
reduced in human neurons differentiated from 
hPSCs carrying two U2AF2 hyper-recurrent variants. 
Neural loss of function of the Drosophila orthologs 
U2af50 and Prp19 led to lethality, abnormal mush-
room body patterning, and social deficits. Transcrip-
tome profiling of deficient fly brains with 
CRISPR/Cas9 knock-in, and patient-derived iPSCs 
revealed potential splicing substrates and down-
stream effectors, including RNA-binding Fox pro-
tein 1 (RBFOX1). Overexpression of these effectors 
partially rescued neural defects in deficient flies, 
establishing a hierarchical genetic network of NDD-
associated susceptibilities. Additionally, 6 individu-
als with de novo RBFOX1 missense variants exhibited 
similar neurodevelopmental features, highlighting a 
conserved genetic hotspot crucial for neurodevelop-
ment and function. 

4. First digital atlas of human fetal 
brain development 

The first digital atlas, launched in 2023 (5), illus-
trates the dynamics of normative maturation of 
each hemisphere of the fetal brain during a critical 
period of human development, improving the 
understanding of fetal brain maturation. Previous 
studies were limited as those were mainly carried 
out by a single laboratory, with usually small sample 
sizes, methodological heterogeneity and lack of 
postnatal follow-up. 

The normative atlas now launched is based on 
a prospective international cohort of healthy preg-
nant women, whose fetuses were accurately dated 
in the first trimester, with normal growth and 
neurodevelopment from early pregnancy to 2 years 
of age (49). The atlas was produced using 1,059 
optimal quality, 3D ultrasound brain volumes from 
899 fetuses and an automated analysis pipeline 
(50,51). Importantly, the study shows remarkably 
similar patterns of fetal brain growth and develop-
ment across diverse populations, an important 
scientific advance in the neuroscience field. Even 
being much larger than previous efforts, and pooling 
data from the 8 geographically diverse study sites, 
the between-study site variability represented less 
than 8.0 % of the total variance of all brain 
measures. This result is consistent with the previ-
ously reported findings of the same INTERGROWTH-
21st cohorts, for fetal skeletal growth, newborn size 
and infant neurocognitive development. Moreover, 
the atlas reproduces the findings of published MRI 
data (52), but with finer anatomical details in deep 
grey matter. The cohort used by Namburete et al. 
(50) included also a postnatal follow-up study to 
2 years of age, so this atlas provides a unique spati-
otemporal benchmark of fetal brain maturation 
from a large cohort with normative pre- and postna-
tal growth and neurodevelopment. 

The work revealed significant asymmetries in 
brain maturation since 14 gestational weeks. The 
most distinctive region to show asymmetry in this 
study was the superior frontal, which is formed by 
the relative overgrowth of the frontal and temporal 
lobes. In addition, the cerebral hemispheres follow 
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separate maturational programs, with greater right-
wards dominance in regions associated with 
language development without any differences 
between the sexes, suggestive of prioritization of 
language readiness. These patterns were validated 
in 1,487 3D brain volumes from 1,295 different 
fetuses. 

This atlas will allow answering complex biolog-
ical questions about the fetal origins of cognitive 
function in childhood, such as how language is 
 acquired. Using the atlas in combination with the 
soon-to-be-published international standards de-
scribing the complementary growth of the fetal 
brain will be a valuable clinical tool in specialized, 
referral centers when brain development appears 
abnormal on ultrasound. 

5. Cortical microstructural imaging in 
neurodevelopmental disorders 

One of the most consistent morphological 
parameters for assessing abnormal brain structures 
in patients with ASD is changes in the cortical thick-
ness within the frontal, temporal, parietal, and 
occipital lobes. These changes often correspond to 
specific clinical features observed in individuals with 
ASD (53), with core symptoms of ASD being associ-
ated with prefrontal cortex abnormalities. In fact, 
using cortical thickness features extracted from a 
small subset of brain regions as input for a classifier 
to identify ASD subjects, yielded accuracies of over 
84.2 % when concatenating 8 regions (54). 

However, research in this area has yielded 
contradictory findings regarding the cortical thick-
ness across various brain regions in ASD, with some 
reporting increases and others decreases. To com-
plicate things even more, the spatial distribution of 
abnormal brain development has a high heteroge-
neity, even with similar pathophysiology (55). Corti-
cal development shows an aberrant trajectory in 
ASD, being associated with cortical hyperplasia in 
early childhood, followed by a cortical plateau and 
subsequent decline in later stages of development 
(56,57). The atypical cortical developmental trajec-
tory likely underlies structural and functional anom-
alies in the brain’s connectivity network (58), with 
cortico-cortical connectivity abnormalities not 
restricted to the white-matter connections but also 

affecting the intrinsic gray-matter architecture and 
connectivity within the cerebral cortex (59). 

Arai et al. (6) in a recent investigation focused 
on examining microstructural changes in gray mat-
ter among adults with ASD compared to typically 
developing (TD) individuals. The work employed 
neurite orientation dispersion and density imaging 
(NODDI) to measure neurite density index (NDI), 
orientation dispersion index (ODI), and isotropic 
volume fraction (ISOVF). These measures, along 
with DTI metrics and surface-based cortical thick-
ness, were compared between the ASD and TD 
groups using voxel-wise gray matter-based spatial 
statistics (GBSS). Additionally, the study explored 
correlations between MRI-based metrics and ASD-
related scores, such as the ASD-spectrum quotient, 
empathizing quotient, and systemizing quotient, 
within specific regions of interest (ROI). 

The analysis revealed a notable decrease in 
neurite density in individuals with ASD compared to 
the TD group, predominantly in the left prefrontal 
cortex regions, including the caudal middle frontal, 
lateral orbitofrontal, pars orbitalis, pars triangularis, 
rostral middle frontal, and superior frontal areas. 
Furthermore, there was a significant correlation 
between reduced empathy and lower neurite den-
sity in the left rostral middle frontal cortex, superior 
frontal and frontal pole areas within the ASD group. 

Interestingly, in another related study (7), 
researchers identified variable neuronal density in 
the cerebral cortex of individuals with ASD. This 
study involves a comprehensive analysis of magnetic 
resonance diffusion-weighted images (DWI) from 
the Adolescent Brain Cognitive Development℠ 
(ABCD®) study. They employed a restriction spec-
trum imaging (RSI) framework to assess total neurite 
density (TND). The analysis revealed a significant 
reduction in neurite density within the right cerebel-
lar cortex, but an increase throughout anterior 
fronto-temporal and basal ganglia regions. These 
findings reinforce the notion that ASD patients show 
atypical brain growth and connectivity patterns 
from an early age. 

These recent developments in analyzing neu-
roimaging now offer the possibility of characterizing 
neuronal cytoarchitecture in vivo, presenting a via-
ble alternative to traditional post-mortem studies. 
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6. Neuroimaging in the era of “Big 
Data” 

Over the past twenty years, there has been a 
notable increase in the generation, acquisition, and 
storage of data, characterizing the era known as "big 
data". In neuroscience, one example is the Human 
Brain Project, which provides different datasets, 
including a comprehensive, multilevel atlas of the 
human brain. This atlas combines data on cytoarchi-
tecture, connectivity, chemoarchitecture, genetics, 
and brain function. It integrates information from 
both macroscopic and cellular perspectives into a 
unified framework and a highly detailed 3D model 
with microscopic resolution, distinguishing individ-
ual cortical layers and cells of the healthy brain. This 
significant growth in data volume, velocity, and vari-
ety along with the proliferation of machine learning 
(ML) toolkits has created unique opportunities for 
researchers. Numerous studies have introduced ML 
methods applied to neuroimaging data to explore 
various aspects of ASD. Most have focused on super-
vised ML algorithms, mainly based on support 
vector machines (SVM) to distinguish between ASD 
and TD. For example, using datasets sourced from 
the Autism Brain Imaging Data Exchange (ABIDE, 
analyzed with support vector regression (SVR) and 
elastic net (ENet)) (60,61) penalized linear regres-
sion scores on cortical thickness measurements for 
predicting the severity of ASD symptoms assessed 
with the Autism Diagnostic Observation Schedule 
(ADOS) (62). 

An international dataset of 3D ultrasound 
scans, previously collected using standardized meth-
ods and equipment (63), has been analyzed with 
advanced ML and image processing tools to con-
struct a map showing how the fetal brain matures as 
pregnancy advances. The use of newly developed 
ML methods allowed improved visibility of brain 
structures in 3D ultrasound images. This results in 
the generation of an average representation of each 
cerebral hemisphere with quantification of intracra-
nial volume variability and growth patterns between 
14 and 31 gestation weeks, a critical time window of 
active cell proliferation, migration and synaptogen-
esis, as well as macroscopic changes. 

Despite significant advances in ML methods, 
several challenges remain. Many ML classification 
methods lack interpretability, which is particularly 
problematic for medical data analysis. Additionally, 
small datasets are prevalent, which can lead to 
unreliable results. Recent techniques like SHapley 
Additive exPlanations (SHAP) values have been 
developed to enhance the interpretability of ML 
results by identifying key features in a model. To 
address the issue of small datasets, data augmenta-
tion methods such as sliding windows, which seg-
ment data into smaller overlapping sections, can be 
employed. However, this can sometimes result in 
information loss that overlapping windows tech-
niques can help mitigate. 

In this context, Alves et al. (8) propose a new 
method for diagnosing ASD that is both interpreta-
ble and suitable for small datasets. They used the 
preprocessed version of ABIDE, which consists of 
1,112 datasets comprising 539 ASD and 573 TD with 
300s BOLD (blood oxygen dependent) time series 
and provided by the Preprocessed Connectomes 
Project (PCP) dataset. Much of the recent research 
proposes methods based on ML but uses a single 
statistical parameter, ignoring brain network 
organization. Their approach involves classifying 
functional-MRI (fMRI) time series using a connectiv-
ity matrix input, which produces more accurate 
results compared to previous studies and is the main 
innovation featured by this study. They also used 
complex network measures to characterize brain 
organization differences between ASD and TD indi-
viduals and employed SHAP values for the biological 
interpretation of brain region connections. Addi-
tionally, they utilized a sliding window data augmen-
tation strategy to expand the sample size, splitting 
time series into overlapping sections to maintain 
data integrity and improve model robustness. The 
analysis of fMRI data highlighted changes in certain 
brain regions associated with cognitive, emotional, 
learning and memory processes. The cortical net-
works of ASD patients displayed more segregation, 
less distribution of information and less connectivity 
compared to TD individuals. This methodology will 
contribute to the understanding of cerebral differ-
ences in ASD and will be useful in future to assist 
specialists, especially in cases involving diagnostic 
uncertainty. 
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7. Tightjunctionopathies: a new class 
of diseases affecting the blood-brain 
barrier 

The BBB regulates the passage of substances 
from the bloodstream into the brain, thereby main-
taining the brain's microenvironment. It is com-
posed of endothelial cells, astrocyte end-feet, peri-
cytes, and a basement membrane. The BBB's integ-
rity and functionality are crucial for normal brain 
development and function. Disruption or dysfunc-
tion of the BBB has been implicated in various NDDs. 
The BBB is a component of the neurovascular unit 
(NVU), a complex and dynamic interface between 
the brain and the blood vessels, comprising endo-
thelial cells, pericytes, astrocytes, neurons, and the 
extracellular matrix. Tight junctions within the endo-
thelial cells of the NVU are critical for maintaining 
the integrity of the BBB, regulating the passage of 
molecules and ions, and protecting the brain from 
potentially harmful substances. Disruption of these 
tight junctions is increasingly recognized as a con-
tributing factor to NDDs (64). Tight junctions are 
composed of various proteins, including occludin, 
claudins, junctional adhesion molecules (JAMs), and 
cytoplasmic scaffolding proteins. These proteins 
interact to form a barrier that regulates paracellular 
permeability and maintains the homeostasis of the 
brain's microenvironment (65). Studies have shown 
changes in the expression of tight junction proteins 
in individuals with ASD. For instance, reduced levels 
of occludin (encoded by the OCLN gene, also 
involved in polymicrogyria), have been observed in 
ASD, suggesting a compromised BBB (66). The ESAM 
gene encodes a cell-cell attachment protein belong-
ing to the immunoglobulin receptor family. This cell-
to-cell junction is of vital importance in cells that 
form part of the BBB and thus, ESAM protein is 
essential for its integrity. 

Lecca et al. (9) have now identified a new rare 
disease in humans associated with homozygous 
loss-of-function variant alleles of ESAM. The study 
was carried out in 13 individuals including 4 fetuses, 
from 8 unrelated families from all over the world. 
The c.115del (p.Arg39Glyfs∗33) variant severely 
impaired the in vitro tubulogenic process of endo-
thelial colony-forming cells, and caused a lack of 
ESAM expression in the capillary endothelial cells of 
the damaged brain. Affected individuals with 

bi-allelic ESAM variants presented disruption of the 
BBB integrity and suffered profound global develop-
mental delay/unspecified ID, epilepsy, absent or 
severely delayed speech, varying degrees of spastic-
ity, ventriculomegaly and intracranial hemor-
rhage/brain calcifications. Dilation of lateral ventri-
cles, thinning of the corpus callosum, hydrocepha-
lus, and focal white matter lesions were the most 
frequently observed neuroimaging abnormalities. 
Also, hydrocephalus was detected in all fetuses as 
previously reported in a patient with an ESAM 
 homozygous nonsense variant (67). Intracranial 
hemorrhages, frequently associated with cerebral 
calcifications, were observed in all patients. The fea-
tures of individuals with bi-allelic ESAM variants 
resemble those of other known conditions charac-
terized by endothelial dysfunction due to mutation 
of genes encoding tight junction molecules, namely 
the JAM2 (68), JAM3 (69), and OCLN (66) genes. 

In summary, the integrity of tight junctions in 
the neurovascular unit is crucial for maintaining BBB 
function and protecting the brain during develop-
ment. Disruption of these tight junctions can lead to 
increased permeability, neuroinflammation, and 
exposure to harmful substances, all of which 
contribute to the pathophysiology of various NDDs. 
Because of the importance of cell adhesion in the 
neurovascular unit, the authors propose to rename 
this group of diseases as “tightjunctionopathies“. 

8. Zooming-in into cerebellar involve-
ment in neurodevelopmental disor-
ders through single-cell analysis 

In recent years, animal models have revealed 
new functions and increasing complexity of the 
cerebellum (70,71). However, the roles of the cere-
bellum in human pathology, particularly during pre- 
and postnatal brain development remain under-
studied compared to other brain regions. The 
human cerebellum undergoes a long maturation 
during early childhood being one of the first brain 
regions to begin developing and one of the last to 
reach maturity. This makes it especially susceptible 
to perturbations contributing to the risk of develop-
ing NDDs (72). Early-life inflammation is a clinically 
established risk factor for ASD and schizophrenia, 
but its impact on human cerebellar development is 
poorly understood (73). 
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Using single-cell genomics, a study published 
last year found that early childhood inflammation 
prevents specific cerebellum neurons from reaching 
complete maturation (10). Ament et al. character-
ized the cell type-specific effects of early childhood 
inflammation in post-mortem cerebellar brain sam-
ples from 17 children aged one to five years, who 
died from inflammatory conditions, such as bacterial 
or viral infections or asthma. They compared them 
with those who died from sudden accidents but with 
no neurological disorder. The two groups were sim-
ilar in age, gender, race/ethnicity, and time since 
death. The first interesting finding was that despite 
considerable variation among samples in the 
sources of inflammation, ranging from meningitis to 
asthma, there was a high degree of congruence in 
transcriptional effects across children experiencing 
inflammation at the time of death. 

The characterization of postnatal cerebellar 
neuronal and glial development revealed that 
inflammation is associated with cerebellar matura-
tion during the postnatal period through significant, 
overlapping transcriptional changes in 2 types of 
inhibitory neurons: Purkinje and Golgi neurons. 
Alterations in Purkinje neuron morphology have 
been documented in NDDs, including ASD and schiz-
ophrenia, with the most consistent finding being a 
reduction in soma size (74) and a decrease in the 
number and density of Purkinje neurons (75). 
Throughout development, Purkinje neurons estab-
lish long-range synapses that connect the cerebel-
lum to brain regions involved in cognition and emo-
tional regulation, whereas Golgi neurons coordinate 
neural communication within the cerebellum. 
Ament et al. performed an immunohistochemical 
examination of post-mortem cerebellar samples 
that did not reveal changes in Purkinje neuron soma 
size but showed increased microglial activation in 
children who had experienced inflammation. The 
authors then constructed a gene regulatory network 
model for Purkinje neuron maturation by integrat-
ing their cell type-specific gene expression (snRNA-
seq) and chromatin accessibility (single nucleus 
Assay for Transposase-Accessible Chromatin 
(snATACseq)) datasets and identified seven tempo-
rally specific gene networks in Purkinje neurons. 
They suggested that inflammation might lead to the 
premature down-regulation of developmental gene 
expression programs. Genes involved in NDDs such 

as ID, ASD, and schizophrenia (76,77) were part of 
the maturation- and inflammation-associated gene 
expression changes. 

Preterm birth can also lead to cerebellar under-
development and is often associated with chorioam-
nionitis with an increased risk of NDDs, such as 
autism. Using a preclinical experimental approach 
involving snRNA-seq (78) has established the role of 
chorioamnionitis by decreased sonic hedgehog 
(SHH) signaling on disrupted cerebellar maturation 
associated with preterm birth. 

Those works highlight the importance of using 
single-cell sequencing to zoom into the neuropa-
thology of NDDs. 

9. New cellular models are uncovering 
the function of neurodevelopmental 
disorder genes 

Over the past decade, whole-exome sequenc-
ing and genome-wide association studies have 
uncovered hundreds of ASD and other NDD genes. 
As promising as these discoveries are, how defects 
of these genes impair brain function remains largely 
unclear for most of those genes. This is due to the 
difficulties in accessing human brain tissue from 
NDD patients. One approach to address this ques-
tion would be to investigate key features of neocor-
tex development, using appropriate model systems 
and focusing on the actions of key genes that lead to 
NDDs. Recent advances in human iPSC-derived 
cerebral organoids and CRISPR-Cas9-mediated 
genome editing can be combined into a powerful 
tool for investigating molecular mechanisms in-
volved in NDDs in in vitro systems (79). Human brain 
organoids recapitulate the architectural and func-
tional features of developmental brain stages, con-
taining apical radial glia in the ventricular zone (VZ), 
human-specific outer radial glia (oRGs), outer sub-
ventricular zone (oSVZ), and deep-layer and upper-
layer neurons in the cortical plate (CP) (80). Several 
research groups have established cerebral organ-
oids to clarify the pathogenesis of autism, Fragile X 
syndrome, Rett syndrome, DS, and schizophrenia 
(81). Last year several works offered new advanced 
cell models that may be instrumental in identifying 
the mechanisms by which candidate genes produce 
brain alterations. 
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Figure 3. New cellular models are uncovering the function of 
neurodevelopmental disorder genes. A new organoid system 
that couples cutting-edge technologies such as CRISPR pertur-
bations in organoids with single-cell transcriptomic readout 
(CHOOSE system) allows systematic loss-of-function assays of 
high-risk NDD genes (Created with BioRender.com). 

Li and collaborators (82) have developed an 
organoid system that couples cutting-edge technol-
ogies such as CRISPR perturbations in organoids with 
single-cell transcriptomic readout (CHOOSE system). 
Through loss-of-function assays of 19 high-risk ASD 
genes known to be involved in epigenetic regulation, 
the authors have established a developmental and 
cell type-specific phenotypic database. ASD genetic 
perturbations particularly have a strong impact on 
progenitors that differentiate into interneurons and 

oligodendrocytes and L2/3 excitatory neurons, 
suggesting that ASD genes are enriched in upper-
layer neurons during development. The CHOOSE 
system opens a new frame to determine cell-type-
specific contributions to genetic disorders, including 
NDDs (Figure 3). 

Going further, Pasca and colleagues (11) com-
bined assembloids and CRISPR to identify a set of 46 
genes, out from 425 associated with ASD and other 
NDDs, based on genetic studies of patients and the 
Simons Foundation Autism Research Initiative 
(SFARI) database. The authors had previously devel-
oped a platform to study interneuron development 
and migration in subpallial and forebrain assem-
bloids (83). This 3D subdomain-specific forebrain 
spheroids can be assembled in vitro from human 
hPSCs and resemble either the dorsal or ventral 
forebrain and contain cortical glutamatergic or 
GABAergic neurons, thus being able to recapitulate 
the saltatory migration of GABAergic neurons from 
ventral to dorsal forebrain and their integration into 
cortical circuits observed in the fetal forebrain. Now, 
the authors have integrated those assembloids with 
CRISPR screening to investigate the involvement of 
NDD genes in specific aspects of interneuron devel-
opment. Using this method, they discovered a group 
of genes that impair the generation or migration of 
interneurons to the CP. Notably, the loss of an endo-
plasmic reticulum (ER)-shaping protein, LNPK dis-
rupts interneuron migration, indicating a previously 
unappreciated role of ER dynamics. 

The platform developed by Pasca and collabo-
rators allows systematically map loss-of-function 
phenotypes for NDD genes based on stages of 
human interneuron development. This approach 
can accelerate the search for common functional 
deficits caused by disparate genes, enabling the 
grouping of neurodevelopmentally impaired pa-
tients for faster, more meaningful clinical trials and 
speeding treatments. However, to prevent unin-
tended genomic alterations produced by gene edit-
ing strategies and long-term culture, the integration 
of advanced methods like optical genome mapping 
to existing protocols can provide a more thorough 
understanding of the genomic integrity of the 
in vitro cellular systems with consequences in the 
reliability of the research (84). 
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10. The developmental origin of 
schizophrenia 

Schizophrenia's complex biology highlights two 
crucial themes: the excessive elimination of glu-
tamatergic synapses during development and dis-
ruptions in their signaling properties. These issues 
may impair circuit function, contributing to the 
symptoms and cognitive deficits seen in schizophre-
nia. Since some years ago, schizophrenia has been 
thought to involve adverse neuropathological 
events beginning in early brain development (85), 
when disturbances in neural stem cell proliferation, 
neural differentiation, and synapse formation may 
lead to NDDs. This is the reason for using brain 
organoids as an interesting approach. Previous stud-
ies using iPSCs to explore neurodevelopmental pro-
cesses in schizophrenia have either focused on a 
single stage of organoid maturation (86), or gener-
ated brain organoids from only healthy individuals. 
Additionally, donor variability in iPSC models can 
obscure case-control differences, a critical issue 
often overlooked (87). Moreover, schizophrenia is 
highly polygenic making it challenging to understand 
basic disease mechanisms. To preserve the disease-
specific genetic context (12) decided to generate 
iPSC-derived organoids, called human cortical sphe-
roids (hCS), from a genetically stratified sample of 
schizophrenia cases and age- and sex-matched con-
trols. In this study, the authors conducted an exten-
sive transcriptional profiling in human cortical sphe-
roids derived from iPSCs by at 4 stages of hCS matu-
ration, which enabled them to establish the persis-
tent nature of the disturbances throughout develop-
ment. The organoids grown from patients and con-
trols differed in cell type composition but more im-
portantly, in the expression of thousands of genes, 
in line with the finding that the genetic influences on 
schizophrenia are many and very small. However, 
axonal genes showed persistent dysregulation shed-
ding light on underlying disease mechanisms. 

In a second study, another research group 
focused on the schizophrenia risk locus 15q11.2, 
containing 4 genes, that has over 10 % penetrance 
and doubles the risk for schizophrenia in individuals 
with unusual copy numbers in this region (13). One 
gene in this locus, CYFIP1, is linked to synaptic 
function and increases the risk for NDDs like 

schizophrenia and autism. Although CYFIP1 is highly 
expressed in microglia, the brain's immune cells, its 
role there remains unclear. 

Sheridan et al. (13) collected blood cells from 
healthy volunteers, isolated iPSCs, and differenti-
ated them into microglia-like cells. Microglia are 
known for synaptic pruning, essential for brain 
development. Using CRISPR, they removed func-
tional CYFIP1 from these cells and detected changes 
in microglial behavior and function that could 
impact microglial processes like synaptic pruning 
and neuronal maintenance, crucial for brain devel-
opment and function. This dysfunction could 
contribute to CYFIP1-related neurodevelopmental 
and psychiatric disorders, including autism and 
schizophrenia. 

This study emphasizes the importance of 
examining beyond neurons to understand risk 
genes. Identifying risk loci is just the beginning; 
determining the relevant cell types and gene func-
tions is essential for progressing from genetic asso-
ciations to potential treatments. 
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