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How well do brain organoids capture your brain?

Jonghun Kim," Gareth J. Sullivan,” and In-Hyun Park’*

SUMMARY

Brain organoids closely recapitulate many features and characteristics of in vivo
brain tissue. This technology in turn allows unprecedented possibilities to
investigate brain development and function in the dish. Several brain organoid
protocols have been established, and the studies have focused on validating
the architecture, cellular composition, and function of the organoids. In future,
the improved and advanced organoid models will enable us to understand cellular
and molecular features of the developing brain. However, several obstacles, such
as the quality of the organoids, 3D structural analysis, and measurement of the
neural connectivity need to be improved. In this perspective, we will provide
an overview of the current state of the art of the brain organoid field, with a focus
on protocols and organoid characterization. Additionally, we will address the cur-
rent limitations of this evolving field and provide an understanding of the current
brain organoid landscape and insight toward the next steps.

INTRODUCTION

Studies elucidating how the human brain develops and functions have been carried out over the past de-
cades (Sousa et al., 2017). However, the lack of appropriate in vitro models, combined with inaccessibility to
human brain tissue, has severely hindered research. Recent advances in brain organoid technology have
provided opportunities to uncover the complex process of human brain development and function
in vitro. In fact, brain organoids can faithfully recapitulate many structural, developmental, and functional
aspects of the human brain. Therefore, this promising technology will provide insight into basic, develop-
mental, and translational research.

To date a variety of approaches have been described for the generation of brain organoids (Table 1). Meth-
odologically, they can be divided into either unguided or guided protocols (Figure 1). Brain organoids pro-
duced through unguided protocols, the so-called cerebral organoids, are spontaneously differentiated
from pluripotent stem cells (PSCs) without the inclusion of extrinsic factors, and the resulting organoids
contain various brain regions. In contrast, in guided protocols, brain organoids are generated from
PSCs through the addition of extrinsic factors to pattern to the desired regional identity. Both protocols
can be adapted to reflect the critical aspects of human brain development. In addition, as organoid
research progresses, so have the tools to analyze brain organoids at a higher resolution. For example,
improved imaging techniques, multiple functional assays, and single-cell transcriptome analysis have all
been applied to dissect brain organoids.

In this perspective, we will provide an overview of current brain organoid technology and address some of
the most critical questions in the field. Specifically, we will discuss current methods in generating region-
specific organoids and the integration of cells from non-neuroectodermal lineages. We will highlight the
limitations and future perspectives of brain organoid technology. We anticipate that brain organoids
will open up new avenues allowing a deeper understanding of both normal and pathogenic human brain
development and function.

CURRENT STATE-OF-THE-ART BRAIN ORGANOID GENERATION

Differentiation of human PSCs (hPSCs) into brain organoids is performed in a step-wise manner, composed
of neuroectodermal induction, followed by patterning of regional identity, and finally neural maturation.
The addition of specific growth factors or inhibitors or their omission during neuroectoderm induction de-
termines cell fate at the end of differentiation (Figure 1). Broadly, unguided methods refer to neuroecto-
dermal induction without the addition of extrinsic factors, whereas guided methods utilize small molecules
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Table 1. Overview of current brain organoid protocols

Regional
Methodology  identity Type of organoid Extrinsic factors Assessment Reference
Unguided Whole brain Cerebral organoid - Immunostaining (Lancaster et al., 2013)
method Calcium imaging
Whole brain Cerebral organoid - Immunostaining (Quadrato et al., 2017)
scRNA-seq
MEA recording
Forebrain Microfilament- CHIR99021 (pulse) Immunostaining (Lancaster et al., 2017)
engineered cerebral Bulk RNA-seq
organoid Calcium imaging
Transplanted cerebral - Immunostaining (Mansour et al., 2018)
organoid Calcium imaging
Air-liquid interface CHIR99021 (pulse) Immunostaining (Giandomenico et al.,
cerebral organoid scRNA-seq 2019)
MEA recording
Patch-clamp recording
Guided Cerebral Cortical tissue Dkk-1, Lefty-A, and Immunostaining (Eiraku et al., 2008)
method cortex BMPRIA-Fc

Ventral forebrain

Cortical
neuroepithelium

Cortical spheroid

Cortical organoid

Forebrain organoid

Cortical organoid

Cortical spheroid

Forebrain organoid

Subpallium spheroid

Ventral organoid

Ventral forebrain

organoid
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IWR1e and SB431542

Dorsomorphin and
SB431542

Noggin and rhDkk1

Dorsomorphin, A83-01,
WNT-3A, CHIR99021,
and SB431542

SB431542, LDN193189,
and XAV939

Dorsomorphin and
SB431542

IWR%e and SB431542

Dorsomorphin, SB431542,

°IWP2, and “SAG

“IWP2 and °SAG

Noggin, SB431542,
CHIR99021, “SHH, and

“Purmorphamine

Immunostaining

Immunostaining
Microarray

Calcium imaging
Patch-clamp recording
Immunostaining

Bulk RNA-seq

Patch-clamp recording

Immunostaining

Bulk RNA-seq
Calcium imaging
Patch-clamp recording
Immunostaining
scRNA-seq

Bulk RNA-seq
Calcium imaging
Patch-clamp recording
Immunostaining
scRNA-seq

Bulk RNA-seq
Calcium imaging
Immunostaining
scRNA-seq
Immunostaining
scRNA-seq

Calcium imaging
Patch-clamp recording

Immunostaining

Immunostaining

Calcium imaging

(Kadoshima et al., 2013)

(Pasca et al., 2015)

(Mariani et al., 2015)

(Qian et al., 2016)

(Xiang et al., 2017)

(Sloan et al., 2017)

(Velasco et al., 2019)

(Birey et al., 2017)

(Bagley et al., 2017)
(Kim et al., 2019)

(Continued on next page)
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Table 1. Continued

Regional
Methodology  identity Type of organoid Extrinsic factors Assessment Reference
Medial MGE organoid SB431542, LDN193189, Immunostaining (Xiang et al., 2017)
ganglionic and XAV939, “SHH, and scRNA-seq
eminence “Purmorphamine Bulk RNA-seq
Calcium imaging
Patch-clamp recording
Thalamus Thalamus organoid SB431542, LDN193189, Immunostaining (Xiang et al., 2019)

Hypothalamus

Midbrain

Cerebellum

Hippocampus

Hypothalamus
organoid

Midbrain organoid

Midbrain organoid

Cerebellar tissue

Hippocampal

tissue

Insulin, °PD0325901,
and “BMP7

SB431542, LDN193189,
“WNT3A, °SHH, and
“Purmorphamine
SB431542, Noggin,
CHIR99021, “SHH, and
°FGF8

SB431542, LDN193189,
CHIR99021, °FGF8,
“SHH, and “Purmorphamine
SB431542, Insulin, FGF2,
“FGF19, and °SDF1
SB431542, IWR1e,
“CHIR99021, and

“BMP4 (pulse)

scRNA-seq
Calcium imaging
Patch-clamp recording

Immunostaining

Immunostaining
Bulk RNA-seq

Patch-clamp recording

Immunostaining

Immunostaining
Patch-clamp recording
Immunostaining
Calcium imaging

Patch-clamp recording

(Qian et al., 2016)

(Jo et al., 2016)

(Qian et al., 2016)

(Muguruma et al., 2015)

(Sakaguchi et al., 2015)

Choroid Choroid plexus SB431542, IWR1e, Immunostaining (Sakaguchi et al., 2015)
plexus tissue “CHIR99021, and
“BMP4
Choroid plexus “BMP4 and “CHIR99021 Immunostaining (Pellegrini et al., 2020)
organoid (pulse) scRNA-seq
Mass spectrometry
Spinal cord Neuromuscular “CHIR99021, “FGF2, HGF, Immunostaining (Faustino Martins et al.,

organoid and IGH scRNA-seq 2020)
Calcium imaging

MEA recording

?Patterning factors.

and/or growth factors to produce brain organoids with a specific regional identity (Figure 2). The first
described protocols developed by Lancaster and colleagues to generate cerebral organoids utilized an un-
guided approach (Lancaster and Knoblich, 2014; Lancaster et al., 2013). In this protocol, cerebral organoids
are self-organized and spontaneously differentiated from hPSCs without extrinsic factors and in the pres-
ence of the extracellular matrix (ECM) Matrigel. The ECM functions to support three-dimensional (3D)
structure and neuroepithelial expansion. Remarkably, the resulting organoids displayed an array of
regional identities of the brain. Cellular and regional diversity of cerebral organoids provide a unique op-
portunity to investigate their interaction in whole-brain development. On the other hand, this diversity is a
potential limitation that has to be addressed when performing quantitative studies in cerebral organoids.
To address this, Lancaster and colleagues have made efforts to standardize the workflow by applying
poly(lactide-co-glycolide) copolymer fiber microfilaments when generating elongated embryoid bodies
(EBs) (Lancaster et al., 2017). This increased the surface area, improving the reproducibility of neural induc-
tion and subsequent cortical development.

In contrast, guided approaches utilize extrinsic signaling factors to choreograph the differentiation to
produce region-specific brain organoids. The Sasai group reported one of the first descriptions of
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Figure 1. Methods to generate and analyze brain organoids

Unguided methods that do not use specific chemicals or inhibitors produce cerebral organoids with a high cellular
diversity but with higher heterogeneity. Guided methods use signaling activators or inhibitors to produce region-specific
brain organoids. Architecture, cellular diversity, and function of the brain organoids are assayed by multiple methods.

regionalized brain organoids, a combination of floating EB-like aggregates (SFEBq) under serum-free con-
ditions supplemented with bone morphogenetic protein (BMP), transforming growth factor (TGF)-beta,
and Wnt antagonists to guide the production of cortical tissue (Eiraku et al., 2008). The resulting tissue dis-
played polarized cortical neuroepithelia, along with a distinctly organized ventricular zone (VZ) and cortical
plate (CP). The inhibition of BMP and TGF-beta signaling has been broadly applied to make efficient neuro-
ectoderm induction and to produce cortical neurons (Chambers et al., 2009; Kim et al., 2010). Several
groups have employed dual SMAD and Wnt inhibition to coax a dorsal forebrain identity during brain or-
ganoid generation, namely, cortical organoids (Kadoshima et al., 2013; Mariani et al., 2015; Pasca et al.,
2015; Qian et al., 2016; Xiang et al., 2017). These cortical organoids recapitulate the features of cortical
development such as temporal order of neurogenesis and functional cortical neurons. Additionally, the
Ming group developed a miniaturized spinning bioreactor to reduce cost but importantly to minimize het-
erogeneity and the variability of derived cortical organoids (Qian et al., 2016). These organoids produced a
well-developed outer subventricular zone (0SVZ) and diversity of neuronal subtypes. Recently, oSVZ con-
taining an abundant population of outer radial glia cells was markedly expanded through STAT3 activation
in cortical organoids (Watanabe et al., 2017). Thus, it enables us to study human-specific features of brain
development.

During forebrain development, dorsal-ventral identity is determined by spatial and temporal signals. An impor-
tant player is sonic hedgehog (SHH) signaling, which is critical in ventral telencephalic patterning (Figure 2) (Fuc-
cillo et al., 2004). To specify brain organoids with either a ventral forebrain or medial ganglionic eminence (MGE)
domain, neuroectoderm-committed brain organoids, generated through dual SMAD inhibition, were exposed
to SHH and its agonist purmorphamine (Bagley et al., 2017; Birey et al., 2017; Xiang et al., 2017). The ventral fore-
brain organoids contained various GABAergic interneuron subtypes with physiological properties, whereas
MGE organoids mostly displayed somatostatin (SST)+ interneurons, exclusively produced from the MGE.
Notably, these specific forebrain organoids have allowed the modeling of tangential migration of interneurons
into cortex by fusing dorsal forebrain organoids with ventral forebrain organoids (Bagley et al., 2017; Birey et al.,
2017; Kim et al., 2019; Xiang et al., 2017). In turn, applying this novel strategy will allow researchers to explore the
interaction of the developing dorsal and ventral cortical regions.

Although most studies have focused on brain organoids representing the forebrain of telencephalic origin,
a number of other region-specific brain organoids have been described leveraging off the ability to drive
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Figure 2. Patterning and morphogens in the neural tube

In the fetal brain, the dorsoventral and anteroposterior (rostrocaudal) developmental fate of the primary vesicles are
determined by the morphogens. Following the default neuroectoderm commitment by inhibition of BMP signaling, the
WNT and SHH signals determine the dorsoventral axis, and FGF8 signal determines the rostrocaudal fate. The
combination of the agonists and antagonists of these signaling pathways is used to generate the regionally defined brain
organoids in Figure 1.

region-specific patterning as described above. For example, protocols have been reported for organoids
with a diencephalic identity (Figure 2). The diencephalon is a part of the vertebrate neural tube that gives
rise to the thalamus and hypothalamus. To generate hypothalamic organoids, the Ming group used a com-
bination of growth factors (WNT3A and SHH) and the Smoothened (Smo) receptor agonist, purmorph-
amine, resulting in organoids that contained neuropeptidergic hypothalamic neurons (Qian et al., 2016).
Our laboratory described an approach to produce thalamic organoids, by pre-patterning with insulin
and the MAPK/ERK inhibitor PD0325901. The role of PD0325901 was to suppress excess insulin-induced
caudalization to a mesencephalon fate. Finally, BMP7 was used to drive a diencephalic fate toward a
thalamic identity (Xiang et al., 2019). Indeed, thalamus and cortex interactions are highly involved in sen-
sory processing and cognitive functions (Lopez-Bendito and Molnar, 2003; Ouhaz et al., 2018). Neverthe-
less, currently available in vitro human models have not yet been developed. Therefore, thalamus organo-
ids will be critical to understand thalamic development and interaction between both thalamus and cortex.

Patterning to the mid- and hindbrain regions of the brain have also been an area of intense research. The
mesencephalon (midbrain) gives rise to three main areas, the colliculi, the tegmentum, and the cerebral
peduncle, whereas the rhombencephalon (hindbrain) gives rise to the pons, cerebellum, and medulla ob-
longata. Their patterning and morphogenesis are highly regulated by the midbrain-hindbrain boundary
(Gibbs et al., 2017).

The generation of midbrain organoids was reported by Jo et al. (2016). They utilized EBs, which were sub-
jected to dual SMAD inhibition in combination with the WNT agonist CHIR?9021, to pattern to mesenceph-
alon. These were exposed to a SHH agonist along with FGF8 for floor plate induction (Figure 2). The result-
ing midbrain organoids contained functional dopaminergic neurons and produce neuromelanin-like
granules, similar to those found in the substantia nigra domain. Another report from the Song lab used
a very similar approach as mentioned earlier, but after the derivation of floor plate they were transferred
to a miniaturized spinning bioreactor, producing mid-brain organoids that contained TH-positive dopami-
nergic neurons (Qian et al., 2016). To generate the most caudal region of brain, dual SMAD inhibition was
employed in combination with FGF2 and insulin treatment. This was sufficient to produce polarized cere-
bellar tissue, generating cerebellar plate neuroepithelium (Muguruma et al., 2015). Additional treatment of
FGF19 and SDF1 promoted a dorsoventral polarity and rhombic-lip-like structure in the 3D cerebellar tis-
sues (Muguruma et al., 2015).
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The cortical hem is a dorsal midline structure that provides a source of WNT and BMP signaling in the dor-
somedial telencephalon, playing a key role in formation of the dorsomedial telencephalic tissues such as
the hippocampus and choroid plexus (Lun et al., 2015). Following this developmental principle, the Sasai
group applied a transient WNT (through the agonist CHIR99021) and BMP4 treatment to neuroectoderm to
recapitulate hippocampal primordium tissues, whereas a prolonged activation of WNT and BMP produced
choroid plexus-like tissue (Sakaguchi et al., 2015). However, this study did not investigate the functional at-
tributes of the choroid plexus such as production or secretion of cerebrospinal fluid (CSF). In recent studies,
structurally and functionally well-defined choroid plexus organoids have been generated (Pellegrini et al.,
2020). Similar to the Sasai report, BMP4 and CHIR99021 were used to generate a choroid plexus-like iden-
tity during cerebral organoid generation. Importantly, choroid plexus organoids formed a tight barrier and
produced a fluid resembling CSF. These organoids will enable investigation of the function of the choroid
plexus during brain development and provide an important tool to assess the permeability of new drugs.

Importantly, one must consider the most suitable brain organoid method for a given study. For example,
cerebral organoids generated through unguided protocols were applied to the study of neurodevelop-
mental disorder displaying dramatic phenotypes such as microcephaly (Lancaster et al., 2013). In contrast,
due to high degree of consistency, the SFEBg-based method developed by the Sasai group (guided pro-
tocols) was used for high-throughput screening of brain organoids (Durens et al., 2020). In general, the
unguided protocols are suited to investigate overt phenotypes of neurodevelopmental disorder such
as microcephaly, macrocephaly, and periventricular heterotopia (PH) (Klaus et al., 2019; Lancaster
etal, 2013; Li et al.,, 2017; O'Neill et al., 2018). Unguided protocols are also useful for studying commu-
nication between brain regions because cerebral organoids display multiple regional identities within a
single organoid (Quadrato et al.,, 2017; Renner et al., 2017). Conversely, cortical organoids produced
through guided protocols exhibit reproducible brain identities with relatively homogeneous morphology
(Pasca et al., 2015; Qian et al., 2016; Velasco et al., 2019; Xiang et al., 2017). Guided protocols enable re-
searchers to perform high-throughput screening using brain organoids. Thus, this approach is more
suited to quantitative analysis. Furthermore, brain region-specific organoids generated by guided pro-
tocols can be fused into assembloids (Bagley et al., 2017; Xiang et al., 2017, 2019). These methods can
be used for modeling neurodevelopmental disorders exhibiting disruption of cell migration and neural
circuit such as Timothy syndrome (Birey et al., 2017).

Furthermore, when deciding which protocol to utilize for generating brain organoids, technical issues
should be considered. In general, the process of brain organoid culture takes several months. Thus, a slight
difference at the beginning of culturing will make a huge difference at the end of culturing. Itis necessary to
generate EBs with uniform size and morphology at the beginning that will minimize the heterogeneity of
brain organoids during organoid generation (Guo et al., 2020). Moreover, to avoid resource loss, a more
accurate prediction system for differentiation potential that is not simple morphology-based should be
developed in the future. In addition, complicated manual steps are needed during brain organoid gener-
ation such as transferring manual organoids (Lancaster and Knoblich, 2014; Xiang et al., 2018). In particular,
the step of embedding cerebral organoids into Matrigel is essential in unguided protocols (Lancaster and
Knoblich, 2014; Lancaster et al., 2013). This is the greatest technical challenge during cerebral organoid
generation. However, this laborious step is not necessary in guided protocols.

In fact, brain organoid methods require special equipment and culture plates. For instance, orbital
shakers or spinning bioreactors have been widely used at the later stage of culture for enhancing oxygen
exchange in both unguided and guided protocols (Lancaster et al., 2013; Qian et al., 2016; Xiang et al.,
2017). Moreover, brain organoids should be cultured in low-attachment plates for suspension culture
in the presence of a variety of small molecules and/or growth factors. Hence, both unguided and guided
protocols typically come at a high financial cost for brain organoid culture. In general, one of the major
costs in unguided protocols is the use of Matrigel, whereas a variety of high-cost small molecules are
needed for patterning in guided protocols. In addition to small molecules, dissolved Matrigel was added
during organoid maturation in some guided protocols (Kadoshima et al., 2013; Qian et al., 2016). There-
fore, guided protocols have a slightly higher cost than unguided protocols due to the necessity of using
additional factors.

In short, unguided and guided protocols have distinct limitations and a multitude of benefits. Unguided
protocols are suitable for modeling overt phenotypes and studying brain region interaction within a single
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organoid, whereas guided protocols can be used for high-throughput screening. Moreover, fusion of brain
region-specific organoids enables researchers to model cell migration and neural circuit between brain re-
gions. Compared with unguided protocols, guided protocols are much less laborious but higher cost.
When deciding which protocol to use for generating brain organoids, there are several considerations
such as the scope of study, technical challenges, and costs. These considerations will assist researchers
in choosing the best protocol for successfully implementing a brain organoid experiment.

MOLECULAR AND NEUROPHYSIOLOGICAL TECHNIQUES FOR ANALYZING BRAIN
ORGANOIDS

Brain organoids have a complex organization resembling the developing brain. For example, like the cor-
tex, which is composed of six laminar layers, cortical organoids display distinct layers. The cortical neurons
arising from VZ make radial migration and accumulate in the CP in an inside-out manner (Bystron et al.,
2008). This is also well reproduced in cortical organoids. However, the complexity observed within brain
organoids provides new challenges with regard to their analysis. This is in terms of cellular structural anal-
ysis, molecular analysis (to define the cellular identities), and neurophysiological analysis to define the func-
tion of neurons, which are a basic necessity (Figure 1).

To characterize the structural organization of organoids, conventional immunostaining against markers
on sectioned organoids have been mainly employed. In fact, brain organoids contain VZs harboring
proliferating apical progenitors expressing radial glial markers (SOX2 and PAXé). TBR2+ Intermediate
progenitor cells are found in the subventricular zone (SVZ) (Kadoshima et al., 2013; Lancaster et al.,
2013; Pasca et al., 2015; Qian et al., 2016; Xiang et al., 2017). Importantly, cells expressing HOPX and
PTPRZ1, markers for human outer radial glia, are observed in the oSVZ, which are not found in rodent
cortex (Qian et al., 2016). Moreover, brain organoids exhibit different cortical layers expressing specific
markers. In the early stage, the population of deep layer neurons expressing TBR1 and CTIP2 is
increased, whereas SATB2+ and CUX1+ upper layer neurons are found later in organoids. However,
most brain organoids show restricted cortical layers (Kadoshima et al., 2013; Lancaster et al., 2013; Pasca
et al., 2015; Xiang et al., 2017). Furthermore, MAP2+ mature neurons as well as GFAP+ astrocytes and
OLIG2+ oligodendrocytes are observed at later stages of brain organoids (Madhavan et al., 2018; Marton
etal, 2019; Pasca et al.,, 2015; Sloan et al., 2017). Thus, these organized structure and cellular diversity of
brain organoids should be validated by using multiple cell-type-specific antibodies. However, sections of
the organoids under analysis are randomly selected, and without the spatial organization, could lead to a
bias in analysis. Random selection in field of analysis is simple and accurate particularly in large sample
population. However, the selected samples do not represent the whole organoids, and thus whole-
mount-staining and objective analysis will be needed. In addition, quantification of immunostaining im-
ages is also challenging. Detection methods and artifacts from non-specific binding of antibody should
be considered for reliable quantification (Yaziji and Barry, 2006). To preserve the 3D spatial information
within the organoid, whole organoids can be optically cleared and imaged at high resolution in 3D (Dek-
kers et al., 2019). This technique can provide a better understanding of the cellular complexity, cell types
present, cell shape, and intracellular processes within the organoid in question. However, the accessi-
bility of antibodies for analysis and the identification of the given structures are still challenging, espe-
cially in brain organoids where distinct neurons play different roles. In addition, the axonal and dendritic
connectivity need to be visualized and defined.

Another area that has been rapidly evolving to resolve cellular heterogeneity within organoids is single-cell-
based genomics approaches (Polioudakis et al., 2019; Poulin et al., 2016; Zeisel et al., 2015). In particular, sin-
gle-cell RNA sequencing (scRNA-seq) has revealed cellular identity within complex tissues at the single-cell level
(Tang et al., 2009). One of earliest scRNA-seq studies compared cerebral organoids against human fetal
neocortex, demonstrating that the cell types, neuronal lineage relationships, and gene expression profiles
were comparable (Camp et al., 2015). Recent advances in scRNA-seq have provided a large-scale experiment
to compare gene expression between brain organoids and primary human tissues (Amiri et al., 2018; Bhaduri
et al., 2020; Pollen et al., 2019; Velasco et al., 2019). Furthermore, droplet-based microfluidics platforms, such
as the 10X Genomics platform (Chromium), are highly efficient and provide robust throughput with remarkably
reduced cost. As a consequence of robustness, throughput, and cost, sScRNA-seq is now widely used throughout
the brain organoid field (Birey et al., 2017; Camp et al., 2015; Giandomenico et al., 2019; Pellegrini et al., 2020;
Quadrato et al., 2017; Velasco et al., 2019; Xiang et al., 2017, 2019).
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An example of high-throughput droplet-based scRNA-seq application is by Velasco and colleagues, who
compared four different types of brain organoids (whole-brain organoids, dorsal organoids, dorsal spher-
oids, ventral spheroids) (Velasco et al., 2019). The transcriptional profiles of over 160,000 cells isolated from
21 individual organoids were used. The outcome of this study suggested that dorsal forebrain organoids
displayed a similar cellular diversity as human cerebral cortex with high reproducibility. More recently, sys-
tematic approaches to compare scRNA-seq datasets from brain organoids generated by various protocols
were performed (Tanaka et al., 2020). This study identified both unique differentiation trajectories and tran-
scriptional biases emerging from the different brain organoid protocols when compared with the fetal
brain. Indeed, brain organoids contain different subtypes of neurons as well as glial cells such as astrocytes
and oligodendrocytes (Madhavan et al., 2018; Marton et al., 2019; Pasca et al., 2015; Sloan et al., 2017).
Moreover, protocol differences can bias differentiation of cell types that are not typically present otherwise
such as oligodendrocyte spheroids (Madhavan et al., 2018; Marton et al., 2019). Hence, during the analysis
of scRNA-seq data, determination of cell identities through annotation is the most important step for
revealing cellular identities in brain organoids. However, in general, annotation is manually performed
based on the expression of marker genes (Muraro et al., 2016). This step is time-consuming and heavily
dependent on prior knowledge, leading to inconsistent results. Recently, to improve the efficiency and
reproducibility of annotation step, various automatic tools for annotating cells have been developed
(Cao et al., 2020; Ekiz et al., 2020; Shao et al., 2020). These will enable researchers to annotate the cells
at a fully automated mode.

Functional characterization, especially the electrophysiological properties of neurons, is critical to define the de-
gree of maturation and the identity of neurons within organoids (Tambalo and Lodato, 2020). However, the time
needed to establish neuronal networks should be considered. Indeed, neuronal activity was not found in 4-
month-old organoids, whereas 8-month old organoids were functional in terms of spontaneous activity and
excitatory monosynaptic connections (Quadrato et al., 2017). Moreover, it is elusive how brain organoids are
functionally mature. Thus, this should be addressed further to make it clear whether alteration of their function-
ality is originated from the functional phenotype of disease or an artifact of long-term culture. In fact, at the later
stages, brain organoids have the features of electrophysiological maturation as evidenced by complex network
bursting and synchronized burst firings, which are distinct characteristics of functional neural networks and syn-
aptic signal propagation. Immature brain organoids displayed immature neuronal activities such as random and
low amplitude (Fair et al., 2020). Therefore, these electrophysiological features can be used as the criteria for
maturation of brain organoids. Currently, the electrophysiological function of brain organoids are validated
by various experimental approaches (Poli et al., 2019).

Using the patch-clamp approach, several studies have demonstrated that neurons in cerebral organoids
and cortical organoids display both action potentials and spontaneous inhibitory/excitatory postsynaptic
potentials (Birey et al., 2017; Giandomenico et al., 2019; Mariani et al., 2015; Pasca et al., 2015; Qian et al.,
2016; Xiang et al., 2017, 2019). Furthermore, sensitivity to antagonists of glutamate and GABA receptors
provided definitive evidence for the identity of functional excitatory or inhibitory neurons. It is well acknowl-
edged that the neural maturation is a long-term process, and this is confirmed by older organoids tending
to carry more mature neurons (Pasca et al., 2015; Renner et al., 2017; Trujillo et al., 2019). Electrophysiolog-
ical recording is performed on randomly chosen cells in slices sectioned from organoids, and the action of
sectioning leads to loss of 3D structures within the organoid. In addition, patch clamp is laborious and
cannot determine the interconnectivity present in the brain organoid. Thus, the microelectrode arrays
(MEAs) approach has been used as a functional assay in brain organoid studies (Giandomenico et al.,
2019; Trujillo et al., 2019). While patch-clamping provides information on the intracellular electrophysiolog-
ical features of the cell, MEA approach provides information via extracellular recording. An advantage of
this method is the ability to monitor large number of neurons at multiple sites simultaneously. In addition,
calcium imaging based on Ca?* probes or engineered Ca?* reporters, such as GCaMPé, have been widely
applied to analyze the neural activity of brain organoids. Ca?* imaging in neurons is a direct indicator of
neural activity, because calcium ions are released from intraneural storage, in mature neurons, spontane-
ously as well as when stimulated, thus representing neural activity (Grienberger and Konnerth, 2012).
Several studies have demonstrated spontaneous calcium surges in brain organoids; this indicates that
neuronal networks have been established (Birey et al., 2017; Kim et al., 2019; Lancaster et al., 2013, 2017,
Mansour et al., 2018; Pasca et al.,, 2015; Qian et al., 2016; Xiang et al., 2017, 2019). However, there is an
urgent need for more advanced techniques to characterize brain organoids both anatomically and
physiologically.
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Figure 3. Future perspectives in brain organoids

Developing brain organoids with structurally better organized, reproducing the CNS-PNS connection, and physiological
environment is needed. The improved brain organoids system will be critical to model human brain development and
brain disorders, and to perform drug discovery and personalized therapeutics.

LIMITATION OF BRAIN ORGANOID TECHNOLOGY

The advantages in utilizing brain organoid technology have been outlined, but as with any emerging
technologies there are some limitations (Figure 3). One of major issues is that the majority of brain
organoids, even at long-term culture, resemble a second-trimester fetal brain, in terms of structure,
function, and transcriptome. Although these organoids are useful in probing the early neuroectoderm
commitment and cortical development, they may not be suitable to investigate the physiological as-
pects of adult brain and to model late-onset neurodegenerative diseases. Human neurons intrinsically
require long-term maturation (Zhao et al., 2008); the suboptimal differentiation conditions employed
in vitro, such as a lack of microenvironment, are probably responsible for the observed immature neural
states. Indeed, the pattern of local field potential in 10-month-old cortical organoids resembled elec-
trophysiological signatures in human preterm neonatal electroencephalography (EEG). However, the
complex and continuous pattern of network activity observed in adult EEG was not displayed (Trujillo
et al., 2019). Moreover, maintaining the cortical organoids in a healthy condition is challenging during
organoid culture.

During in vivo brain development, the blood vessels penetrating from the pia mater play a crucial role in both
scaffolding and blood flow during brain development (Kojima et al., 2010). In addition, neural differentiation and
maturation cannot occur without sufficient oxygen and nutrient supply. However, brain organoids do not contain
functional vasculature, and here may lie the problem. To address this, a number of groups have attempted to
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address the issue of vascularization in brain organoids. A direct approach was to co-culture brain organoids with
endothelial cells (Pham et al., 2018; Shi et al., 2020). The organoids contained a well-developed vascular system
and exhibited an improved maturity. However, neither capillaries nor the functionality of the vasculature were
fully addressed. An approach was employed by the Gage lab, where they transplanted brain organoids into
adult mouse brains (Mansour et al., 2018). The resulting engrafted brain organoids displayed progressive neural
differentiation and maturation, gliogenesis, and unprecedented axonal outgrowth. Importantly, a functional
vasculature system within the organoid was confirmed by active blood flow through the vessels. More recently,
genetically engineered brain organoids have been developed (Cakir et al., 2019). The organoids contained ETV2
engineered cells that could be controlled in an inducible manner. Notably, the ETV2-expressing population
within organoids contributed to vascularization, leading to enhanced functional maturation with blood-brain
barrier characteristics. These vascularized brain organoids can more precisely recapitulate the physiological fea-
tures of the brain. However, it still remains elusive whether vasculature in brain organoids can deliver adequate
oxygen and nutrients alone.

A feature of the brain is cavities, known as ventricles, which contain CSF produced by choroid plexus’ activity.
These ventricles are surrounded by an ependymal layer called the VZ at the embryonic stage. In the postnatal
stage, SVZ lines the ventricles. During neurogenesis, cortical neurons migrating from VZ form radially orga-
nized structures, called the CP, consisting of six distinct layers of neurons. However, brain organoids exhibit
limited spatial organization and complexity compared with the developing fetal brain. In general, the six
cortical layers are not clearly separated in brain organoids. It is impossible to discriminate each layer in the
organoids based on layer-specific neuron distribution and morphology. A miniaturized spinning bioreactor
seems to produce more diverse neuronal subtypes of all six cortical layers despite rudimentary separation
(Qian et al., 2016). Although brain organoids display limited organized structure, defined neuronal migration
processes are observed (Bagley et al., 2017; Xiang et al., 2017). Neuronal migration defects have also been
investigated using brain organoids in various diseases such as PH (Birey et al., 2017; Klaus et al., 2019). More-
over, the majority of studies show that brain organoids contain lumen, resembling a ventricle, with surround-
ing neural progenitor cells. However, control of ventricle-like structure in the size and number has been very
challenging. In the cortex, there are only two cortical ventricles as opposed to multiple ventricle-like structures
observed in brain organoids. A recent study demonstrated that elongating EBs with microfilaments could
coax more consistent enlarged ventricle-like lumen with neuroepithelium during organoid generation (Lan-
caster et al.,, 2017). Recently, a protocol for generating choroid plexus organoids secreting CSF was estab-
lished (Pellegrini et al., 2020). In this study, choroid plexus organoids displayed lateral ventricle identity based
on transcriptomic signatures. These organoids would serve as excellent models to investigate the ventricular
system in vitro. More such studies are required to fully understand the regulation involved in the formation of
ventricles and importantly the mechanism surrounding its restriction to optimal number and size.

The nervous system is composed of two main parts, the central nervous system (CNS) and peripheral nervous
system (PNS). The PNS connects the CNS to limbs, glands, and organs in our body. In fact, great efforts for
recapitulating interaction between the CNS and the PNS have been dedicated. However, it is difficult to
mimic the interplay between them due to their high complexity. Current progress in the field of brain organo-
ids have concentrated only on generating CNS organoids. Thus, brain organoids mimicking the combined
nervous systems have yet to be developed. Recently, neuromuscular organoids (NMOs) were described
from hPSC-derived neuromesodermal progenitors (Faustino Martins et al., 2020). NMOs formed functional
neuromuscular junctions with central pattern generator-like circuits. Although spinal cord neurons and skel-
etal muscles developed in parallel and displayed functional innervation in the organoids, the corticospinal
tract from the cortex at the organoid level should be addressed in the future. We are not far away from
creating comprehensive brain organoids that contains all of the CNS-specific regions along with the PNS.
In addition, we need to refine protocols to obtain mature PNS organoids. If successful, these organoids would
provide unparalleled tools to understand the cross talk between CNS and PNS in the developing fetal brain.

One of the major limitations of brain organoids is their variability within and between organoid batches, resulting
in limited reproducibility. In fact, organoid variability might lead to data misinterpretation such as masking
phenotypic discovery between disease and healthy brain organoids. In particular, even in the same batch, cere-
bral organoids produced through unguided protocols showed different morphologies, sizes, and cytoarchitec-
tures (Lancaster and Knoblich, 2014; Lancaster et al., 2013). One of the main reasons for these differences may be
the use of Matrigel. Although Matrigel supports organoid formation and the growth of neuroepithelium, this un-
defined proteinaceous mixture can produce a source of variability in experimental outcomes (Hughes et al.,
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2010). For reducing organoid variability, undefined factors such as Matrigel should be minimized. Recently, to
overcome the variability and reproducibility issues in cerebral organoids, elongated EBs were generated using
polymer microfilaments. The resulting organoids displayed improved tissue architecture and high reproduc-
ibility (Lancaster et al., 2017). More recently, uniform cerebral organoids were reproducibly generated using
the modified protocol, including removal of Matrigel before spinning culture and normalizing EB morphogen-
esis (EB size, optimal treatment of FGF, and well geometry and coatings). Cerebral organoids generated
through this protocol exhibited extensive cellular diversity but had similar proportions of cell types across
different batches (Sivitilli et al., 2020). Compared with unguided protocols, cortical organoid generated by
guided protocols are highly reliable and consistent in terms of cellular composition (Velasco et al., 2019,
Yoon et al., 2019). However, heterogeneous cellular responses to patterning signals might contribute to asyn-
chronous differentiation, leading to organoid variability (Miranda et al., 2015). Recently, bioengineering strategy
to control aggregate size and stem cell differentiation was applied for improving reproducibility (Zhu et al., 2017).
Overall, during organoid generation, uniform size, uniform morphology, and synchronized differentiation of EBs
should be considered.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Brain organoids have a great potential to bridge the gap between in vivo and in vitro 2D models by
mimicking many key features of the human brain. Over the past few years, numerous approaches for gener-
ating brain organoids have been established. Typically, cerebral organoids generated by unguided proto-
cols exhibit diverse cellular identities, whereas guided organoids display specific brain regional identities
with less heterogeneity (Quadrato et al., 2017; Velasco et al., 2019). Owing to these differences, there is a
continuous debate among researchers regarding which approach better serves the research goals. On one
hand, cerebral organoids are highly complex and more heterogeneous, compared with brain region-spe-
cific organoids. This high heterogeneity might hinder the quantitative analyses, thus the application of ce-
rebral organoids technology to high-throughput screening will be challenging. On the other hand, brain
region-specific organoids exhibit relatively homogeneous structures with uniform size, rendering this
approach more suited for drug screening and disease modeling platforms. The trade-off between diversity
and consistency is a very valid issue in this field. Thus, further defined brain organoid models that satisfy
both diversity and consistency are highly desired, but in the end the model of choice is purely dependent
on the specific scope of study (Qian et al., 2019).

As with any other evolving technologies, the approaches to analyze brain organoids must also be further
refined. Structural, molecular, and functional aspects of brain organoids will require intense investigation.
In addition to imaging systems, tissue clearing techniques have helped to obtain better contrasted images
with efficient staining in 3D structure (Chung and Deisseroth, 2013). Furthermore, the transcriptional land-
scape of brain organoids has been revealed at the single-cell level. scRNA-seq allows a better understand-
ing of cellular heterogeneity within brain organoids and provides a valuable resource to identify molecular
similarities between brain organoids and fetal brain. In general, analysis of electrophysiological features
is a basic and essential requirement for the assessment of neuronal function. Although several approaches
such as patch-clamping or calcium imaging have demonstrated that brain organoids are functional,
cell type-specific neuronal activity has not been addressed well. Overall, technological improvement
and innovation for analyzing brain organoids is still required. Combination of advanced techniques
such as Patch-seq, scRNA-seq with patch-clamp recording and morphological analysis, will be one of
the options (van den Hurk et al., 2018).

Brain organoids technology offers a new platform for understanding brain development, modeling neuro-
logical disease, and drug discovery. To move forward into clinical applications, existing shortcomings
of brain organoid technology discussed earlier need to be overcome. Besides, the limited size of brain
organoids, cortical arealization, and gyrification should be addressed in further studies. Nevertheless,
brain organoids derived from induced pluripotent stem cells (iPSCs) have enormous potentials for
precision medicine that identify personalized therapeutic strategies for patients. A combination of brain
organoids with advanced techniques such as genome editing will take brain organoid technology to the
next level.
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