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Organoids are 3D cultured tissues derived from stem cells that resemble the structure of living organs. Based on
the accumulated knowledge of neural development, neural organoids that recapitulate neural tissue have been
created by inducing self-organized neural differentiation of stem cells. Neural organoid techniques have been
applied to human pluripotent stem cells to differentiate 3D human neural tissues in culture. Various methods
have been developed to generate neural tissues of different regions. Currently, neural organoid technology has
several significant limitations, which are being overcome in an attempt to create neural organoids that more
faithfully recapitulate the living brain. The rapidly advancing neural organoid technology enables the use of
living human neural tissue as research material and contributes to our understanding of the development,
structure and function of the human nervous system, and is expected to be used to overcome neurological dis-

eases and for regenerative medicine.

1. Introduction

The major goals of neuroscience are to understand the development,
structure and function of the human brain, and to use this knowledge to
overcome neurological and mental disorders. However, most research
has been limited to non-invasive imaging analysis and methods using
autopsy brains and cell lines, making it difficult to conduct experimental
research on the human brain itself. Animal models have long been used
as a means of analogizing the human brain, but it is unclear whether
they are sufficient to elucidate the unique structure and function of the
human brain, which differs from that of animals. Under these cir-
cumstances, the discovery of human pluripotent stem cells (PSCs),
including embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs), has expanded the possibilities for human biological
research. In the 2000 s, a series of technologies were developed to
induce differentiation of PSCs into neural cells and further neural tissue
with three-dimensional structure. Such PSC-derived 3D neural tissues
used to be variously called brain organoids, minibrains, or SFEBq cul-
tures or spheroids, but recently uniformly referred to as “neural orga-
noids” (Pasca et al., 2022). Organoids are miniature organ-like 3D
structures that are differentiated in vitro from stem cells to recapitulate
the cytoarchitecture of in vivo organs. Neural organoids are differenti-
ated by utilizing the self-organizing properties of stem cells to
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recapitulate the process of 3D organogenesis. To date, various protocols
have been developed for constructing neural organoids for various brain
regions. Neural organoids, which serve as substitute specimens for living
human brain tissue, are revolutionizing human brain research because
they enable studies at the molecular, cellular, and tissue levels. In this
article, we review recent development of technologies on neural orga-
noids and discuss the current status and future direction of these tech-
nologies and their application to human brain research.

2. Emergence of neural organoids as 3D culture models for
neural development

ESCs, derived from the inner cell mass of blastocysts of mouse (Evans
and Kaufman, 1981) and human (Thomson et al., 1998), can differen-
tiate into any types of embryonic tissues, representing their pluripotent
nature. iPSCs, another type of cells with pluripotency, were later
generated by reprogramming of somatic cells (Takahashi and Yama-
naka, 2006). These PSCs have been extensively used for biological
research including stem cell biology and developmental biology. In the
1990 s, significant progress was made in the field of developmental
biology on the mechanism of the neural induction. Neural induction is
the earliest step in the neural fate determination in the embryonic
ectoderm. Neural fate is induced by neural inducers, including Noggin,
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Follistatin and Chordin (Smith and Harland, 1992, Lamb et al., 1993,
Hemmati-Brivanlou and Melton, 1994, Sasai et al., 1994, Sasai et al.,
1995), which antagonize the activity of BMP, an inducer of the meso-
derm and endoderm (Sasai et al., 1995, Piccolo et al., 1996, Zimmerman
etal., 1996, Fainsod et al., 1997). The findings led to the “neural default
model”, in which ectodermal cells are autonomously differentiated into
a neural fate in the absence of BMP signaling (Hemmati-Brivanlou and
Melton, 1997, Sasai and De Robertis, 1997). In support of this model,
mouse ESCs selectively differentiate into neural progenitors when
cultured in serum-free media without patterning factors (Fig. 1) (Tro-
pepe et al., 2001, Ying et al., 2003, Watanabe et al., 2005, Smukler et al.,
2006). Neural differentiation was facilitated by suppression of both BMP
and Nodal/Activin signaling (dual SMAD inhibition) (Chambers et al.,
2009). The regional properties of neural progenitors are specified by a
combination of embryonic patterning signals along the dorsal-ventral
(DV) and anterior-posterior (AP) axes including Sonic hedgehog
(SHH), retinoic acid, and WNTs (Nordstrom et al., 2002, Wichterle et al.,
2002, Mizuseki et al., 2003, Muguruma et al., 2010, Niehrs, 2010).
Serum-free media with an inhibitor of SHH enabled differentiation of
cortical neurons in a sequential order as in vivo (Gaspard et al., 2008).

When cultured in suspension on non-adhesive substrates, PSCs form
3D aggregates called embryoid bodies (EBs) (Evans and Kaufman, 1981,
Martin, 1981). EBs spontaneously differentiate into derivatives of the
three germ layers, ectoderm, mesoderm and endoderm. They often
exhibit tissue-like morphogenesis including neural structures. Based on
the findings on EB studies and the neural induction in serum-free con-
ditions, ESCs were efficiently differentiated into 3D neural tissues in
serum-free culture of embryoid body-like aggregates (SFEB culture)
(Watanabe et al., 2005). The SFEB method was later modified to facil-
itate 3D neural tissue differentiation by combining it with quick reag-
gregation of dissociated PSCs, which was called SFEBq method (SFEB
with quick reaggregation) (Eiraku et al., 2008, Wataya et al., 2008). In
SFEBq culture, ESCs are dissociated to minimize the effect of substrate or
matrix, and subsequently reaggregated in a low-attachment 96 well
plate. Neural differentiation occurs autonomously in the absence of
extrinsic neural inducers. ESCs cultured in this manner efficiently
generated cortical progenitors, which further form 3D tissue-like struc-
tures with layer-specific neurons in a sequential manner similar to the
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cortical neuroepithelium (Eiraku et al., 2008). SFEBq culture recapitu-
lated in vivo neural development and formed 3D tissues resembling the
embryonic neural tissues, later termed “neural organoids” (Pasca et al.,
2022). Importantly, SFEBq-cultured PSCs have a tendency to adopt the
rostral forebrain fate unless they receive any patterning signals. ESCs
efficiently generated telencephalic progenitors when endogenous WNT
signals were suppressed by WNT inhibitors (Eiraku et al., 2008).
Cultured in complete growth factor-free medium, even without insulin,
ESCs differentiated into the rostral hypothalamus (Wataya et al., 2008),
consistent with the notion that the rostral hypothalamus could be
assigned as the rostral-most region of the neural tube and the default
status of the naive neuroectoderm. During embryonic development, the
nervous system differentiates into distinct regions with different func-
tions depending on their position along the AP and DV axes. The fate of
the neural progenitors is determined by positional information provided
by morphogenic patterning signals. Based on this idea, mouse ESCs were
differentiated into 3D neural tissues with the characteristics of specific
regions, including cerebral cortex (Eiraku et al., 2008), hypothalamus
(Wataya et al., 2008), retina (Eiraku et al., 2011), adenohypophysis
(Suga et al., 2011), cerebellum (Muguruma et al., 2010) and thalamus
(Shiraishi et al., 2017). SFEBq culture was further applied to human
ESCs and iPSCs, and succeeded in differentiation of 3D human neural
tissues, including cerebral cortex (Kadoshima et al., 2013), hippocam-
pus (Sakaguchi et al., 2015), retina (Nakano et al., 2012), cerebellum
(Muguruma et al., 2015). SFEBqg-based organoids that generate specific
regions of neural tissues by the addition of patterning signals have been
classified as patterned organoids, specified organoids or directed orga-
noids, but have recently been uniformly referred to as guided organoids
(Pasca et al., 2022).

Independently of the SFEBq method, Pasca et al. reported a tech-
nique to generate guided neural organoids using a slightly different
method, called the spheroid culture (Pasca et al., 2015). In this method,
pluripotent stem cells are first cultured on feeder cells while maintaining
their undifferentiated nature, and then these colonies are transferred to
low-attachment plates and 2D-cultured in neural induction medium
with dual SMAD inhibitors to produce neural spheroids. The neural
spheroids were further differentiated in neural differentiation medium,
forming large 3D neural organoids. This method efficiently produces
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neural organoids with the property of pallium or dorsal forebrain,
whereas culture in the presence of ventralizing factors directs them into
the property of subpallium (Pasca et al., 2015, Sloan et al., 2018).

Both the SFEBq and spheroid methods have succeeded in efficiently
producing region-specific brain tissues by directional differentiation of
multicellular populations with patterning molecules. On the other hand,
the group of Knoblich developed a technique to produce organoids
containing tissues from multiple regions, called “mini-brains” (Lancaster
et al., 2013). They first encapsulated EBs derived from pluripotent stem
cells in Matrigel, a basement membrane matrix, and cultured them in a
medium for neural differentiation that did not contain patterning mol-
ecules. This method was later classified as “unguided protocol”. Differ-
entiation would be induced in a relatively free environment without
specific positional information. The resulting organoids are dorsal
forebrain-dominant but contain different regions such as the midbrain
and hindbrain at the same time. Minibrains have the advantage of
producing tissue from the entire brain at once, but the frequency of
appearance of each tissue is stochastic and biased, making it difficult to
control reproducibility and brain region specificity.

3. Construction of human neural organoids

Neural organoids were initially generated from mouse ESCs, but
have since been applied to human ESCs and recently to iPSCs. Unlike
mouse PSCs, human PSCs are susceptible to apoptotic death by anoikis
in a dispersed state detached from the extracellular matrix ECM. Thus,
the cell dissociation step in human organoid differentiation requires the
addition of ROCK inhibitor, which suppresses the cell death and pro-
motes cell proliferation (Watanabe et al., 2007). Currently, various
protocols have been developed to construct neural organoids for
different regions of the human nervous system. In Fig. 2, we summarize
the three fundamental protocols for neural organoid differentiation that
are the basis for the various improved methods. Human neural orga-
noids can recapitulate human developmental processes to a certain
extent in a culture system, and are being applied in many fields,
including developmental research, elucidation of neural functions,
pathophysiology of neurological and psychiatric disorders, and regen-
erative medicine of the nervous system. In this section, we describe the
methods used to produce different types of neural organoids as well as
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the results of research using the organoids generated by these methods.
3.1. Unguided organoids

In an unguided approach (Lancaster et al., 2013; Lancaster and
Knoblich, 2014), PSCs were aggregated in a low-attachment well plate
to form EBs, which were further induced into a neuroectodermal fate in
neural induction medium without the addition of extrinsic patterning
factors. The neuroectodermal EBs were then embedded in droplets of
Matrigel. Matrigel, prepared from extracts of Engelbreth-Holm-Swarm
mouse sarcoma, contains complex and varying amounts of compo-
nents, but is enriched in ECM basement membrane components, such as
laminin, entactin, collagen, proteoglycans and growth factors. Matrigel
promotes the protrusion of continuous neuroepithelial buds and the
formation of a luminal structure with apical-basal polarity. Although
Matrigel embedding is a key step in the construction of organoids, the
undefined nature and lot-to-lot variations of Matrigel and batch-to-batch
variations in embedding procedures may be the cause of reduced
reproducibility and success rate in organoid differentiation. As another
key step of the protocol, Matrigel-embedded EBs are cultured in a dif-
ferentiation medium in a spinning bioreactor or orbital shaker. The
continuous agitation, facilitating the diffusion of oxygen and nutrients,
promotes the growth and maturation of the organoids. The unguided
protocol, which largely depends on the self-organizing activity, gener-
ates diverse tissues with multiple regional identities. Immunohisto-
chemical and RNA expression analyses revealed that the organoids
generate a broad diversity of cells from the forebrain including the ce-
rebral cortex, the midbrain, the hindbrain, the retina and the choroid
plexus (Lancaster et al., 2013; Quadrato et al., 2017). Functional anal-
ysis using electrophysiological recording and calcium imaging revealed
that the organoids elicit neuronal activity and can respond to light
stimulation through photoreceptors in the retinal tissue (Lancaster et al.,
2013; Quadrato et al., 2017). The unguided protocol was further
improved for efficient growth of organoids by pulse application of
CHIR99021, GSK3p inhibitor that activates non-canonical WNT
pathway, and by usage of microfilaments as a scaffold of organoids
(Lancaster et al., 2017). The unguided protocol tends to induce fore-
brain, especially the cerebral cortex. This means that the forebrain is
more likely to be induced in the absence of patterning signals (Watanabe
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et al., 2005; Gaspard et al., 2008; Wataya et al., 2008). The activity of
intrinsic signals is largely responsible for the batch-to-batch differences.
Studies involving comparative analysis should take into account
intrinsic signaling activities in the organoids.

As mentioned above, even in the organoids induced by the unguided
protocol, the main area of analysis is the cerebral cortex. So far, the
unguided protocol has been used in the modeling of microcephaly, the
analysis of high-risk genes for autism spectrum disorder and the
comparative studies with non-human apes in the evolutionary devel-
opmental biology (Lancaster et al., 2013; Benito-Kwiecinski et al., 2021;
Li et al., 2023). Interestingly from an evolutionary perspective, human
brain organoids are more expanded in size than nonhuman primate
organoids (Benito-Kwiecinski et al., 2021). One of the characteristics of
the primate brain, including humans, is the formation of the cerebral
gyrus, but the gyrification is rarely recapitulated in human organoids.
However, it has been reported that human organoids, but not mouse
organoids can expand and induce gyrus-like folding by enhancing
PTEN-AKT signaling (Li et al., 2017). Recently, to avoid significant
batch-to-batch variability and low reproducibility of cell and regional
identities due to the unguided procedure complexity, a simple culture
protocol was reported that omit complex media exchange and Matrigel
embedding (Figenhuis et al., 2023). The simplified culture protocol
tends to induce primarily the cortex, reproducing previous reports that
the forebrain is more likely to be induced in the absence of patterning
signals (Watanabe et al., 2005; Gaspard et al., 2008; Wataya et al.,
2008).

3.2. Guided organoids

3.2.1. Cerebral cortex

An important feature of PSC-derived neural progenitors is that they
adopt the rostral forebrain fate unless they receive caudalizing signals,
in accordance with the “Nieuwkoop’s activation-transformation model”
(Stern, 2001; Rallu et al., 2002; Wilson and Houart, 2004; Levine and
Brivanlou, 2007). In the guided approach, PSCs are differentiated into
specific neural identities in the presence of extrinsic patterning signals.
During neural development of amniotes, the regional patterning occurs
first along the AP axis and then along the DV axis. A number of guided
protocols have been reported and an increasing number of analyses have
been performed using them. However, some of these, although termed
organoids, lack adequate histological analysis and some reports only
analyze features at the single cell level, which does not guarantee the
quality of the organoids. This review focused on reports in which
certainly of organoid formation has been assessed by histological anal-
ysis, such as immunohistochemistry.

During embryogenesis, the telencephalic anlage is subdivided into
the PAX6" dorsal region (the pallium), which forms the cortex, cortical
hem and choroid plexus, and the PAX6™ ventral region (the subpallium),
which forms the basal ganglia. The mammalian neocortex has a multi-
layered structure (layers I-VI), which arises from the neuroepithelium of
the dorsal telencephalon. Layer I, known as the marginal zone (MZ) of
the fetal primordium, consists mainly of RELN" Cajal-Retzius cells. It is
qualitatively different from other layers. The rest of the cortical layers
are generated with the “inside-out” pattern: the deeper the layer, the
earlier the neurons are born from the cortical progenitors and these
neurons express TBR1 and CTIP2. The neurons of the upper layer, which
express SATB2 and CUX1, are found later in the organoids.

Sasai group reported one of the first descriptions of regionalized
brain organoids. SFEBq in combination with dual SMAD and WNT in-
hibitions resulted in cortical induction (Eiraku et al., 2008; Kadoshima
et al., 2013). In this self-organization culture, cortical NE self-form and
spontaneously develop ventricular zone (VZ) (SOX2", PAX6™), CP, and
MZ by the culture day 40-45. The cortical organoids recapitulate the
features of cortical development such as temporal order of neurogenesis.
Several groups have also used dual SMAD inhibition (e.g., SB431542,
LDN193189, dorsomorphin, Noggin) and WNT (e.g., IWP2, IWR-1-endo,
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XAV939) inhibition to generate cortical organoids (Mariani et al., 2015;
Pasca et al., 2015; Qian et al., 2016; Xiang et al., 2017; Qian et al.,
2020).

The human cerebral cortex contains cortical stem cells known as
outer radial glia (0RG), expressing HOPX and PTPRZ1. These are located
in the outer subventricular zone (0SVZ) and are not observed in the
rodent cortex. RG development is essential for expansion, cellular di-
versity and organization in the cerebral cortex. oRG cells express re-
ceptors for the leukemia inhibitory factor (LIF) during neurogenesis,
which is consistent with a role for stem cells in self-renewal. The cortical
organoids produced a well-developed oSVZ and a diversity of neuronal
subtypes. Recent studies using cortical organoids observed that LIF was
sufficient to increase the size of the oRG domain and the production of
astrocytes and inhibitory interneurons (Dezonne et al., 2017; Watanabe
et al., 2017; Andrews et al., 2023). In addition, large-scale experiments
comparing gene expression between organoids and human fetal tissues
(Amiri et al., 2018; Pollen et al., 2019; Velasco et al., 2019; Gordon
et al., 2021), as well as comparing organoids using different protocols
(Bhaduri et al., 2020; Tanaka et al., 2020), have been made possible by
recent advances in scRNA-seq. This makes it possible to study the spe-
cific features of human cortical development and disease modeling.

3.2.2. Dorsomedial telencephalon

The dorsocaudal side of the neocortex is flanked by the cortical hem,
whereas its ventrorostral side is neighbored by the lateral ganglionic
eminence (LGE; striatum anlage) and septum. The cortical hem plays a
key role in the formation of dorsomedial telencephalic tissues, such as
the hippocampus and choroid plexus, and is a source of WNT and BMP
signaling in the dorsomedial telencephalon. In line with this principle of
development, the Sasai group used temporal WNT activation and BMP4
treatment of neuroectodermal organoids for the recapitulation of hip-
pocampal primordium tissue (Sakaguchi et al., 2015). Further, pro-
longed activation of WNT and BMP gave rise to choroid plexus organoids
(Pellegrini et al., 2020). The choroid plexus organoids formed a tight
barrier and produced a fluid that is similar to the cerebrospinal fluid.
This organoid allows us to study the function of the choroid plexus
during brain development and provides a useful tool for assessing the
permeability of new drugs.

3.2.3. Ventral telencephalon

The ventral telencephalon (subpallium) is further specified to form
three ganglionic eminences, the septum, and the ventral-most telence-
phalic stalk regions. The ganglionic eminences consist of three
anatomical subdivisions, lateral (LGE), medial (MGE), and caudal
(CGE), which are distinguished by molecular markers and the cell types
that they produce. The LGE and MGE generate the two large nuclei in the
telencephalic basal ganglia, the striatum and the globus pallidus,
respectively. A substantial portion of the MGE and CGE derivatives
migrate dorsally and give rise to cortical interneurons (Hansen et al.,
2010; Ma et al., 2022). During forebrain development, SHH signaling is
critical for dorsal-ventral patterning. By combining the activation of
SHH signaling (e.g., purmorphamine, smoothened agonist SAG) with
organoids differentiated into neural ectoderm by dual SMAD inhibition,
ventral forebrain organoids including the ganglionic eminence are
induced (Kadoshima et al., 2013; Bagley et al., 2017; Birey et al., 2017;
Watanabe et al., 2017; Xiang et al., 2017; Kim et al., 2019; Miura et al.,
2020). The ventral forebrain organoids and ganglionic eminence orga-
noids contained GABAergic interneurons with physiological properties.
Interestingly, co-culturing ventral and dorsal forebrain organoids in
fused explant culture (called an assembloid), as is common in embry-
ology, recapitulate the tangential migration of GABAergic interneurons
seen in vivo (Bagley et al., 2017; Birey et al., 2017; Xiang et al., 2017;
Kim et al., 2019; Miura et al., 2020).

3.2.4. Diencephalon
Although most studies have focused on brain organoids that
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represent the forebrain of telencephalic origin, a number of other
region-specific brain organoids have been described that take advantage
of the ability to drive region-specific patterning as described above. The
diencephalon, which gives rise to the thalamus and hypothalamus, is a
part of the vertebrate neural tube. A combination of WNT, BMP4 and
SHH (including SAG) induced the hypothalamic organoids containing
neuropeptidergic neurons (Qian et al., 2016; Miwata et al., 2023) and
hypothalamic arcuate organoids (Huang et al., 2021). The thalamic
organoids were generated by prepatterning with insulin and MAPK/ERK
inhibitors. Insulin is essential for cell survival but has a caudalizing ef-
fect on neural tube (Wataya et al., 2008; Muguruma et al., 2010). The
MAPK/ERK inhibitors (e.g., PD325901) were used to prevent
insulin-induced excessive caudalization toward the mesencephalon.
BMP?7 stimulation accelerates the commitment of the diencephalic fate
into the thalamic identity (Xiang et al., 2019; Kiral et al., 2023). The
assembly of the thalamic organoid with the cortical organoid created the
reciprocal projections as seen in vivo. This system will provide a model
for investigation of cortico-thalamic neural network in human.

3.2.5. Retina

Retinal organoids are one of the best characterized organoid models.
The retina is derived from the rostral diencephalon. During early
development, the retinal neuroepithelium, expressing RAX, expands
outward (evaginates) from the diencephalic wall to form an optic
vesicle. The distal part of the vesicle, which is in contact with the surface
ectoderm, becomes fated to the neural retina (NR), whereas the prox-
imal part differentiates into the retinal pigment epithelium (RPE). The
optic vesicle then folds inwards (invaginates) at its distal region to form
a two-layered cup-like structure, the optic cup, with the NR and RPE
being the inner and outer layers, respectively. In the postnatal eye, the
NR shows a stratified structure with different types of components
including photoreceptors, horizontal cells, and ganglion cells. Over the
years, it had generally been thought that this dynamic transformation is
triggered by chemical and physical influences from other tissues, such as
lens or cornea (for a more depth review, see (Sasai et al., 2012)).

Sasai group established a series of techniques based on the SFEBq
culture. The RPE and NR of the outer and inner cell layers of the spon-
taneously formed tissues were confirmed by gene expression, indicating
that the development of the optic cup had been recapitulated in vitro.
Importantly, this occurred in the absence of external signaling sources,
such as the lens, demonstrating the ability to self-organization (Nakano
et al.,, 2012). Then they developed a culture method for the selective
differentiation of NR by timed BMP4 treatment. They found that inhi-
bition of GSK3 and FGFR induced a transition from NR tissue to RPE, and
that removal of this inhibition caused the RPE-like tissue to revert back
to NR fate (Kuwahara et al., 2015). This stepwise induction-reversion
method produced retinal organoids with RPE at the margin of
central-peripherally polarized NR. In the retinal organoids, rod and cone
photoreceptors and ganglion cells are differentiated and organized into
multilayered tissue. Recently, retinal organoid culture protocols have
been developed to elucidate the molecular mechanism of retinal
development and for medical application (Meyer et al., 2011; Zhong
et al., 2014; Wahlin et al., 2017; Kuwahara et al., 2019; Kruczek and
Swaroop, 2020).

3.2.6. Pituitary

The optic cup self-formation occurs homogeneous cells without
external interactions. In contrast, the development of anterior pituitary
gland (adenohypophysis) is a more complex process. The anterior pi-
tuitary gland secretes several important systemic hormones, such as
adrenocorticotropic hormone (ACTH) and growth hormone. The rest of
the pituitary gland is the neurohypophysis (posterior pituitary), which
contains axons of hypothalamic vasopressin- and oxytocin-producing
neurons. During early development, the adenohypophysis anlage orig-
inates as a placode in the non-neural head ectoderm adjacent to the
anterior neural plate. The thickened placodal epithelium invaginates
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and subsequently detaches from the oral ectoderm, becoming a hol-
lowed epithelial vesicle, Rathke’s pouch. The development of Rathke’s
pouch depends on tissue interactions between the rostral head ectoderm
and the rostral hypothalamus (Kelberman et al., 2009). Sasai group
showed that the default fate of PSCs in SFEBq culture is rostral hypo-
thalamus (Wataya et al., 2008). The anterior pituitary organoids were
generated by modifying this culture system to induce oral ectoderm in
addition to the hypothalamus (Ozone et al., 2016). To co-induce non--
neural oral ectoderm and hypothalamic neuroepithelium in the orga-
noids, BMP4 and SHH agonist SAG is critical for initial step in culture.
Recently, to elucidate the molecular mechanism of development and for
medical application, the pituitary organoid culture protocols have been
developed (Kanie et al., 2019; Matsumoto et al., 2020; Taga et al., 2023).

3.2.7. Midbrain

The midbrain, or mesencephalon, is anatomically connected
caudally to the hindbrain and rostrally to the diencephalon. The initial
phase of midbrain development depends on the formation and function
of the isthmic organizer, which lies at the midbrain-hindbrain boundary
(MHB). This organizer is formed by the intricate regulatory functions of
region-specific transcription factors (Nakamura et al., 2005). The tran-
scription factors are under the control of FGF8, which is secreted by the
isthmic organizer itself. Following the onset of FGF8 expression, the
expression of Wnt1 starts in the MHB. These two factors form a positive
feedback loop to drive each other’s expression and act as organizer
factors that pattern the tissues around the MHB.

The stratified midbrain organoids were generated to contain func-
tional neurons such as midbrain dopaminergic neurons and
neuromelanin-containing subtypes (Tieng et al., 2014; Jo et al., 2016;
Qian et al., 2016, Monzel et al., 2017; Smits et al., 2019; Kwak et al.,
2020). The neural ectoderm generated by dual SMAD inhibition was
treated with WNT agonist CHIR99021 and further exposed SHH
(including SAG, purmorphamine) along with FGF8 for floor plate in-
duction. Song lab used a very similar approach as mentioned above, but
after the derivation of floor plate they were transferred to miniaturized
spinning bioreactor, produced midbrain organoids that contained
TH-positive dopaminergic neurons (Qian et al., 2016).

3.2.8. Hindbrain

In the cerebellar organoid differentiation, neural induction is ach-
ieved by dual SMAD inhibition. Subsequent addition of FGF2 and insulin
promotes the formation of isthmic organizer-like structures. The step-
wise progression of cerebellar patterning is realized by the initial in-
duction of isthmic organizer, closely mimicking the in vivo situation
(Muguruma et al., 2015). FGF2 promotes the generation of cerebellar
neurons, including Purkinje cells and other GABAergic cell types. The
addition of FGF19 and SDF1 results in the production of apically-basally
polarized cerebellar plate NEs that contain rhombic lip-like structure
from which cerebellar granule cells are generated. The cerebellar plate
NE in the organoids consisted of a multilayered structure, VZ, inter-
mediate layer containing progenitors of Purkinje cells, and an outermost
layer occupied by derivatives of the rhombic lip (Muguruma et al.,
2015). scRNA-seq experiments suggested that the major cell types of the
cerebellum are produced in human cerebellar organoids (Ballabio et al.,
2020; Nayler et al., 2021). The developmental steps of cerebellar orga-
noids recapitulate in vivo (van Essen et al., 2020; Nayler et al., 2021).
The cerebellar organoids have been used to elucidate the molecular
mechanism of cerebellar development and for medical application (van
Essen et al., 2020; Nato et al., 2021; Nayler et al., 2021, Kamei et al.,
2023).

3.2.9. Spinal cord

The spinal cord is formed via neurulation during early embryonic
development. The posterior part of the neural tube develops into the
spinal cord, which contains more than 20 classes of neurons. Spinal cord
identity can be induced by the combinational addition of caudalizing
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signals such as retinoic acid, WNT and FGF. The distinct neuronal sub-
types are determined by WNT emanating from the roof plate and SHH
secreted from the floor plate. Recently, several groups have reported the
generation of spinal cord organoids (Hor et al., 2018, Ogura et al., 2018;
Andersen et al., 2020; Faustino Martins et al., 2020; Lee et al., 2022).
Andersen et al. generated human cortico-spinal-muscle assembloids
with synaptically connected projections leading to the control of muscle
cell contraction (Andersen et al., 2020). Interestingly, Faustino Martins
et al. generated neuro-muscular organoids through neuromesodermal
progenitors derived from human PSCs (Faustino Martins et al., 2020).
These spinal cord organoids will provide useful model for investigation
of development and medical applications.

4. Advance in organoid technologies

Various methods have been developed to generate different types of
neural organoids, and have succeeded to some extent in recapitulating
the development of nervous system in culture, but these methods still
have many limitations. In this section, we will discuss the problems
faced by current methods and attempts to improve them in order to
faithfully recapitulate the neural development.

One of the major problems in organoid production is the issue of
reproducibility, as the quality of the organoids produced varies from cell
line to cell line and from batch to batch, even when using the same
protocol. In unguided protocols with a high degree of freedom in dif-
ferentiation, stochastic generation of diverse tissues is inevitable (Lan-
caster et al., 2013; Lancaster and Knoblich, 2014), but even in guided
protocols where patterning signals provide directional differentiation,
considerable variation in differentiation can occur. The low success
rate and inconsistency of tissue formation has been reported to be
improved by using artificial microfilaments as scaffolds for organoids
and by adding extracellular matrix to the maturation process (Lancaster
et al., 2017). Organoid differentiation starts with culturing PSCs in an
undifferentiated state and the condition of PSCs at this stage affects their
ability to form organoids. PSCs used to be cultured on fibroblast feeders
to keep them in an undifferentiated state, but recently they are often
cultured in a feeder-free state due to the ease of handling and to
avoidance of animal-derived components (xeno-free condition). Recent
studies suggested that PSCs cultured without feeders may exhibit a
reduced capacity to form organoids compared to PSCs cultured on
feeders (Kuwahara et al., 2019; Ideno et al., 2022; Watanabe et al.,
2022), possibly due to differences in epigenetic status of PSCs. The low
competence in organoid differentiation can be improved by pre-
conditioning with patterning signals (Kuwahara et al., 2019; Taga et al.,
2023), adding TGFf family growth factors (Watanabe et al., 2022) or
suppression of FGF signaling (Ideno et al., 2022) during maintenance
culture of PSCs prior to neural differentiation.

Organoids differentiate into neural tissues through a neural induc-
tion step. Then they grow larger by being cultured in the medium for
differentiation and maturation. Unlike when started from mouse PSCs
(Eiraku et al., 2008; Eiraku et al., 2011), organoids derived from human
PSCs are larger in size and form more complex structures (Nakano et al.,
2012; Kadoshima et al., 2013), reflecting differences in in vivo struc-
tures between species. Even among primate species, neural organoids
from human PSCs have been reported to be more expanded in size than
organoids from nonhuman primate PSCs (Benito-Kwiecinski et al.,
2021). It appears that the species of the source PSCs may influence the
size and complexity of the resulting organoids. They can grow up to
several millimeters in diameter over several months, but their growth
rate slows down once they reach a certain size. The surface of the
organoid expands the neural tissue structures, but its center becomes
filled with necrotic tissue (Kadoshima et al., 2013). In fact, it has been
reported that in organoids cultured for long periods of time, a group of
genes related to cellular stress are upregulated (Pollen et al., 2019;
Bhaduri et al., 2020; Gordon et al., 2021). Organoids get nutrients and
oxygen from the medium and release waste products to the outside, but
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they rely on passive diffusion of liquid and gas for these exchanges. As
the organoids grow larger, it’s not enough for liquid or gas to move by
itself, which could suppress cell growth and cause cell death. This
problem of diffusion limit can be ameliorated to some extent by
continuous agitation of the medium in the bioreactor (Lancaster and
Knoblich, 2014; Lancaster et al., 2017), culturing under high oxygen
concentrations (Kadoshima et al., 2013) or regular cutting of the orga-
noids in half every two weeks (Kadoshima et al., 2013). This problem is
more effectively solved by slicing the organoids and culturing them at
the air-liquid interface (Giandomenico et al., 2019; Qian et al., 2020),
which increases the diffusion and cell survival at the expense of a partial
loss of 3D tissue structure.

An alternative approach to enhance organoid maturation would be
to vascularize the organoids. The living brain becomes vascularized as
development proceeds, but vascular cells of mesodermal origin rarely
arise in neural organoids of neuroectodermal origin. Attempts are being
made to integrate vascular endothelial cells into neural organoids.
Incorporation of human umbilical vein endothelial cells (Shi et al.,
2020), directly converted endothelial cells by forced expression of
transcription factors (Cakir et al., 2019) or mesodermal progenitors
(Worsdorfer et al.,, 2019) facilitates the formation of endothelial
network surrounding the neural organoids, though the functional
improvement remains unclear.

Although neural organoids recapitulate the differentiation of various
cell types that constitute human neural tissues, they rarely generate
certain cell types such as glial cells. Similar to in vivo neural develop-
ment, neural stem cells in the organoids first generate neurons and
subsequently produces astrocytes. Astrocytes are efficiently generated
and maturated in long-term culture of cortical organoids (Pasca et al.,
2015; Sloan et al., 2017). Oligodendrocytes were rarely generated in
cortical organoids, but addition of supplemental growth factors such as
PDGF and T3 (triiodo-L-thyronine) can induce oligodendrocyte precur-
sor cells and differentiation of oligodendrocytes for myelination (Hubler
et al., 2018; Madhavan et al., 2018; Marton et al., 2019). Microglia, the
mesoderm-derived immune cells in the CNS, are not usually generated in
the guided neural organoids. However, the unguided protocol without
using dual SMAD inhibitors can spontaneously differentiate mesodermal
cells with similar characteristics to microglia (Ormel et al., 2018). In
vitro protocols have been developed to differentiate PSCs into microglial
cells (Muffat et al., 2016), which can be integrated into neural organoids
to study neuro-immune interactions (Abud et al., 2017; Brownjohn
et al., 2018; Lin et al., 2018; Song et al., 2019; Xu et al., 2021).

Because guided protocols are optimized to induce neural tissue in
specific regions, they are suitable for studying individual regions, but
not for studying large regions or interactions between regions such as
long-range neural circuits. On the other hand, unguided protocols
induce neural tissue over a wide area of the brain in the same organoid,
but the regions generated are stochastic and unpredictable, making
them difficult to control. This problem can be solved by the “assem-
bloid” approach, in which multiple organoids that are separately
differentiated into specific brain regions using guided protocols are
fused and co-cultured together (Bagley et al., 2017; Birey et al., 2017;
Xiang et al., 2017). In the first series of studies on the assembloid, two
types of organoids, dorsal forebrain and ventral forebrain, were com-
bined in co-culture to recapitulate cell migration of GABAergic in-
terneurons from the ventral ganglionic eminence to the dorsal cerebral
cortex (Bagley et al., 2017; Birey et al., 2017; Xiang et al., 2017). The
assembloid protocols were further applied to coculture of different
combination of organoids for investigation of long-range axonal con-
nections that include thalamo-cortical and cortico-thalamic (Xiang
etal., 2019), cortico-striatal (Miura et al., 2020), hypothalamo-pituitary
(Kasai et al., 2020), cortico-spinal-muscle (Andersen et al., 2020) and
retino-thalamic (Fligor et al., 2021) projections.

Another limitation of neural organoid protocols is the lack of topo-
graphic organization within the organoids. Although AP or DV polarity
is seen in some cases (Kadoshima et al., 2013; Muguruma et al., 2015),
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clear and consistent topographic patterning was not created within the
organoids. One approach to facilitate topographic patterning is to pro-
vide a signaling center by applying a point source of morphogen. For
example, cell aggregates expressing SHH, a ventralizing signaling pro-
tein, were placed at one pole of a telencephalic organoid to generate
dorsal-to-ventral telencephalic tissue in a spatially graded manner
(Cederquist et al., 2019). Regional patterning can also be achieved in a
more sophisticated way by use of microfluidic devices. The spatial
gradient of WNT signals provided by microfluidics has been used to
achieve AP patterning in the neural organoids (Rifes et al., 2020).

Neural organoids have succeeded in recapitulating human neural
development to some extent, but they do not have exactly the same 3D
cytoarchitecture as the living brain. In human ontogeny, the neural
ectoderm-derived neural plate invaginates and folds at the midline to
form the neural tube, which give rise to the CNS. The neural tube is a
single continuous neuroepithelial structure surrounding a single lumen
with an apical-in and basal-out orientation. In addition to the apical-
basal polarity, the neural tube is also polarized along the AP and DV
axes. On the other hand, neuroepithelial tissues in organoids, regardless
to the differentiation protocol used, tend to be divided into a number of
small pieces, each of which takes the form of a sphere called a neural
rosette (e.g., (Kadoshima et al., 2013; Lancaster et al., 2013; Pasca et al.,
2015). The neural rosette locally recapitulates the neuroepithelial
structure with a proper apical-basal orientation and concentric laminar
organization. However, such formation of neural rosettes seen in
differentiating organoids is a phenomenon that is not seen during the
formation of the neural tube in ontogeny. The assembly of fragmented
neuronal rosettes has a geometrical structure that is quite different from
that of living brain tissues without obvious AP and DV polarity. Such
fragmentation may be the limiting factor for the long-term growth of
organoids and the formation of large, polarized tissues that faithfully
recapitulate the 3D cytoarchitecture of the brain. Kadoshima et al. re-
ported that neuroepithelial tissue, which initially surrounds the orga-
noid surface during the neural induction stage, invaginates to form
spherical neural rosettes with apical-in polarity during the stage of dif-
ferentiation (Kadoshima et al., 2013). This invagination process can
occur stochastically at multiple locations on the surface, which could
lead to the breakdown of the neuroepithelium and the formation of
fragmented rosettes.

Attempts have been made to generate continuous neuroepithelial
structures with the correct polarity. In mouse ESCs, the addition of the
ECM components laminin and entactin during the neuronal induction
stage was successful in producing continuous, polarized neuroepithelial
structures (Nasu et al., 2012), although the effectivity to differentiation
of human PSCs remains unknown. ECM, which is abundant at the basal
surface of the epithelium, functions in the establishment of apical-basal
polarity. An abundance of ECM in the environment leads to an apical-in
polarity, whereas its deficiency leads to an apical-out polarity in the
epithelium formed by 3D cell aggregates (Yonemura, 2014). ECM
components facilitate the spontaneous formation of epithelial structure
with a lumen in 3D culture of PSCs (Taniguchi et al., 2015), which
further recapitulates the development of epiblast and amniotic sac (Shao
etal., 2017). It is expected that ECM may be involved in the formation of
large contiguous neuroepithelial tissues in neural organoids, but the
effect of ECM is a subject for further study.

We have discussed the generation of organoids with a focus on
nervous system differentiation. Recently, using an approach different
from neural organoids, attempts have been made to recapitulate human
embryogenesis by differentiation of PSCs (Shao and Fu, 2022). When
cultured on 2D micropatterned ECM substrates under dual SMAD inhi-
bition, PSCs differentiate into neuroectoderm. Subsequent BMP4 stim-
ulation induces non-neural ectoderm differentiation in the periphery
and medial-lateral patterning, forming concentric domains of neural
plate, neural crest, sensory placode and epidermis (Xue et al., 2018;
Britton et al., 2019; Tewary et al., 2019). Extended culture results in the
formation of 2.5D flattened luminal neural tube-like structure called
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neuruloid, recapitulating the neurulation process (Haremaki et al.,
2019). Further, Karzbrun et al. succeeded in forming of 3D neural
tube-like structures (Karzbrun et al., 2021). Matrigel was added to PSCs
seeded on 2D micropatterned substrates to create 3D epithelial struc-
tures with a single lumen. Then, the neuroectoderm was induced and
stimulated with BMP4, leading to the folding of the central neuro-
ectoderm by the peripheral non-neural ectoderm, resulting in the for-
mation of a continuous neuroepithelium with a single lumen similar to
the neural tube found in vivo. The neuruloid model has the potential to
complement conventional neural organoid models and can be used to
differentiate neural tissues that more faithfully recapitulate the human
brain development.

Neural organoids can form tissues that resemble human brains in
culture, but likely due to limitations of the culture environment, they are
not able to fully recapitulate a living brain. One approach to evaluate the
ability of neural organoids to differentiate and maturate is to transplant
the organoids into experimental animals. Human neural organoids
generated using guided or unguided protocols have been transplanted
and integrated into the cerebral cortex (Daviaud et al., 2018; Mansour
et al., 2018; Kitahara et al., 2020; Shi et al., 2020; Wang et al., 2020a,
2020b; Dong et al., 2021; Revah et al., 2022; Wilson et al., 2022; Jga-
madze et al., 2023) and the cerebellum (Kamei et al., 2023) of rodents,
and the cerebral cortex of primates (Kitahara et al., 2020). Long-range
projections of efferents (Kitahara et al., 2020; Dong et al., 2021;
Revah et al., 2022, Jgamadze et al., 2023) from and to the organoids
were demonstrated. Furthermore, it has been shown that organoids
implanted in the somatosensory cortex respond to sensory stimuli, and
that stimulation of the organoids elicits reward-seeking behavior in the
animals (Revah et al., 2022). In the visual system, implanted organoids
have been shown to respond to visual stimuli (Wilson et al., 2022,
Jgamadze et al., 2023) and even to acquire orientation selectivity as
seen in vivo (Jgamadze et al., 2023). Thus, transplantation studies are
expected to be useful in assessing the functional aspects of neural
organoids.

5. Conclusion

Taking advantage of advances in stem cell biology and develop-
mental biology, the neural organoid technology emerged to generate
neural tissues from pluripotent stem cells by recapitulating in vivo
neural development. Since then, various protocols have been developed
to generate a variety of neural tissues. These neural organoid technol-
ogies provide excellent experimental models for studying human neural
development. Organoid technology is currently advancing rapidly, but
at the same time faces significant problems that need to be solved.
Current limitations include insufficient reproducibility of organoid for-
mation, cessation of growth at certain stages, and inability to fully
reproduce mature tissue structures. In the future, it is expected that
these problems will be overcome and that technologies will be devel-
oped to more faithfully construct human neural tissues, leading to a
better understanding of the human nervous system. In this article, we
have reviewed various studies related to the induction of neural orga-
noid differentiation, with a focus on recapitulating human neural
ontogenesis and elucidating the developmental mechanisms. From an
application perspective, neural organoid technology is expected to be
used in regenerative medicine, modeling of neurological diseases, and
screening of therapeutic agents for diseases.
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