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Abstract: Adolescent neuropsychiatric disorders have been recently increasing due to genetic and
environmental influences. Abnormal brain development before and after birth contribute to the
pathology of neuropsychiatric disorders. However, it is difficult to experimentally investigate because
of the complexity of brain and ethical constraints. Recently generated human brain organoids from
pluripotent stem cells are considered as a promising in vitro model to recapitulate brain development
and diseases. To better understand how brain organoids could be applied to investigate neuropsychi-
atric disorders, we analyzed the key consideration points, including how to generate brain organoids
from pluripotent stem cells, the current application of brain organoids in recapitulating neuropsy-
chiatric disorders and the future perspectives. This review covered what have been achieved on
modeling the cellular and neural circuit deficits of neuropsychiatric disorders and those challenges
yet to be solved. Together, this review aims to provide a fundamental understanding of how to
generate brain organoids to model neuropsychiatric disorders, which will be helpful in improving
the mental health of adolescents.
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1. Introduction

Adolescent neuropsychiatric disorders have been recently increasing, resulting in
heavy economic and social burdens. Both genetic and environmental factors contribute
simultaneously to the pathology of neuropsychiatric disorders. How to investigate the
molecular mechanism underling the abnormal cognitive and behavioral symptoms of
neuropsychiatric disorders is still a big challenge due to the complexity of the brain, as
well as the ethical constraints of using human brains for research purposes. Due to the
species differences between humans and animals, appropriate research models with human
genetic backgrounds are needed.

2. Emerging Brain Organoids as Research Models of Human Brain Development
and Disorders

The early developmental stages of the human brain are complex and patterned in
a spatiotemporal manner [1,2]. It's almost impossible to investigate human early brain
development in vivo due to ethical constraints. Molecular and cellular mechanisms regu-
lating human brain development were achieved through previous observational research
on rodent and non-primate models. For instance, the primate-specific TMEM14B, a marker
of basal radial glia, was identified through single-cell transcriptional profiling of sorted
human neural progenitor subpopulations [3]. Further research demonstrated that ectopic
expression of TMEM14B in mouse embryonic neural progenitors could induce postnatal
cortical thickening and gyrification [3]. The transcriptome differences between developing
mouse and human neocortex were analyzed and 56 genes were identified to be preferen-
tially expressed in humans, among which ARHGAP11B displayed the highest degree of
radial glia-specific expression [4]. A further functional study using nonhuman primate
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marmoset demonstrated that human-specific ARHGAPI1B could increase the number of
upper-layer neurons, as well as enlarging the neocortex and inducing folding [5]. Com-
paring the cortical cell numbers and neuronal cell types across species, including reptiles,
birds and mammals also identified large differences on cortical size and cell diversities
among species [6]. However, these findings were achieved through either comparing
the static samples of humans and animals or performing functional experiments purely
through animals. The dynamic developmental process of the human brain could not be
experimentally repeated on human embryos. Furthermore, the rodent and non-primate
models are limited when recapitulating features of human brain due to the species discrep-
ancy. For example, nuclear distribution factor E-homolog 1 (NDE1) is important for human
cerebral cortical neurogenesis with different splicing isoforms between human and mouse.
Terminal exon 9 of human NDE1 was absent in mice, which may contribute to different
phenotypes of NDET mutations between humans and rodents [7]. Based on these previous
reports and considering the ethical constraints, alternative research models with human
genomic background in a dynamic system are needed to improve the current knowledge
of human brain development and diseases.

Recent research has recapitulated normal and pathological brain conditions with
dynamic in vitro culture of brain organoids. Brain organoids are self-organized three-
dimensional (3D) structures derived from tissues or human stem cells [8-11]. Lancaster
etal. developed a 3D culture system from human pluripotent stem cells (PSCs), and cerebral
organoids were obtained composing various discrete brain regions including the cerebral
cortex with various subtypes of neurons. These cerebral organoids could form progenitor
zone organization with the abundant outer redial glia stem cells, which is similar to the
features of human cortical development [8]. The human midbrain-specific organoids were
also cultured in vitro recapitulating the characteristics of midbrain containing spatially
organized groups of dopaminergic neurons [9]. The presence of synaptic connections and
electrophysiological activities were also observed, as well as the detection of myelination
of neurites [9]. Pathological neurodevelopmental diseases and other disorders could also
be recapitulated in vitro with 3D brain organoids construction [10,11]. A comprehensive
understanding of the current progress and the problems yet to be solved will help to
improve the research with this in vitro model.

3. Considering the Key Points in the Induction of Brain Organoids In Vitro
3.1. Guided Brain Organoids Were Induced Based on the Characters of Neurodevelopmental
Patterning In Vivo

In early studies, PSCs were proven to be capable of aggregating into embryonic bodies
(EBs) in suspension culture and differentiating into three germ layers in further 2D cell
culture conditions [12,13]. Previously, EBs have been induced into the neuronal lineage and
formed neural-tube like structures displayed as rosettes in 2D culture. The formation of
rosettes recapitulated the in vivo developmental process of radial glial cells [14]. Therefore,
understanding the in vivo developmental process of the brain is critical for developing
in vitro research strategies of generating 3D brain organoids.

The brain consists of a complex neural network, including neurons, astrocytes and
oligodendrocytes in different regions [15]. During gastrulation, neural lineage commit-
ment is originated from the ectoderm [15]. Ectoderm cells undergo neurulation and are
specified into neuroepithelia cells (NEs) with the inhibition of bone morphogenetic pro-
tein pathway by Chordin et al. [16]. NEs generate the neural tube and subsequently
begin region specification [14]. Neural regional specification occurs along two axes, the
anterior-posterior and dorsal-ventral axes [15] (Figure 1). In the anterior—posterior axes,
wingless/integrated (WNT) pathway inhibitors Dickkopf and Frzb, as well as insulin-like
growth factors promote forebrain induction, while WNT activators, fibroblast growth
factors, growth differentiation factorll and retinoic acid promote spinal cord formation.
In the dorsal-ventral axes, sonic hedgehog pathway (SHH) leads ventralization while as
WNT and bone morphogenetic protein pathways favor dorsalization [15]. Besides these
extrinsic factors, intrinsic signals from neural progenitors can enrich regionally patterned
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progenitor subtypes, which could generate various neurons and glia cells. These patterned
progenitors often demonstrate a particular transmitter phenotype and generate specified
neurons mostly based on their intrinsic signals, such as the progenitors patterned to ventral
forebrain would generate more GABA (y-aminobutyric acid) neurons while dorsal fore-
brain progenitors are more likely to form glutamate neurons [15]. The further development
and maturation of these specified progenitors could be promoted by the presence of neu-
rotrophic factors, such as brain-derived neurotrophic factor and neurotrophic factor 3 [17].
Therefore, understanding the in vivo coordinating signaling pathways properly is critical
for recapitulating neural cells of different regional characteristics in vitro.
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Figure 1. Brain organoids induction in vitro recapitulated the characteristics of human brain in vivo.
General patterning principles along the anterior-posterior and dorsal-ventral axis during the in vivo
neurodevelopmental process are illustrated in the upper panel. Inductions of brain organoids from
PSCs in vitro are illustrated in the lower panel, which followed the general patterning principles
invivo and in turn could be applied to recapitulate the in vivo characteristics of human brain.
Abbreviations: PSCs: pluripotent stem cells; IGF: insulin-like growth factors; FGFs: fibroblast growth
factors; GDF11: growth differentiation factor11;RA: retinoic acid BMP: bone morphogenetic protein.

The brain organoids were first generated through spontaneous differentiation of EBs
from PSCs [8]. These in vitro generated brain organoids consisted of broad types of neural
cells originated from distinct regions, including forebrain, midbrain, hindbrain, retina and
choroid plexus. Therefore, these brain organoids were identified as unguided cerebral
organoids. Later studies aimed to achieve region-specific brain organoids in vitro through
supplementing subsequent growth factors to the induction medium according to known
coordinating signaling pathways in vivo [17-19]. Initially, PSCs generated NEs rapidly and
efficiently with the presence of dual SMAD inhibition (bone morphogenetic protein path-
way inhibitor dorsomorphin and transforming growth factor-3 inhibitor SB-431542) [17,18].
Then, NEs were specified into region-specific progenitors at the presence of patterning
signals of the anterior—posterior or/and dorsal-ventral axes [18,20,21]. For instance, WNT
inhibitors were used to block caudalization and induce forebrain identities [20], while as
the addition of SHH agonists together with WNT inhibitors contributed to ventral forebrain
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identities [18,19]. Other studies indicated that the maintaining of SMAD inhibitors after
NEs induction generated a higher yield of organoids with dorsal forebrain identities [17,22].
SHH, fibroblast growth factor-8 and a glycogen synthase kinase-33 inhibitor CHIR99021
were found to promote organoids of midbrain identities [22,23], whereas treatment with
fibroblast growth factors guided caudalization [24,25]. These in vitro findings from brain
organoids ideally recaptured the in vivo developmental process [15]. Recently, a new
study investigated the effects of a signaling center within the brain organoids instead
of supplementing extrinsic factors in medium. They embedded SHH-expressing cells at
one pole of forebrain organoids and found that these SHH-expressing cells could mimic
a developmental organizer and initiate self-organization along two axes [26]. Thus, this
asymmetric SHH cue embedding could work as an effective strategy to recapitulate human
brain topography, further demonstrating that the strategies of region patterning in vivo
could enable more resembled brain organoids in vitro.

Brain organoids have been proven to recapitulate regional properties in vivo [18,27].
Regionally guided brain organoids expressed region-specific markers, such as NKX2-1
with FOXGI in the ventral forebrain and EMX1 with FOXGI in the dorsal forebrain
organoids [18]. Morphologically, in vivo brain cortical regions are composed of six distinct
layers in which premature neural cells display horizontal migration from inside to out-
side [8,18]. Among the six layers, the outer subventricular zone is distinguished as the most
varied layer between the mouse brain and the human brain. Outer subventricular zone
contains outer radial glia cells that display both vertical and horizontal migration to the
adjacent region and outer surface [8]. In vitro generated brain organoids also displaying
regional characteristics, which expressed PAX6, TBR2 and MAP2 respectively in the apical
surface, adjacent region of apical surface and preplate of organoids reminiscent of radial
glia cells in the ventricular zone, intermediate progenitors in the subventricular zone and
neurons in the cortical plate in vivo [8,27]. PAX6 positive RGs were also found to be located
outside the ventricular zone of brain organoids which resembled outer glial cells in outer
subventricular zone [8]. Besides morphological similarities, gene expressions of brain
organoids and fetal brain tissues were also compared using single-cell RNA sequencing
and similar transcription profiles were demonstrated between two groups [28]. Further-
more, the physiological properties and functionality of neuronal cells have been proven in
studies of PSCs derived brain organoids [17,29]. When exposed to extracellular electrical
stimulation, excitatory postsynaptic potentials were detected in brain organoids, which was
reminiscent of synaptic responses in the neuronal networks [17]. Current-clamp recordings
showed single spikes and burst, which indicated the establishment of complex synaptic
events in a neuronal network [17]. Furthermore, electron microscopy imaging confirmed
synapse like structures in brain organoids cultured for eight months [29]. These findings
indicated that in vitro generated brain organoids recapitulated the characteristics of human
brain morphologically and functionally.

3.2. 3D Organoid Culture System with or without Scaffolds

The methodology of generating 3D brain organoids is practically different from 2D
cell culture. In 2009, researchers generated the first intestinal organoids suspended in a
laminin-rich matrigel [30]. Later, this matrigel was applied in other studies to achieve
organoids from the brain [8,21], liver [31], kidney [32], etc. Natural or synthetic biomaterials
were used to provide spatial supports when generating these 3D organoids [33]. In brain
organoids, matrigel has been widely used as a natural biomaterial similar to extracellular
matrix, since it contains essential bioactive components for tissue growth in vitro, such as
adhesion proteins, collagen, growth factors and metalloproteinases [33]. It also provides
scaffolds and tissue-specific biochemical factors through basement membrane ligands, en-
hances cell attachment and cell—cell interaction, thus providing a dynamic in vitro growth
and development microenvironment for organoids [34]. When generating the first brain
organoid, EBs being induced for 6 days were embedded into matrigel, expanded into
the neural epithelium, and then a fluid-filled cavity was generated [8]. However, some
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small EBs were observed to fail to form organoids in matrigel. Therefore, researchers
used floating fiber microfilament scaffolds before matrigel embedding to increase the
surface-area-to-volume ratio [27]. This method increased exposure of matrigel embedded
EBs to the neural induction media and promoted the neuroectoderm formation followed
by the subsequent cortical differentiation. However, researchers also suspected that ma-
trigels are varied from batch-to-batch and difficult to be specifically designed to meet the
requirements of distinct organoids [33]. For these reasons, synthetic materials, such as
chemically defined hyaluronan-based hydrogels and polyethylene glycol-based hydrogels
were used as alternatives [35]. These synthetic materials could be reproduced with high
uniformity and provide desired mechanical properties and degradation rates. Biochemical
and biophysical properties of hydrogel formulations have been modulated spatially and
temporally to support controlled modifications in organoids [36,37]. Synthetic hydrogel
networks could be designed to provide divergent extracellular matrix parameters that
govern the separate stages of organoid formation. Poly (lactide-co-glycolide) copolymer
fiber microfilaments as floating scaffolds could enhance neuroectoderm formation and
cortical tissue characteristics such as polarized cortical plate and radial units [27]. Thus,
synthetic materials are considered to reduce batch-to-batch variability and control material
properties through chemical and physical modifications [33]. This offers a prospect to
artificially designed scaffolds that could meet the desires of distinct tissues.

Organoids could also be generated as 3D spheroids when cultured in proper condition
without any scaffolds. Low adherent culture plates were widely used to keep the cell aggre-
gates as spheroids, especially when combined with shaking instruments [38]. PSCs-derived
neural progenitor cells could generate 3D cell assembly neurospheres resembling human
fetal neural progenitor cells in suspension culture of low adherent culture plates. These
neurospheres could generate cortical spheroids and could be cultured up to 20 months [39].
It is more convenient to generate spheroid scaled up to a large volume with defined sizes
using high throughput fabrications without any exogenic scaffolds [40]. From this point of
view, spheroids without matrigel application may provide a more stable and efficient way
to generate organoids for pharmaceutical application, which usually requires a stable high
throughput system.

3.3. Long Term Maintenance of Human Brain Organoids from PSCs

Since differentiation of neural lineage cells usually takes a relatively long period,
in vitro cultivation of brain organoids requires a long-term supply of nutrition and oxy-
gen [8]. Usually, brain organoids have been embedded in matrigel for 4-6 days, then
transferred into an agitation device to enhance nutrition and oxygen supply, as well as to
exchange wastes [8,22]. Several spinning bioreactors were used as agitation device. In the
first study of generating brain organoids in a dynamic system, a spinning flask volume
up to 125 mL was used to enhance the medium circulation [8]. In this spinning bioreactor,
brain organoids could grow up to a maximum size of 4 mm in diameter by 2 months and
could be cultured up to more than one year. However, the substantial volume and bulky
size of the spinning bioreactor urged other researchers to design a mini substitute in a
12 well plate, named spin(} [22]. This mini spinning bioreactor spin() is installed on every
well of a low-attachment 6-well plate in which the brain organoids were cultured. Since it is
installed on every well, it consumes less medium and could guarantee the higher agitation
efficiency compared to the spinning bioreactor. However, this highly efficient mini spinning
bioreactor was not commercially available since it was made in-house through 3D printing.
Consequently, orbital shaker plate, which is more accessible in most labs could be applied
as an alternative for either expensive spinning flasks or hard-to-access 3D-printedmini
spinning bioreactor [41]. Furthermore, the orbital shaker has been compared with a mini
bioreactor in shear stress and fluid flow fields. Results indicated that the orbital shaker
plates provided low-shear environment closer to spinning flask [41]. Therefore, an orbital
shaker could be suggested as an ordinary agitation device, making the establishment of
brain organoids more convenient.



Int. J. Environ. Res. Public Health 2021, 18, 12431 6 of 14

However, even with the agitation device that could speed up the exchange of oxygen
and nutrition, a necrosis core still existed in the center of organoids [8,21]. Researchers
proposed that the organoids could be sliced to decrease the thickness of organoid, thus
enhancing the air-liquid surface and delivering more nutrition to the core area. Then,
the brain organoids were sliced with vibratome and further grown in the air-liquid inter-
face [42,43]. Consequently, long and dense axons with specific orientations and improved
neuronal survival were detected in the sliced organoids, implying the enhanced nutrition
and oxygen diffusion in the sliced organoids [42,43].

In addition to agitating and slicing methods, the introduction of an in vivo-like mi-
croenvironment, such as vascular system integration, is supposed to deliver more nutrition
and oxygen [44]. Patient induced PSCs derived organoids were co-embedded with en-
dothelial cells differentiated from the same induced PSCs on day 34. After being grown
in vitro for an additional 3-5 weeks, the organoids were robustly vascularized and sur-
vived two more weeks than non-vascularized organoids [45]. Another study generated
functional vasculature-like networks in human brain organoids through ectopically express-
ing E-twenty six variant2, demonstrating enhanced functional maturation of organoids
including increased expression of tight junctions and nutrient transporters in vitro [46].
These vascularized brain organoids were subsequently transplanted into rodent host limbs
and perfused blood vessels were found to be connected with the host blood system [46].
Recently, researchers co-cultured endothelial cells from human umbilical vein with disso-
ciated PSCs. These endothelial cells generated a tube-like vascular system and secreted
growth factors that could enhance neural differentiation and ameliorate necrosis in the
center of organoids [47]. In these studies, vascularization was achieved through in vivo
transplantation or in vitro co-culture of endothelial cells. However, it is hard to assure
the precise location of vessels through these methods. A recent study applied 3D-printed
endothelial cells on geometrically engineered vascular patches to treat ischemia [48], pro-
viding the possibilities of applying geometrically engineered patches to enable oriented
vascularization in the center of organoids.

Through these methods, brain organoids have been cultured for up to one and a half
years in vitro. However, the maximum size appeared at around 2 months and reduced
size was observed after 5-6 months after induction [8,49]. It had been estimated that
in vivo transplantation of brain organoids into animals would lead to more cell survival
and neuronal maturation within the organoids [47,50,51]. Following this, human brain
organoids generated in vitro were transplanted into the mouse brain. The transplanted
organoids exhibited progressive neuronal maturation and gliogenesis, as well as growing
axons to the host brain after transplantation. Results also indicated that the host brain
could even receive excitatory inputs when grafted organoids were stimulated [50]. In more
recent research, vascularized human brain organoids derived from PSCs were implanted
into the mouse cortex. The transplanted organoids were observed to be connected to the
mouse blood vessels, establishing functional human-mouse blood vessels in the grafts [47].
These vascularized brain organoids could serve as a paradigm to promote the long-term
culture of brain organoids. Meanwhile, ethical concerns about the brain chimeras were
also evoked despite the abovementioned achievements of xenograft transplantation [51].
Further research is still needed to enhance long-term culture of human brain organoids,
ensuring the advancement of scientific research on revealing the complex human brain
development and disorders.

4. Recapitulating Neuropsychiatric Disorders with Brain Organoids

Neuropsychiatric disorders are difficult to be experimentally investigated because
of the complexity of brain, the inherent species differences between humans and animals
in developmental, structural and functional, as well as cognitive aspects. For the heavy
economic and social burden resulting from neuropsychiatric disorders, complementary
experimental models with human genomic characteristics are urgently needed. Recently
developed 3D brain organoids derived from human PSCs provide a promising experimen-
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tal cellular platform in recapitulating the neuropsychiatric disorders and exploring new
therapeutics [52].

The current molecular understanding of cognitive and behavioral symptoms in neu-
ropsychiatric disorders is still superficial because of the structural and functional abnor-
malities based on the interaction between polygenetic susceptibility and environmental
influences [53]. Multiple neural cell types are influenced in the different regions, including
the prefrontal cortex, the thalamus, the thalamic reticular nucleus and the basal ganglia
in the human brain of neuropsychiatric disorders [53]. Cellular pathological deficiencies
and abnormal neural circuit exist broadly in various neuropsychiatric disorders. At the
cellular level (Figure 2, left and middle panel), dendritic-spine deficiencies and synaptic
abnormalities were reported in multiple neuropsychiatric studies [54,55]. Disable glial
function and density abnormalities were also observed in postmortem brain tissues of
subjects diagnosed with neuropsychiatric disorders [56,57]. At the neural circuit level
(Figure 2, left and middle panel), imbalances in excitatory and inhibitory (E/I) activity
are considered as a shared pathophysiological mechanism of neuropsychiatric disorders,
including Autism Spectrum Disorders (ASD) and schizophrenia [58]. Imbalance of E/I
circuit was observed in the prefrontal cortex of ASD subjects [59]. Through analyzing the
cell surface expression of ionotropic glutamate and GABA receptor subunits, mutation
of ASD-associated Shank2, which encode the postsynaptic density proteins, resulted in
reduced levels of glutamate receptors in the analyzed brain regions, especially in the stria-
tum and thalamus [60]. A more variable functional excitation—inhibition ratio (fE/I) was
observed in ASD subjects compared with healthy controls [61]. All of these findings could
be recaptured in the dynamic in vitro culture of human brain organoids, demonstrating
that human brain organoids derived from PSCs could be a promising model in further
research on neuropsychiatric disorders.

So far, the pathological characteristics of neuropsychiatric disorders have been exten-
sively recapitulated in vitro in the research of human brain organoids (Figure 2, right panel).
The consistency of in vivo and in vitro cellular results demonstrated the feasibility of the
in vitro brain organoids as an experimental model of neuropsychiatric disorders [62,63].
Multi-omics analysis demonstrated that cerebral organoids derived from human PSCs
in vitro could recapitulate cerebral cortical development corresponding to the molecular
level of before 16 weeks post-conception in vivo [64]. The ASD-associated gene modules
through in vitro brain organoid approaches were found to be in significant overlap with
previously identified gene modules by differential gene expression between ASD subjects
and normal individuals [64]. The in vivo roles of RAB39b, a known small GTPase gene
associated with X-linked ASD and macrocephaly, were investigated through Rab39b knock-
out mice and RAB39b-mutated human PSCs [65]. While the impaired cortical neurogenesis,
macrocephaly and ASD-like behaviors resembling patients’ clinical phenotypes were ob-
served in knockout mice, human cerebral organoids derived from RAB39b-mutated human
PSCs exhibited substantially enlarged capacity due to the increased proliferation and im-
paired differentiation of neural progenitor cells, both of which through PI3K-AKT-mTOR
signaling pathway [66]. CHDS8 (chromodomain helicase DNA-binding protein 8) is one of
the most commonly mutated genes in patients with ASD, bipolar disorder, schizophrenia
and intellectual disabilities. Through RNA-sequencing on CHD8*/~ and isogenic control
(CHDS8*/*) cerebral organoids derived from PSCs, differentially expressed genes revealed
enrichment of gene modules involved in neurogenesis, neuronal differentiation, forebrain
development, Wnt/ 3-catenin signaling and axonal guidance in CHD8*/~ group compared
with CHD8*/* group [67,68]. A shift toward GABAergic neurons previously found in
the pathology of ASD was also recapitulated with human brain organoids. Accelerated
cell cycle and overproduction of GABAergic inhibitory neurons were demonstrated in an
ASD-organoid group compared with the control group [69]. Furthermore, FOXG1 was
found to be responsible for the overproduction of GABAergic neurons, as well as positively
correlated with the severity of symptoms in ASD subject [69]. E/I imbalance found in neu-
ropsychiatric disorders could also be recapitulated in vitro through neural differentiation
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of PSCs [70,71]. Psychoses-specific PSCs were induced from somatic cells of three pairs
of monozygotic twins with well-controlled genetic background. The iPSCs were neural
differentiated and cerebral organoids were consequently constructed. Single-cell RNA-
sequencing analysis of the organoids demonstrated excessive GABAergic specification
through diminished WNT signaling, resulting in E/I imbalance [71]. Cerebral organoids
were generated from iPSCs of individuals diagnosed as schizophrenic and in the healthy
control found differentially expressed genes between the two groups involved in nervous
system development, synapse function, mitochondrial function, as well as modulation of
excitatory and inhibitory pathways. Furthermore, the differentially expressed genes were
highly enriched in genes implicated in genome-wide association studies of schizophre-
nia [72]. Synaptic dysfunction, one of the characteristics in neuropsychiatric disorders, was
also demonstrated with human PSCs-derived brain organoids [73-75]. Recently published
study revealed that brain organoids derived from human PSCs with 16p11.2 copy number
variation, the most common copy number variation associated with ASD, demonstrated
deficits in neuron migration, ion channel activity, synaptic functions, WNT signaling, etc.
through transcriptomic and proteomic profiling [73]. All of these in vitro recapitulations
of unbalanced specification of E/I neurons, abnormal synapse function, as well as other
pathological findings through organoid investigation, were following that occurred in vivo
in numerous psychoses, demonstrating the possibility of investigating the mechanism
and developing new therapeutics using this dynamic and easy-to-handle in vitro research
model of brain organoid with the human genomic background.

Brain organoids have also recapitulated the molecular progression and pathological
characteristics of rare neurodevelopmental disease with psychiatric comorbidities, such
as Rett’s syndrome, Fragile X syndrome and Dravet syndrome [74]. These rare neurode-
velopmental diseases exhibit varied characteristics and different levels of severity due to
genetic and epigenetic anomalies [75]. For example, Rett’s syndrome is mainly caused by
mutations in methyl-CpG-binding protein 2 (MECP2) located in the X chromosome [76].
However, the severity and pathological characteristics are varied according to the type
and location of the MECP2 mutations [77]. These individual varieties and low prevalence
have impeded the research of these diseases. One of the challenges in investigating these
diseases is the limited information about the mutation specific neurodevelopmental process.
Currently, PSC derived brain organoids brought the chance to investigate the neurodevel-
opmental progression of rare neurodevelopmental disorders as well as its incompletely
characterized pathophysiology. For Rett’s syndrome, brain organoids derived from one
female donor carrying the R255X mutation, and one male donor carrying the Q83X muta-
tion, both of which could cause MECP2 mutation, displayed different neurodevelopmental
processes and pathology. Organoids from female iPSC line with R255X mutation revealed
increased expression of glutamatergic post-mitotic neuronal marker TBR1 and decreased
cell proliferation associated with the downregulated intermediate progenitor marker TBR2.
These organoids also showed decreased synaptogenesis and VGLUT1 puncta density, a
specific protein of glutamatergic neurons. However, these results were not observed in
the male organoids with Q83X mutant. This indicated that brain organoid is a useful
platform for studying the mutation-dependent alterations in Rett’s syndrome [78]. Re-
cently, brain organoids were also evidenced to form complex neural networks modeling
Rett’s syndrome in vitro and manifesting the physiologically mechanisms underlying the
network abnormalities. In this study, researchers generated cerebral cortex—ganglionic
eminence ‘fusion’ organoids to acquire functionally connected excitatory and inhibitory
neurons. MECP2 mutant organoids displayed abnormalities in synapse formation revealed
by an increased excitatory puncta density and without any significant changes in inhibitory
synapses, which was also indicative of the impaired E/I balance. Following tests also
demonstrated mutant organoids exhibit hyperexcitability, aberrant neural oscillations and
neural network dysfunction evidenced by increased spike frequency and decreased gamma
oscillations [79]. Therefore, brain organoid is an applicable platform for studying the
neuronal networks of rare neurodevelopmental disease.
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However, although promising, challenges still exist with research on neuropsychiatric
disorders. Human brain organoids usually have great potential in recapitulating the early
developmental stages. But, the majority of neuropsychiatric disorders are associated with
synapsis, which is formed in the later stage of human brain development and the symptoms
of many neuropsychiatric disorders will deteriorate in later processes [80]. Therefore, more
explorations are needed to culture brain organoid to far-more mature stages. The defective
interaction between glia-neurons is also relatively hard to be studied in vitro currently [80].
Furthermore, lot variation between brain organoids make it challenging to acquire more
reproducible pathology characteristics along different lots [12]. All these concerns are
expected to be solved with the progress of new technologies and methodologies.
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Figure 2. Invitro recapitulation of neuropsychiatric disorders with human brain organoids.
The pathological characteristics of neuropsychiatric disorders have been recapitulated in vitro
through human brain organoids at the cellular level, neural circuit level and gene expression modules.
At the cellular level, in vitro brain organoids exhibited pathological characteristics as dendritic-spine
deficiencies, synaptic abnormalities and disable glial functions. At the neural circuit level, brain
organoids recaptured the imbalance of excitatory and inhibitory activity and abnormal electrophysi-
ology. Gene expression modules in brain organoids are consistent with those postmortem studies
and animal experiments of neuropsychiatric disorders.

Besides the challenges in improving the 3D culture system, brain organoids, as an
in vitro model, also have some pitfalls in precisely reestablishing the human brain devel-
opment. Human brain development consists of several different stages related to various
cell types. Precisely recapitulating the percentages and interactions within different cell
types during in vivo early embryo development is still a significant challenge for brain
organoids. Furthermore, human brain development is also associated with its microen-
vironment, including blood, air and cytokines supply levels. For now, it is difficult to
duplicate environmental parameters during brain organoid cultivation. Therefore, more
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comprehensive and precise investigations are needed to recapitulate the human brain
characteristics in vitro.

5. Perspectives and Opportunities

Neuropsychiatric disorders are difficult to be investigated due to the complex inter-
action between polygenic and environmental factors. Proper dynamic research models
with human genomic background are important in understanding disease mechanisms
and developing effective therapeutics. Although confronting with sorts of technical obsta-
cles, we still can make full use of the human brain organoid model combining with new
technologies to investigate the neuropsychiatric disorders. At the beginning stage as PSCs,
through combining with CRISPR-mediated genomic engineering, isogenic comparisons of
PSCs with various identities caused by psychiatric disorder-associated variants could be
generated and these genetically modified PSCs derived brain organoids could be applied
to elucidate the detailed mechanism between different variants [81,82]. During cultivation
process, artificially designed synthetic materials with more accordant compositions could
be used as scaffolds to elevate the reproducibility and generate organoids with standard
shapes and sizes [80]. Brain organoids representing different regions could be fused to
recapitulate the neuronal connectivity and investigate the mechanisms relates to abnor-
malities in nerve tracts within different regions [19,79]. Neuronal circuit and network
function research methods, such as intracellular whole cell patch-clamp recordings, visual-
ization of calcium transients and high density large extracellular probes, could be used to
study the electrophysiological properties of neurons in brain organoids [17,79,83]. Single
cell sequencing could analyze the molecular phenotypes at cellular resolution and detect
different phenotypes [84]. The advancement of in situ sequencing, which could detect
high-throughput spatial gene expression data within and between cells has great potential
in elucidating complex cellular interaction and signaling within the 3D dynamic human
brain organoids. If there are large genomic changes, the assay for transposase-accessible
chromatin by sequencing (ATAC-Seq) could be used to detect the global chromatin accessi-
bility [85]. To assist in drug screening, through combining with high throughput screening
of small chemical molecules, possible phenotypic drug screenings could be achieved in a
dynamic 3D cellular platform with human genetic background [86]. Together, human brain
organoids will enable the investigation of neuropsychiatric disorders in the near future.

6. Conclusions

Brain organoids provided a new feasible platform for studying the abnormal neuronal
development in adolescent neuropsychiatric disorders as well as for studying the impact
of genetic variations on the neuronal development at the cellular and molecular levels.
Brain organoids can be induced from human PSCs, thus would eliminate the species
differences existed in animal models and the ethical problems in acquiring human embryo
brain. In vitro generated brain organoids can be cultured up to 20 months and could be
further cultivated with the new technology application. These organoids have been applied
in recapitulating the abnormal neuronal development in adolescence neuropsychiatric
disorders at the cellular level, neural circuit level and gene expression modules. Thus, it
has great potential in investigating the abnormalities and potential treatment of adolescent
neuropsychiatric disorders.

Author Contributions: Conceptualization, ].Z.; writing—original draft preparation, M.G. and S.L.;
writing—review and editing, J.Z.; visualization, S.L.; supervision, J.Z. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by funding from Shanghai Municipal Health Commission
(201940204), funding from National Natural Science Foundation of China (81370700), Interdisciplinary
Funding of Medical and Engineering from Shanghai Jiao Tong University (YG2016MS32) and the
Shanghai Collaborative Innovation Center for Translational Medicine (TM201827).

Institutional Review Board Statement: Not applicable.



Int. J. Environ. Res. Public Health 2021, 18, 12431 11 of 14

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Acknowledgments: We sincerely thank Sizhe Li for his critical language editing of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Nowakowski, T.].; Bhaduri, A.; Pollen, A.A.; Alvarado, B.; Mostajo-Radji, M.A.; Di Lullo, E.; Haeussler, M.; Sandoval-Espinosa,
C,; Liu, S.J.; Velmeshev, D.; et al. Spatiotemporal gene expression trajectories reveal developmental hierarchies of the human
cortex. Science 2017, 358, 1318-1323. [CrossRef]

Fan, X.; Fu, Y,; Zhou, X,; Sun, L.; Yang, M.; Wang, M.; Chen, R.; Wu, Q.; Yong, J.; Dong, J.; et al. Single-cell transcriptome
analysis reveals cell lineage specification in temporal-spatial patterns in human cortical development. Sci. Adv. 2020, 6, eaaz2978.
[CrossRef] [PubMed]

Liu, J.; Liu, W,; Yang, L.; Wu, Q.; Zhang, H.; Fang, A.; Li, L.; Xu, X,; Sun, L.; Zhang, J.; et al. The Primate-Specific Gene TMEM14B
Marks Outer Radial Glia Cells and Promotes Cortical Expansion and Folding. Cell Stem Cell 2017, 21, 635-649.e638. [CrossRef]
[PubMed]

Florio, M.; Albert, M.; Taverna, E.; Namba, T.; Brandl, H.; Lewitus, E.; Haffner, C.; Sykes, A.; Wong, FK.; Peters, J.; et al. Human-
specific gene ARHGAP11B promotes basal progenitor amplification and neocortex expansion. Science 2015, 347, 1465-1470.
[CrossRef] [PubMed]

Heide, M.; Haffner, C.; Murayama, A.; Kurotaki, Y.; Shinohara, H.; Okano, H.; Sasaki, E.; Huttner, W.B. Human-specific
ARHGAP11B increases size and folding of primate neocortex in the fetal marmoset. Science 2020, 369, 546-550. [CrossRef]
[PubMed]

Montiel, J.E.; Vasistha, N.A.; Garcia-Moreno, F.; Molnar, Z. From sauropsids to mammals and back: New approaches to
comparative cortical development. J. Comp. Neurol. 2016, 524, 630—-645. [CrossRef]

Mosca, S.; Raponi, M.; Meneghello, A.; Buratti, E.; Woods, C.G.; Baralle, D. Human NDEI1 splicing and mammalian brain
development. Sci. Rep. 2017, 7, 43504. [CrossRef]

Lancaster, M.A_; Renner, M.; Martin, C.A.; Wenzel, D.; Bicknell, L.S.; Hurles, M.E.; Homfray, T.; Penninger, ].M.; Jackson, A.P.;
Knoblich, J.A. Cerebral organoids model human brain development and microcephaly. Nature 2013, 501, 373-379. [CrossRef]
Mongzel, A.S.; Smits, L.M.; Hemmer, K.; Hachi, S.; Moreno, E.L.; van Wuellen, T.; Jarazo, J.; Walter, J.; Bruggemann, I.; Boussaad,
I; et al. Derivation of Human Midbrain-Specific Organoids from Neuroepithelial Stem Cells. Stern Cell Rep. 2017, 8, 1144-1154.
[CrossRef]

Gabriel, E.; Gopalakrishnan, J. Generation of iPSC-derived Human Brain Organoids to Model Early Neurodevelopmental
Disorders. J. Vis. Exp. 2017, 122. [CrossRef]

Gabriel, E.; Ramani, A.; Altinisik, N.; Gopalakrishnan, J. Human Brain Organoids to Decode Mechanisms of Microcephaly. Front.
Cell. Neurosci. 2020, 14, 115. [CrossRef] [PubMed]

Zhang, D.Y; Song, H.; Ming, G.-L. Modeling neurological disorders using brain organoids. Semin. Cell Dev. Biol. 2020, 111, 4-14.
[CrossRef]

Thomson, J.A ; Itskovitz-Eldor, ].; Shapiro, S.S.; Waknitz, M.A.; Swiergiel, ].].; Marshall, V.S.; Jones, ].M. Embryonic stem cell lines
derived from human blastocysts. Science 1998, 282, 1145-1147. [CrossRef] [PubMed]

Zhang, S.C.; Wernig, M.; Duncan, I.D.; Brustle, O.; Thomson, J.A. In vitro differentiation of transplantable neural precursors from
human embryonic stem cells. Nat. Biotechnol. 2001, 19, 1129-1133. [CrossRef]

Tao, Y.; Zhang, S.C. Neural Subtype Specification from Human Pluripotent Stem Cells. Cell Stem Cell 2016, 19, 573-586. [CrossRef]
[PubMed]

Stern, C.D. Neural induction: Old problem, new findings, yet more questions. Development 2005, 132, 2007-2021. [CrossRef]
Pasca, A.M.; Sloan, S.A.; Clarke, L.E.; Tian, Y.; Makinson, C.D.; Huber, N.; Kim, C.H.; Park, J.Y.; O'Rourke, N.A.; Nguyen,
K.D,; et al. Functional cortical neurons and astrocytes from human pluripotent stem cells in 3D culture. Nat. Methods 2015, 12,
671-678. [CrossRef]

Birey, F; Andersen, J.; Makinson, C.D.; Islam, S.; Wei, W.; Huber, N.; Fan, H.C.; Metzler, K.R.C.; Panagiotakos, G.; Thom, N.; et al.
Assembly of functionally integrated human forebrain spheroids. Nature 2017, 545, 54-59. [CrossRef]

Bagley, J.A.; Reumann, D.; Bian, S.; Levi-Strauss, J.; Knoblich, ]J.A. Fused cerebral organoids model interactions between brain
regions. Nat. Methods 2017, 14, 743-751. [CrossRef]

Kadoshima, T.; Sakaguchi, H.; Nakano, T.; Soen, M.; Ando, S.; Eiraku, M.; Sasai, Y. Self-organization of axial polarity, inside-out
layer pattern, and species-specific progenitor dynamics in human ES cell-derived neocortex. Proc. Natl. Acad. Sci. USA 2013, 110,
20284-20289. [CrossRef]

Qian, X,; Jacob, E; Song, M.M.; Nguyen, H.N.; Song, H.; Ming, G.L. Generation of human brain region-specific organoids using a
miniaturized spinning bioreactor. Nat. Protoc. 2018, 13, 565-580. [CrossRef] [PubMed]

Qian, X.; Nguyen, H.N.; Song, M.M.; Hadiono, C.; Ogden, S.C.; Hammack, C.; Yao, B.; Hamersky, G.R.; Jacob, E; Zhong, C.; et al.
Brain-Region-Specific Organoids Using Mini-bioreactors for Modeling ZIKV Exposure. Cell 2016, 165, 1238-1254. [CrossRef]
[PubMed]


http://doi.org/10.1126/science.aap8809
http://doi.org/10.1126/sciadv.aaz2978
http://www.ncbi.nlm.nih.gov/pubmed/32923614
http://doi.org/10.1016/j.stem.2017.08.013
http://www.ncbi.nlm.nih.gov/pubmed/29033352
http://doi.org/10.1126/science.aaa1975
http://www.ncbi.nlm.nih.gov/pubmed/25721503
http://doi.org/10.1126/science.abb2401
http://www.ncbi.nlm.nih.gov/pubmed/32554627
http://doi.org/10.1002/cne.23871
http://doi.org/10.1038/srep43504
http://doi.org/10.1038/nature12517
http://doi.org/10.1016/j.stemcr.2017.03.010
http://doi.org/10.3791/55372
http://doi.org/10.3389/fncel.2020.00115
http://www.ncbi.nlm.nih.gov/pubmed/32457578
http://doi.org/10.1016/j.semcdb.2020.05.026
http://doi.org/10.1126/science.282.5391.1145
http://www.ncbi.nlm.nih.gov/pubmed/9804556
http://doi.org/10.1038/nbt1201-1129
http://doi.org/10.1016/j.stem.2016.10.015
http://www.ncbi.nlm.nih.gov/pubmed/27814479
http://doi.org/10.1242/dev.01794
http://doi.org/10.1038/nmeth.3415
http://doi.org/10.1038/nature22330
http://doi.org/10.1038/nmeth.4304
http://doi.org/10.1073/pnas.1315710110
http://doi.org/10.1038/nprot.2017.152
http://www.ncbi.nlm.nih.gov/pubmed/29470464
http://doi.org/10.1016/j.cell.2016.04.032
http://www.ncbi.nlm.nih.gov/pubmed/27118425

Int. J. Environ. Res. Public Health 2021, 18, 12431 12 of 14

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Jo,J.; Xiao, Y.; Sun, A.X.; Cukuroglu, E.; Tran, H.D.; Goke, ].; Tan, Z.Y.; Saw, T.Y.; Tan, C.P,; Lokman, H.; et al. Midbrain-like
Organoids from Human Pluripotent Stem Cells Contain Functional Dopaminergic and Neuromelanin-Producing Neurons.
Cell Stem Cell 2016, 19, 248-257. [CrossRef] [PubMed]

Xiang, Y.F; Tanaka, Y.; Cakir, B.; Patterson, B.; Kim, K.Y.; Sun, PN.; Kang, Y.J.; Zhong, M.; Liu, X.R.; Patra, P,; et al. hESC-
Derived Thalamic Organoids Form Reciprocal Projections When Fused with Cortical Organoids. Cell Stem Cell 2019, 24, 487-497.
[CrossRef]

Muguruma, K.; Nishiyama, A.; Kawakami, H.; Hashimoto, K.; Sasai, Y. Self-Organization of Polarized Cerebellar Tissue in 3D
Culture of Human Pluripotent Stem Cells. Cell Rep. 2015, 10, 537-550. [CrossRef]

Cederquist, G.Y.; Asciolla, J.J.; Tchieu, J.; Walsh, R.M.; Cornacchia, D.; Resh, M.D.; Studer, L. Specification of positional identity in
forebrain organoids. Nat. Biotechnol. 2019, 37, 436—444. [CrossRef]

Lancaster, M.A.; Corsini, N.S.; Wolfinger, S.; Gustafson, E.H.; Phillips, A.W.; Burkard, T.R.; Otani, T.; Livesey, EJ.; Knoblich, J.A.
Guided self-organization and cortical plate formation in human brain organoids. Nat. Biotechnol. 2017, 35, 659-666. [CrossRef]
Pollen, A.A.; Bhaduri, A.; Andrews, M.G.; Nowakowski, T.J.; Meyerson, O.S.; Mostajo-Radji, M.A.; Di Lullo, E.; Alvarado, B.;
Bedolli, M.; Dougherty, M.L.; et al. Establishing Cerebral Organoids as Models of Human-Specific Brain Evolution. Cell 2019, 176,
743-756.€717. [CrossRef]

Quadrato, G.; Tuan, N.; Macosko, E.Z.; Sherwood, J.L.; Yang, S.M.; Berger, D.R.; Maria, N.; Scholvin, J.; Goldman, M.; Kinney,
J.P; et al. Cell diversity and network dynamics in photosensitive human brain organoids. Nature 2017, 545, 48-53. [CrossRef]
Sato, T.; Vries, R.G.; Snippert, H.J.; van de Wetering, M.; Barker, N.; Stange, D.E.; van Es, ]. H.; Abo, A ; Kujala, P; Peters, PJ.; et al.
Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche. Nature 2009, 459, 262-265. [CrossRef]
Camp, ].G.; Sekine, K.; Gerber, T.; Loeffler-Wirth, H.; Binder, H.; Gac, M.; Kanton, S.; Kageyama, J.; Damm, G.; Seehofer, D.; et al.
Multilineage communication regulates human liver bud development from pluripotency. Nature 2017, 546, 533-538. [CrossRef]
Taguchi, A.; Nishinakamura, R. Higher-Order Kidney Organogenesis from Pluripotent Stem Cells. Cell Stem Cell 2017, 21,
730-746.€736. [CrossRef]

Kratochvil, M.].; Seymour, A.].; Li, T.L.; Pasca, S.P.; Kuo, C.J.; Heilshorn, S.C. Engineered materials for organoid systems. Nat. Rev.
Mater. 2019, 4, 606—-622. [CrossRef]

Kasendra, M.; Tovaglieri, A.; Sontheimer-Phelps, A.; Jalili-Firoozinezhad, S.; Bein, A.; Chalkiadaki, A.; Scholl, W.; Zhang, C.;
Rickner, H.; Richmond, C.A; et al. Development of a primary human Small Intestine-on-a-Chip using biopsy-derived organoids.
Sci. Rep. 2018, 8, 2871. [CrossRef]

Rossi, G.; Manfrin, A.; Lutolf, M.P. Progress and potential in organoid research. Nat. Rev. Genet. 2018, 19, 671-687. [CrossRef]
[PubMed]

Gjorevski, N.; Sachs, N.; Manfrin, A.; Giger, S.; Bragina, M.E.; Ordonez-Moran, P; Clevers, H.; Lutolf, M.P. Designer matrices for
intestinal stem cell and organoid culture. Nature 2016, 539, 560-564. [CrossRef] [PubMed]

Mosiewicz, K.A.; Kolb, L.; van der Vlies, A.].; Martino, M.M.; Lienemann, P.S.; Hubbell, J.A.; Ehrbar, M.; Lutolf, M.P. In situ cell
manipulation through enzymatic hydrogel photopatterning. Nat. Mater. 2013, 12, 1071-1077. [CrossRef]

Yoon, S.J.; Elahi, L.S.; Pasca, A.M.; Marton, RM.; Gordon, A.; Revah, O.; Miura, Y.; Walczak, E.M.; Holdgate, G.M.; Fan, H.C.; et al.
Reliability of human cortical organoid generation. Nat. Methods 2019, 16, 75-78. [CrossRef] [PubMed]

Sloan, S.A.; Darmanis, S.; Huber, N.; Khan, T.A.; Birey, F; Caneda, C.; Reimer, R.; Quake, S.R.; Barres, B.A.; Pasca, S.P. Human
Astrocyte Maturation Captured in 3D Cerebral Cortical Spheroids Derived from Pluripotent Stem Cells. Neuron 2017, 95,
779-790.e776. [CrossRef]

Laschke, M.W.; Menger, M.D. Life is 3D: Boosting Spheroid Function for Tissue Engineering. Trends Biotechnol. 2017, 35, 133-144.
[CrossRef]

Goto-Silva, L.; Ayad, N.M.E,; Herzog, I.L,; Silva, N.P.; Lamien, B.; Orlande, H.R.B.; da Costa Souza, A.; Ribeiro, S.; Martins, M.;
Domont, G.B.; et al. Computational fluid dynamic analysis of physical forces playing a role in brain organoid cultures in two
different multiplex platforms. BMC Dev. Biol. 2019, 19, 3. [CrossRef]

Giandomenico, S.L.; Mierau, S.B.; Gibbons, G.M.; Wenger, L.M.D.; Masullo, L.; Sit, T.; Sutcliffe, M.; Boulanger, J.; Tripodi, M.;
Derivery, E.; et al. Cerebral organoids at the air-liquid interface generate diverse nerve tracts with functional output. Nat. Neurosci.
2019, 22, 669-679. [CrossRef]

Qian, X,; Su, Y,; Adam, C.D.; Deutschmann, A.U.; Pather, S.R.; Goldberg, EM.; Su, K,; Li, S.; Lu, L.; Jacob, E; et al. Sliced Human
Cortical Organoids for Modeling Distinct Cortical Layer Formation. Cell Stem Cell 2020, 26, 766-781.e769. [CrossRef] [PubMed]
D’Costa, K.; Kosic, M.; Lam, A.; Moradipour, A.; Zhao, Y.; Radisic, M. Biomaterials and Culture Systems for Development of
Organoid and Organ-on-a-Chip Models. Ann. Biomed. Eng. 2020, 48, 2002-2027. [CrossRef] [PubMed]

Pham, M.T.; Pollock, K.M.; Rose, M.D.; Cary, W.A.; Stewart, H.R.; Zhou, P; Nolta, J.A.; Waldau, B. Generation of human
vascularized brain organoids. Neuroreport 2018, 29, 588-593. [CrossRef] [PubMed]

Cakir, B.; Xiang, Y.; Tanaka, Y.; Kural, M.H.; Parent, M.; Kang, Y.J.; Chapeton, K.; Patterson, B.; Yuan, Y.; He, C.S,; et al. Engineering
of human brain organoids with a functional vascular-like system. Nat. Methods 2019, 16, 1169-1175. [CrossRef] [PubMed]

Shi, Y.; Sun, L.; Wang, M; Liu, J.; Zhong, S.; Li, R.; Li, P; Guo, L.; Fang, A.; Chen, R,; et al. Vascularized human cortical organoids
(vOrganoids) model cortical development in vivo. PLoS Biol. 2020, 18, €3000705. [CrossRef]

Mirabella, T.; MacArthur, ] W.; Cheng, D.; Ozaki, C.K.; Woo, Y].; Yang, M.; Chen, C.S. 3D-printed vascular networks direct
therapeutic angiogenesis in ischaemia. Nat. Biomed. Eng. 2017, 1, 1-8. [CrossRef]


http://doi.org/10.1016/j.stem.2016.07.005
http://www.ncbi.nlm.nih.gov/pubmed/27476966
http://doi.org/10.1016/j.stem.2018.12.015
http://doi.org/10.1016/j.celrep.2014.12.051
http://doi.org/10.1038/s41587-019-0085-3
http://doi.org/10.1038/nbt.3906
http://doi.org/10.1016/j.cell.2019.01.017
http://doi.org/10.1038/nature22047
http://doi.org/10.1038/nature07935
http://doi.org/10.1038/nature22796
http://doi.org/10.1016/j.stem.2017.10.011
http://doi.org/10.1038/s41578-019-0129-9
http://doi.org/10.1038/s41598-018-21201-7
http://doi.org/10.1038/s41576-018-0051-9
http://www.ncbi.nlm.nih.gov/pubmed/30228295
http://doi.org/10.1038/nature20168
http://www.ncbi.nlm.nih.gov/pubmed/27851739
http://doi.org/10.1038/nmat3766
http://doi.org/10.1038/s41592-018-0255-0
http://www.ncbi.nlm.nih.gov/pubmed/30573846
http://doi.org/10.1016/j.neuron.2017.07.035
http://doi.org/10.1016/j.tibtech.2016.08.004
http://doi.org/10.1186/s12861-019-0183-y
http://doi.org/10.1038/s41593-019-0350-2
http://doi.org/10.1016/j.stem.2020.02.002
http://www.ncbi.nlm.nih.gov/pubmed/32142682
http://doi.org/10.1007/s10439-020-02498-w
http://www.ncbi.nlm.nih.gov/pubmed/32285341
http://doi.org/10.1097/WNR.0000000000001014
http://www.ncbi.nlm.nih.gov/pubmed/29570159
http://doi.org/10.1038/s41592-019-0586-5
http://www.ncbi.nlm.nih.gov/pubmed/31591580
http://doi.org/10.1371/journal.pbio.3000705
http://doi.org/10.1038/s41551-017-0083

Int. J. Environ. Res. Public Health 2021, 18, 12431 13 of 14

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Bradley, R.A.; Shireman, J.; McFalls, C.; Choi, J.; Canfield, S.G.; Dong, Y.; Liu, K,; Lisota, B.; Jones, J.R.; Petersen, A.; et al.
Regionally specified human pluripotent stem cell-derived astrocytes exhibit different molecular signatures and functional
properties. Development 2019, 146, dev170910. [CrossRef]

Mansour, A.A.; Goncalves, J.T.; Bloyd, C.W.; Li, H.; Fernandes, S.; Quang, D.; Johnston, S.; Parylak, S.L.; Jin, X.; Gage, F.H.
An in vivo model of functional and vascularized human brain organoids. Nat. Biotechnol. 2018, 36, 432—441. [CrossRef]

Chen, H.I; Wolf, ].A.; Blue, R.; Song, M.M.; Moreno, ].D.; Ming, G.-L.; Song, H. Transplantation of Human Brain Organoids:
Revisiting the Science and Ethics of Brain Chimeras. Cell Stem Cell 2019, 25, 462-472. [CrossRef] [PubMed]

Choi, H.; Song, J.; Park, G.; Kim, ]J. Modeling of Autism Using Organoid Technology. Mol. Neurobiol. 2017, 54, 7789-7795.
[CrossRef] [PubMed]

Cheroni, C.; Caporale, N.; Testa, G. Autism spectrum disorder at the crossroad between genes and environment: Contributions,
convergences, and interactions in ASD developmental pathophysiology. Mol. Autism. 2020, 11, 69. [CrossRef] [PubMed]
Egbujo, C.N.; Sinclair, D.; Hahn, C.G. Dysregulations of Synaptic Vesicle Trafficking in Schizophrenia. Curr. Psychiatry Rep. 2016,
18, 77. [CrossRef] [PubMed]

Martinez-Cerdeno, V. Dendrite and spine modifications in autism and related neurodevelopmental disorders in patients and
animal models. Dev. Neurobiol. 2017, 77, 393-404. [CrossRef] [PubMed]

Elsayed, M.; Magistretti, PJ. A New Outlook on Mental Illnesses: Glial Involvement Beyond the Glue. Front. Cell. Neurosci. 2015,
9, 468. [CrossRef] [PubMed]

Birey, F.; Kokkosis, A.G.; Aguirre, A. Oligodendroglia-lineage cells in brain plasticity, homeostasis and psychiatric disorders.
Curr. Opin. Neurobiol. 2017, 47, 93-103. [CrossRef]

Gao, R.; Penzes, P. Common mechanisms of excitatory and inhibitory imbalance in schizophrenia and autism spectrum disorders.
Curr. Mol. Med. 2015, 15, 146-167. [CrossRef] [PubMed]

Zikopoulos, B.; Barbas, H. Altered neural connectivity in excitatory and inhibitory cortical circuits in autism. Front. Hum. Neurosci.
2013, 7, 609. [CrossRef]

Heise, C.; Preuss, ].M.; Schroeder, J.C.; Battaglia, C.R.; Kolibius, J.; Schmid, R.; Kreutz, M.R.; Kas, M.].H.; Burbach, ].P.H.; Boeckers,
T.M. Heterogeneity of Cell Surface Glutamate and GABA Receptor Expression in Shank and CNTN4 Autism Mouse Models.
Front. Mol. Neurosci. 2018, 11, 212. [CrossRef]

Bruining, H.; Hardstone, R.; Juarez-Martinez, E.L.; Sprengers, J.; Avramiea, A.E.; Simpraga, S.; Houtman, S.J.; Poil, S.S.; Dallares,
E.; Palva, S.; et al. Measurement of excitation-inhibition ratio in autism spectrum disorder using critical brain dynamics. Sci. Rep.
2020, 10, 9195. [CrossRef]

Chan, W.K,; Griffiths, R.; Price, D.J.; Mason, J.O. Cerebral organoids as tools to identify the developmental roots of autism.
Mol. Autism. 2020, 11, 58. [CrossRef]

Urresti, ].; Zhang, P.; Moran-Losada, P.; Yu, N.K; Negraes, P.D.; Tryjillo, C.A.; Antaki, D.; Amar, M.; Chau, K.; Pramod, A.B.; et al.
Cortical organoids model early brain development disrupted by 16p11.2 copy number variants in autism. Mol. Psychiatry 2021,
1-21. [CrossRef]

Matos, M.R.; Ho, S.M.; Schrode, N.; Brennand, K.J. Integration of CRISPR-engineering and hiPSC-based models of psychiatric
genomics. Mol. Cell. Neurosci. 2020, 107, 103532. [CrossRef] [PubMed]

Hoffmann, A.; Ziller, M.; Spengler, D. Focus on Causality in ESC/iPSC-Based Modeling of Psychiatric Disorders. Cells 2020, 9,
366. [CrossRef] [PubMed]

Zhang, W.; Ma, L.; Yang, M.; Shao, Q.; Xu, J.; Lu, Z.; Zhao, Z.; Chen, R.; Chai, Y.; Chen, J.F. Cerebral organoid and mouse models
reveal a RAB39b-PI3BK-mTOR pathway-dependent dysregulation of cortical development leading to macrocephaly/autism
phenotypes. Genes Dev. 2020, 34, 580-597. [CrossRef]

Mariani, J.; Coppola, G.; Zhang, P.; Abyzov, A.; Provini, L.; Tomasini, L.; Amenduni, M.; Szekely, A.; Palejev, D.; Wilson, M.; et al.
FOXG1-Dependent Dysregulation of GABA /Glutamate Neuron Differentiation in Autism Spectrum Disorders. Cell 2015, 162,
375-390. [CrossRef] [PubMed]

Culotta, L.; Penzes, P. Exploring the mechanisms underlying excitation/inhibition imbalance in human iPSC-derived models of
ASD. Mol. Autism. 2020, 11, 32. [CrossRef]

Sawada, T.; Chater, T.E.; Sasagawa, Y.; Yoshimura, M.; Fujimori-Tonou, N.; Tanaka, K.; Benjamin, K.J.M.; Paquola, A.C.M.; Erwin,
J.A.; Goda, Y; et al. Developmental excitation-inhibition imbalance underlying psychoses revealed by single-cell analyses of
discordant twins-derived cerebral organoids. Mol. Psychiatry 2020, 25, 2695-2711. [CrossRef]

Kathuria, A.; Lopez-Lengowski, K.; Jagtap, S.S.; McPhie, D.; Perlis, R.H.; Cohen, B.M.; Karmacharya, R. Transcriptomic Landscape
and Functional Characterization of Induced Pluripotent Stem Cell-Derived Cerebral Organoids in Schizophrenia. JAMA Psychiatry
2020, 77, 745-754. [CrossRef]

Amiri, A.; Coppola, G.; Scuderi, S.; Wu, F; Roychowdhury, T.; Liu, E; Pochareddy, S.; Shin, Y.; Safi, A.; Song, L.; et al.
Transcriptome and epigenome landscape of human cortical development modeled in organoids. Science 2018, 362, eaat6720.
[CrossRef] [PubMed]

Wang, P; Mokhtari, R.; Pedrosa, E.; Kirschenbaum, M.; Bayrak, C.; Zheng, D.; Lachman, H.M. CRISPR/Cas9-mediated
heterozygous knockout of the autism gene CHD8 and characterization of its transcriptional networks in cerebral organoids
derived from iPS cells. Mol. Autism. 2017, 8, 11. [CrossRef] [PubMed]


http://doi.org/10.1242/dev.170910
http://doi.org/10.1038/nbt.4127
http://doi.org/10.1016/j.stem.2019.09.002
http://www.ncbi.nlm.nih.gov/pubmed/31585092
http://doi.org/10.1007/s12035-016-0274-8
http://www.ncbi.nlm.nih.gov/pubmed/27844287
http://doi.org/10.1186/s13229-020-00370-1
http://www.ncbi.nlm.nih.gov/pubmed/32912338
http://doi.org/10.1007/s11920-016-0710-5
http://www.ncbi.nlm.nih.gov/pubmed/27371030
http://doi.org/10.1002/dneu.22417
http://www.ncbi.nlm.nih.gov/pubmed/27390186
http://doi.org/10.3389/fncel.2015.00468
http://www.ncbi.nlm.nih.gov/pubmed/26733803
http://doi.org/10.1016/j.conb.2017.09.016
http://doi.org/10.2174/1566524015666150303003028
http://www.ncbi.nlm.nih.gov/pubmed/25732149
http://doi.org/10.3389/fnhum.2013.00609
http://doi.org/10.3389/fnmol.2018.00212
http://doi.org/10.1038/s41598-020-65500-4
http://doi.org/10.1186/s13229-020-00360-3
http://doi.org/10.1038/s41380-021-01243-6
http://doi.org/10.1016/j.mcn.2020.103532
http://www.ncbi.nlm.nih.gov/pubmed/32712198
http://doi.org/10.3390/cells9020366
http://www.ncbi.nlm.nih.gov/pubmed/32033412
http://doi.org/10.1101/gad.332494.119
http://doi.org/10.1016/j.cell.2015.06.034
http://www.ncbi.nlm.nih.gov/pubmed/26186191
http://doi.org/10.1186/s13229-020-00339-0
http://doi.org/10.1038/s41380-020-0844-z
http://doi.org/10.1001/jamapsychiatry.2020.0196
http://doi.org/10.1126/science.aat6720
http://www.ncbi.nlm.nih.gov/pubmed/30545853
http://doi.org/10.1186/s13229-017-0124-1
http://www.ncbi.nlm.nih.gov/pubmed/28321286

Int. J. Environ. Res. Public Health 2021, 18, 12431 14 of 14

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Wang, P; Lin, M.; Pedrosa, E.; Hrabovsky, A.; Zhang, Z.; Guo, W.; Lachman, HM.; Zheng, D. CRISPR/Cas9-mediated
heterozygous knockout of the autism gene CHDS8 and characterization of its transcriptional networks in neurodevelopment.
Mol. Autism. 2015, 6, 55. [CrossRef]

Logan, S.; Arzua, T.; Canfield, S.G.; Seminary, E.R; Sison, S.L.; Ebert, A.D.; Bai, X.W. Studying Human Neurological Disorders
Using Induced Pluripotent Stem Cells: From 2D Monolayer to 3D Organoid and Blood Brain Barrier Models. Compr. Physiol.
2019, 9, 565-611. [CrossRef] [PubMed]

Santoro, C.; Giugliano, T.; Bernardo, P; Palladino, E; Torella, A.; Del Vecchio Blanco, F.; Onore, M.E.; Carotenuto, M.; Nigro, V.;
Piluso, G. A novel RAB39B mutation and concurrent de novo NF1 mutation in a boy with neurofibromatosis type 1, intellectual
disability, and autism: A case report. BMIC Neurol. 2020, 20, 327. [CrossRef]

Sabitha, K.R.; Shetty, A.K.; Upadhya, D. Patient-derived iPSC modeling of rare neurodevelopmental disorders: Molecular
pathophysiology and prospective therapies. Neurosci. Biobehav. Rev. 2021, 121, 201-219. [CrossRef]

Gomes, A.R,; Fernandes, T.G.; Cabral, ].M.S.; Diogo, M.M. Modeling Rett Syndrome with Human Pluripotent Stem Cells:
Mechanistic Outcomes and Future Clinical Perspectives. Int. . Mol. Sci. 2021, 22, 3751. [CrossRef]

Wan, M.M,; Lee, S.S.].; Zhang, X.Y.; Houwink-Manville, I; Song, H.R.; Amir, R.E.; Budden, S.; Naidu, S.; Pereira, J.L.P; Lo, LEM,;
et al. Rett syndrome and beyond: Recurrent spontaneous and familial MECP2 mutations at CpG hotspots. Am. |. Hum. Genet.
1999, 65, 1520-1529. [CrossRef]

Cheadle, J.P; Gill, H.; Fleming, N.; Maynard, J.; Kerr, A.; Leonard, H.; Krawczak, M.; Cooper, D.N.; Lynch, S.; Thomas, N.; et al.
Long-read sequence analysis of the MECP2 gene in Rett syndrome patients: Correlation of disease severity with mutation type
and location. Hum. Mol. Genet. 2000, 9, 1119-1129. [CrossRef]

Gomes, A.R.; Fernandes, T.G.; Vaz, S.H,; Silva, T.P; Bekman, E.P,; Xapelli, S.; Duarte, S.; Ghazvini, M.; Gribnau, J.; Muotri,
AR, et al. Modeling Rett Syndrome With Human Patient-Specific Forebrain Organoids. Front. Cell Dev. Biol. 2020, 8, 610427.
[CrossRef]

Samarasinghe, R.A.; Miranda, O.A.; Buth, J.E.; Mitchell, S.; Ferando, I.; Watanabe, M.; Allison, T.F.; Kurdian, A.; Fotion, N.N.;
Gandal, M.].; et al. Identification of neural oscillations and epileptiform changes in human brain organoids. Nat. Neurosci. 2021,
24,1488-1500. [CrossRef]

Sidhaye, J.; Knoblich, J.A. Brain organoids: An ensemble of bioassays to investigate human neurodevelopment and disease.
Cell Death Differ. 2021, 28, 52—67. [CrossRef]

Llamosas, N.; Arora, V.; Vij, R; Kilinc, M.; Bijoch, L.; Rojas, C.; Reich, A.; Sridharan, B.; Willems, E.; Piper, D.R; et al. SYNGAP1
Controls the Maturation of Dendrites, Synaptic Function, and Network Activity in Developing Human Neurons. |. Neurosci.
2020, 40, 7980-7994. [CrossRef] [PubMed]

Velasco, S.; Kedaigle, A.J.; Simmons, S.K.; Nash, A; Rocha, M.; Quadrato, G.; Paulsen, B.; Nguyen, L.; Adiconis, X.; Regev, A.; et al.
Individual brain organoids reproducibly form cell diversity of the human cerebral cortex. Nature 2019, 570, 523-527. [CrossRef]
[PubMed]

Tang, X.Y;; Xu, L.; Wang, J.; Hong, Y.; Wang, Y.; Zhu, Q.; Wang, D.; Zhang, X.Y.; Liu, C.Y.; Fang, K.H.; et al. DSCAM/PAK1
pathway suppression reverses neurogenesis deficits in iPSC-derived cerebral organoids from patients with Down syndrome.
J. Clin. Investig. 2021, 131. [CrossRef] [PubMed]

Durens, M.; Nestor, J.; Williams, M.; Herold, K.; Niescier, R.F; Lunden, ] W,; Phillips, A.W,; Lin, Y.C.; Dykxhoorn, D.M.; Nestor,
M.W. High-throughput screening of human induced pluripotent stem cell-derived brain organoids. J. Neurosci. Methods 2020, 335,
108627. [CrossRef]


http://doi.org/10.1186/s13229-015-0048-6
http://doi.org/10.1002/cphy.c180025
http://www.ncbi.nlm.nih.gov/pubmed/30873582
http://doi.org/10.1186/s12883-020-01911-0
http://doi.org/10.1016/j.neubiorev.2020.12.025
http://doi.org/10.3390/ijms22073751
http://doi.org/10.1086/302690
http://doi.org/10.1093/hmg/9.7.1119
http://doi.org/10.3389/fcell.2020.610427
http://doi.org/10.1038/s41593-021-00906-5
http://doi.org/10.1038/s41418-020-0566-4
http://doi.org/10.1523/JNEUROSCI.1367-20.2020
http://www.ncbi.nlm.nih.gov/pubmed/32887745
http://doi.org/10.1038/s41586-019-1289-x
http://www.ncbi.nlm.nih.gov/pubmed/31168097
http://doi.org/10.1172/JCI135763
http://www.ncbi.nlm.nih.gov/pubmed/33945512
http://doi.org/10.1016/j.jneumeth.2020.108627

	Introduction 
	Emerging Brain Organoids as Research Models of Human Brain Development and Disorders 
	Considering the Key Points in the Induction of Brain Organoids In Vitro 
	Guided Brain Organoids Were Induced Based on the Characters of Neurodevelopmental Patterning In Vivo 
	3D Organoid Culture System with or without Scaffolds 
	Long Term Maintenance of Human Brain Organoids from PSCs 

	Recapitulating Neuropsychiatric Disorders with Brain Organoids 
	Perspectives and Opportunities 
	Conclusions 
	References

