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Abstract
Understanding etiology of human neurological and psychiatric diseases is challenging. Genomic changes, protracted
development, and histological features unique to human brain development limit the disease aspects that can be investigated
using model organisms. Hence, in order to study phenotypes associated with human brain development, function, and
disease, it is necessary to use alternative experimental systems that are accessible, ethically justified, and replicate human
context. Human pluripotent stem cell (hPSC)-derived brain organoids offer such a system, which recapitulates features of
early human neurodevelopment in vitro, including the generation, proliferation, and differentiation of neural progenitors into
neurons and glial cells and the complex interactions among the diverse, emergent cell types of the developing brain in three-
dimensions (3-D). In recent years, numerous brain organoid protocols and related techniques have been developed to
recapitulate aspects of embryonic and fetal brain development in a reproducible and predictable manner. Altogether, these
different organoid technologies provide distinct bioassays to unravel novel, disease-associated phenotypes and mechanisms.
In this review, we summarize how the diverse brain organoid methods can be utilized to enhance our understanding of brain
disorders.

Facts
● Brain organoids offer an in vitro approach to study aspects of human brain development and disease.
● Diverse brain organoid techniques offer bioassays to investigate new phenotypes associated with human brain disorders

that are difficult to study in monolayer cultures.
● Brain organoids have been particularly useful to study phenomena and diseases associated with neural progenitor

morphology, survival, proliferation, and differentiation.

Open question
● Future brain organoid research needs to aim at later stages of neurodevelopment, linked with neuronal activity and

connections, to unravel further disease-associated phenotypes.
● Continued improvement of existing organoid protocols is required to generate standardized methods that recapitulate

in vivo-like spatial diversity and complexity.

Introduction

The complex architecture and function of the human brain
enables humans to perform higher cognitive functions.
Abnormalities in the structure or function of the brain can
lead to severe neurological and psychiatric disorders. It is
becoming increasingly clear that many neurological and
psychiatric disorders have their roots in neurodevelopment
[1, 2]. However, understanding the neurodevelopmental
cause and mechanisms of these brain disorders is challen-
ging, due to the limited access to the human brain tissues
and the complexity of the human brain. While primary
material derived from patient biopsies provides crucial
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insights into the disease pathology, it often represents the
end point of the disease and does not reveal the causative
mechanisms. On the other hand, access to fetal tissue from
terminated pregnancies is limited. Studies using model
organisms, especially rodents, have majorly advanced our
understanding of how certain genetic mutations and envir-
onmental conditions impact neurodevelopment, neuronal
circuit formation and behavior [3]. However, given the large
evolutionary distance between mouse and human and the
immense elaboration of the primate brain in size and
complexity, there are many features unique to human brain
development and diseases that cannot be recapitulated in
rodent systems [4]. Primate models also suffer from major
limitations as experimental systems due to the high ethical
considerations, requirement of immense resources, and rare
availability of the samples. Therefore, to study human brain
development, function, and disease, it is necessary to use
alternative experimental systems that closely mimic the
human context and are also accessible and ethically just.

Protocols for culture and differentiation of human plur-
ipotent stem cell (hPSCs), including human embryonic stem
cells (hESCs) and human induced pluripotent stem cells
(hiPSCs), have enabled in vitro generation of diverse human
cell types including neurons and glia, thereby allowing the
investigation of biological processes directly in the human
context [5]. hiPSC technologies have further made it possible
to study the impact of healthy and disease-linked genotypes
on the development and physiology of human cells. In
addition, genetic manipulations using zinc finger nucleases,
TALENs, and CRISPR-Cas9 have facilitated recapitulation
of disease-linked mutations in cultured cells and repair of
genetic mutations in patient-derived hiPSCs [6]. These
approaches have been a boon for studying human neuro-
biology, revealing cellular phenotypes linked with brain
disorders [7]. Nevertheless, the lack of tissue architecture and
tissue environment limits the disease phenotypes that can be
recapitulated and studied using monolayered culture systems.
To overcome these issues, efforts in suspension culture of
hPSCs led to the culture protocols to generate 3-D embryoid
bodies (EB) [8, 9] and self-organizing organoid systems of
different regions of the human central nervous system,
including the cortex [10] and the retina [11].

Human brain organoids are hPSC-derived self-organiz-
ing structures that recapitulate the neurodevelopmental
scheme to generate 3-D tissue architectures that mimic
various features of the developing fetal brain pertaining to
cellular composition and tissue structure [12]. hPSCs cul-
tured in appropriate media conditions form an EB [9] or a
spheroid [13] and undergo neural induction to adopt the
neuroectodermal fate [10, 13, 14]. The neuroectodermal
progenitors self-organize into multiple 3-D structures fea-
turing apical lumens called neural rosettes or neural buds
reminiscent of the neural tube. Exposure of these

neuroectodermal cells to Matrigel, an extracellular matrix
rich gel, can boost formation of larger neural rosettes with
continuous neuroepithelium [14]. Subsequently, the neu-
roectodermal cells give rise to the neural stem and pro-
genitor cells that proliferate and differentiate to generate
neurons and glia of the human brain (Fig. 1). Importantly,
organoid development mimics the temporal neurodevelop-
mental trajectory similar to the fetal development and
recapitulates the corresponding cell types and gene
expression profiles in a similar timeframe. This has been
verified in multiple studies by immunohistochemical ana-
lysis as well as by comparing bulk and single-cell tran-
scriptomic and epigenomic profile of fetal and organoid
samples [13–26]. Corroborating their functional maturity,
neurons generated in the organoids have been reported to
form synaptic structures as revealed by electron microscopy
[20, 27]. In addition, action potentials and calcium tran-
sients that are sensitive to synaptic blockers are suggestive
of functional synapses [10, 13–15, 19, 20, 27]. Furthermore,
brain organoids can also recapitulate development of glial
cells— astrocytes and oligodendrocytes [13, 28]. Thus,
brain organoids offer an experimentally amenable system to
visualize and investigate aspects of human neurodevelop-
ment in a dish. Some latest reviews have covered the history
of the organoid technology [12, 29, 30] and the use of
organoids to study brain evolution and neurodevelopment
[31, 32]. In this review, we summarize how the diverse
brain organoid methods can be utilized to screen for novel
neurological phenotypes and to enhance our understanding
of brain diseases.

Recapitulating human context using brain
organoids

hPSC-based organoid systems facilitate investigation of
phenotypes specific to the human context by combining two
important determinants of the human features—the human
genome and the associated human developmental timeline.

Human genomic context

Genetic mutations are a major driving force of neurological
and psychiatric disorders [1, 33]. Large-scale genetic mapping
studies using genome-wide associations and whole genome or
exome sequencing have identified many SNPs, InDels, and
structural variants associated with diverse brain diseases
[34, 35]. These disease-linked variants extend across a broad
spectrum ranging from rare, highly penetrant mutations to
common variants with low effect size. While it is possible to
recapitulate specific rare mutations for monogenic mendelian
disorders in animal model systems, it poses a big challenge
for polygenic/complex diseases, in which a large number of
loci contribute to the disease phenotype. Furthermore, during
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human evolution the genome has undergone many changes,
including gene duplications, losses, and special divergence in
the regulatory noncoding regions [36]. These evolutionary
genomic changes have possibly led to novel gene regulatory
mechanisms and subsequent innovations in neurodevelop-
ment, resulting in dramatic structural and compositional
changes in the human brain, especially the cerebral cortex
[37–42]. These evolutionary sequence polymorphisms are
also implicated in various psychiatric disorders [43]. Hence,
to understand the impact of disease-associated variants and
the etiology of human diseases, it is crucial to consider the
human genomic context and the evolutionarily diversified
neurological features.

hPSC-derived organoids maintain the human genomic
context and enable studying the impact of disease-
associated monogenic as well as polygenic genomic chan-
ges. For instance, Down syndrome (DS)/trisomy 21 is a
human aneuploidy with complex neurological con-
sequences [44]. The unique combination of genes on the
human chromosome 21 makes it difficult to mimic all the
aspects of the disorder using animal models, where the same
genes are scattered across different chromosomes. Although
there have been insightful studies that mimic the trisomy of
these genes in mice, hiPSC-based approach has further
boosted DS research [44, 45]. Recently, using brain orga-
noids grown from hiPSCs of DS patients, Xu et al. showed
that misregulated expression of OLIG2 gene in the ventral
forebrain progenitors leads to overproduction of inhibitory
interneurons in the DS brain organoids, possibly linking it

to the imbalance of excitatory and inhibitory neuro-
transmission implicated in DS [45, 46]. Importantly, repli-
cation of the human genomic context is not restricted to
hiPSC-based methods but can also be coupled with genome
editing methods and reporter assays to screen impact of
disease-relevant genetic variants.

Human developmental time

A prominent difference in human and rodent developmental
scheme is developmental time. Human gestation period is
highly protracted and requires 40 weeks compared with
around 20 days for mouse. Similar protraction is reflected in
human neurogenesis, which spans beyond 20 weeks in
contrast to a week in mouse [47], and the subsequent neu-
ronal migration and maturation. Hence, recapitulating the
impact on temporal phenotypes such as cell cycle dynamics,
duration of neurogenic period, and cell migration rate is
challenging using model organisms. Interestingly, brain
organoid culture recapitulates species-related developmental
timing in vitro, giving an opportunity to assay phenotypes
unique to the human neurodevelopmental timeline. For
instance, upon comparing the cell cycle dynamics of neural
progenitors in organoids grown from hiPSCs from control
and autism spectrum disorder (ASD) probands, Mariani
et al. found that the cell cycle in the ASD proband organoids
was significantly shorter, resulting in increased neuronal
differentiation and overproduction of neurons [48]. Fur-
thermore, protraction of human neurodevelopment makes it

Fig. 1 Schematic representation of general brain organoid culture
scheme. Two-dimensional cultured hPSCs are dissociated and reag-
gregated to form an embryoid body (EB) or a spheroid in hPSC culture
medium supplemented with Rho kinase inhibitor. Subsequent culture
in a neural induction medium boosts the neuroectodermal fate. The
neuroectodermal cells self-organize into multiple 3-D structures fea-
turing apical lumens called “neural rosettes” or “neural buds,”

reminiscent of the neural tube. This process is further boosted upon
exposure to Matrigel, an extracellular matrix rich gel. Subsequently,
the neuroectodermal cells give rise to the neural stem and progenitor
cells that proliferate and differentiate to give rise to neurons and glia.
The insets show zoomed in pictures with nuclei represented in shades
of blue. For region-specific organoid protocols, patterning factors are
added to the culture media at specific stages.
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more susceptible to environmental insults. Indeed, maternal
starvation and chronic exposure to toxic compounds can
lead to severe neurological disorders and increased risk of
psychiatric diseases [49]. Impact of chronic exposure to
chemical agents can be studied using human brain organoids
[15, 50, 51], which is otherwise difficult to study in animal
models with short gestational periods.

Diverse palette of human brain organoid culture
methods and their applications

The initial brain organoid culture protocols pioneered by the
Sasai [10, 52] and Knoblich [14] groups paved the way to a
new field of research. Within the last few years, multiple
brain organoid protocols and related techniques, such as the

spheroid protocols [13], have been developed to mimic
aspects of embryonic and fetal brain development. Current
protocols range from generation of simpler brain organoids
focused on specific brain regions, to complex brain orga-
noids that recapitulate cell interactions and interconnectivity
between multiple brain regions (Fig. 2 and Box 1). We
highlight the major organoid culture methodologies avail-
able currently, and their suitability and limitations for
studying neurodevelopmental phenomena and analyzing
novel neurological disease-associated phenotypes.

Self-patterned cerebral organoids

According to the “neural default pathway”, hPSCs cultured
in absence of external patterning factors adopt the

Fig. 2 Brain organoid technologies. Schematic representation of
currently available organoid methodologies. The schematics show a
section of an organoid and distinct colors represent different brain
regions. a Cerebral organoid protocol with minimalistic culture media
generates self-patterned organoids containing diverse regions of the
brain. b Region-specific organoids are generated by addition of pat-
terning factors to the culture media to direct the regional identities. c
Organoid fusions are generated by culturing young organoids with
distinct patterning together in a microwell or by embedding in a single
Matrigel droplet. The fusion approach allows investigation of inter-
action between the cells of differently patterned organoids. d Axially
patterned organoids can be generated using a two-step process of EB
formation. A small EB generated from transgenic hPSCs, capable of
inducible expression of a morphogen (green cells) is seeded with

additional control hPSCs (grey cells) to form a larger EB harboring an
inducible signaling center. Upon induction of morphogen expression,
the secreted morphogen diffuses in the tissue and patterns the organoid
tissue in a gradient manner. e To incorporate cells of non-
neuroectodermal origin, coculture protocols have been developed. (i)
Cells added to the organoid culture medium, e.g., hiPSC-derived
microglia (magenta), infiltrate the organoid tissue. (ii) Mixing of
genetically altered cells during EB/spheroid formation is used to
incorporate cells designed to follow a different developmental trajec-
tory in the organoid. For example, upon mixing control hESCs with
hESCs expressing inducible version of hETV2, a reprogramming
factor for endothelial fate, cells expressing hETV2 (purple) adopted
endothelial fates in the brain organoids [90].
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neuroectodermal fate to generate neural tissue [53]. Based
on this principle, Lancaster et al. developed the cerebral
organoid protocol with minimalistic media [14, 54]. In this
protocol, the self-organization and self-patterning of hPSCs,
coupled with matrix-embedding, generate primarily neu-
roectodermal tissue arranged in the form of neural rosettes
and recapitulate the tissue architecture of the germinal zones
of neural stem and progenitor cells with the differentiated
neurons migrating outwards. Hence, phenotypes related to
tissue architectures can be studied using this protocol. For
instance, recently hiPSCs from patients carrying mutations
in DCSH1 and FAT4 genes were used to model periven-
tricular heterotopia using the cerebral organoid protocol
[55]. While analyzing the impact of the DCSH1 and FAT4
mutations, the authors found a defect in the morphology of
the radial glia cells that provide a scaffold for the radial
migration of the cortical neurons. In addition, scRNA-seq
analysis with lineage reconstruction revealed that an altered
neuronal state, with differentially expressed neuronal
migration and navigation-related genes, was enriched in the
mutant organoids. This observation was corroborated by
occurrence of a subset of neurons showing migratory
defects in the mutant organoids [55].

Due to the self-patterning-based development, the neu-
roectodermal regions originating in cerebral organoids have
diverse spatial identities across forebrain, midbrain, and
hindbrain, including organizer regions like the hem and

antihem that secrete morphogens to pattern the organoid
tissue [16]. As a result, the organoid morphology and brain
region composition varies across individual cerebral orga-
noids and especially across organoid batches and hiPSC
lines (Fig. 2a) [16, 20, 23, 24]. However, regardless of these
factors, scRNA-seq analysis has revealed that the tran-
scriptomic identity of the same cell type generated across
different cerebral organoids is highly similar at the level of
individual cells [20, 24, 56]. Therefore, in combination with
scRNA-seq-based interrogation, cerebral organoids can
reveal potential disease-related phenotypes and affected cell
types to postulate novel hypothesis about the disease
mechanisms. Thus, cerebral organoids can be a good
starting point to study human neurological disorders or
function of disease-associated genetic elements.

Region-specific organoids

During development, the identity of different brain regions
is established by patterning of the neural tube through the
action of developmental signaling pathways activated or
repressed by signaling molecules/morphogens secreted
in vivo by cells of the organizer regions [53]. Applying the
same principles in vitro, self-patterning in the organoids can
be restricted and the cells in the developing organoid can be
guided to adopt fates of specific brain regions by supple-
menting the culture media with patterning molecules that
stimulate or block the reciprocal developmental signaling at
appropriate developmental stages (Figs. 2b and 3).

Using previous knowledge from developmental biology
and 2-D hPSC differentiation protocols [57], region-specific
patterning media are designed based on the
anterior–posterior (AP) and dorso–ventral (DV) location of
the desired region in the neural tube (Fig. 3). The “primary
molecular cocktail” is supplemented to guide efficient
neural induction and the identity along the AP axis of the
neural tube. Inhibition of BMP and TGF-β signaling by “the
dual-SMAD strategy” efficiently guides the hPSCs to neu-
roectodermal identity [13, 15, 58]. Alternatively, TGF-β
inhibition with simultaneous WNT inhibition boosts neu-
roectodermal and mainly telencephalic identity (Fig. 3)
[10, 52]. High-throughput scRNA-seq profiling has
revealed that both strategies reproducibly generate tele-
ncephalic organoids [21, 23]. To induce more caudal fates,
early treatment with insulin and early WNT activation have
been used in a dose-dependent manner to generate thalamic
[59], hypothalamic [15, 60], midbrain [15, 60, 61] and
cerebellar fates (Fig. 3) [62]. The “second molecular
cocktail” is supplemented to guide the identity along the
DV axis of the neural tube. For telencephalic organoids, a
pulse of WNT activity at later stages enriches cerebral
cortex tissue [15, 60, 63] and combination of WNT and
BMP treatment enriches medial pallium fates to derive

Box 1 Commonly used organoid protocol terminologies

Improvement of brain organoid culture methods has lead to the use
of multiple terminologies that refer to distinct protocols that
generate brain organoids. Here we compile some of the
terminologies used in the field.
Cerebral organoids: Self-patterned brain organoids generated
from a multipotent EB using minimalistic media and containing
neural tissues of diverse spatial identities across forebrain,
midbrain and hindbrain [14].
Cortical spheroids: Brain organoids enriched in cortical tissue
generated by the spheroid method [13].
Basic cerebral organoid and spheroid protocols can be adapted by
supplementing patterning factors to generate region-specific
cerebral organoids. For example, forebrain organoids refer to such
regionally patterned brain organoids enriched for forebrain identity
and generated by adding patterning molecules to the cerebral
organoid protocol [15]. Similarly, other regionally patterned
organoids are termed according to the respective brain region
enriched in the resulting organoid.
Engineered cerebral organoids (enCORs): Improved cerebral
organoids generated using microfilament scaffolds and modified
culture media to enrich dorsal forebrain fates [63].
Assembloids: An alternative term for organoid fusions [141].
Air–liquid interface cerebral organoids (ALI-COs): Long-term
organotypic-slice culture of cerebral organoids at air–liquid
interface [22].
Sliced neocortical organoids (SNOs): Long-term suspension
culture of organotypic slices of neocortical organoids with
preservation of the ventricular zone structure [116].
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hippocampal tissue (Fig. 3) [64]. On the other hand, ventral
fates crucially depend on sonic hedgehog (SHH), secreted
by the notochord and the floorplate [65]. Early SHH acti-
vation is used to drive ventral fates of the telencephalon
[19, 66, 67], hypothalamus, and midbrain [15, 61]. In
addition to this broad scheme, additional region-specific
morphogens are included in some patterning media (Fig. 3).

While these molecular cocktails establish the broad
identities of brain regions, generating sub-region-specific
organoids is challenging. For instance, the mammalian
cortex is subdivided into multiple functional areas like the
prefrontal cortex in the frontal lobe and visual cortex in the
occipital lobe that differ in their gene expression profiles,
cell diversity, and function [68, 69]. In addition, specific
areas of the cortex such as the prefrontal cortex are
exceptionally expanded in humans [70] and implicated in
psychiatric disorders [71, 72]. However, the current cortical
organoid protocols generate cortical tissues with mixed
identities [10, 52, 73, 74]. Novel protocols that generate
organoids of specific areas of the cortex will be useful to

further boost the investigation of human brain diseases. On
these lines, treatment of cortical organoids with anterior
patterning factor FGF8 was shown to rostralise the cortical
tissue [10, 52]. However, given the involvement of the same
signaling molecules in patterning of different brain regions,
the current challenge is to identify chemically-defined
molecular cocktails and respective timeframes of treatment,
which specify brain regions of interest in a cost-effective
and reproducible manner.

Region-specific organoids are useful to study the impact
of genetic defects or chemical treatments on a specific
disease-associated brain region. For example, Parkinson’s
disease (PD) is a neurodegenerative disorder characterized
by loss of dopaminergic neurons in the midbrain [75].
Protocols to generate midbrain-floorplate organoids suc-
cessfully generate TH positive dopaminergic neurons
implicated in the disease [61] and help to further investigate
the disease mechanisms by growing midbrain-like orga-
noids from PD patient-derived hiPSCs [76, 77]. However, it
should be noted that region-specific organoids require prior

Fig. 3 Neurodevelopmental patterning principles and region-
specific brain organoid culture protocols. During development, the
identity of different brain regions is established by patterning of the
neural tube through the action of developmental signaling pathways.
Applying the same principles in vitro, the cells in the developing
organoid can be guided to adopt fates of specific brain regions by

supplementing the culture media with patterning molecules. The
schematic drawing represents the different regions of the human neural
tube (right) and a transverse section of the telencephalon (left) with the
corresponding crucial patterning factors. The boxes include patterning
strategies from key studies that pioneered region-specific patterning
protocols.
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knowledge or hypothesis about the disease mechanism and
restrict investigation of interregion interactions, a crucial
feature of brain function.

Organoid fusions

The complex circuitry of the brain is generated by interac-
tion between cells of different, often very distant, brain
regions. This challenge of finding the right functional
partner is overcome by two kinds of cell behaviors: (a)
active migration of cells to their target sites (e.g., the cor-
tical interneurons born in the ventral telencephalon migrate
dorsally to the cerebral cortex [78]) and (b) long-range
projections via axonal tracts (e.g., neurons of the thalamic
nuclei project to the cortex via the “thalamocortical tract” to
relay the sensory information [79]). Defects in neuronal
migration or axon pathfinding can result in cortical mal-
formations and severe congenital disorders [80, 81]. How-
ever, interregion cell interactions cannot be recapitulated
with region-specific organoids, and the variability of the
cerebral organoid protocol prevents consistent formation of
the interacting regions of interest. To overcome this pro-
blem, several groups developed organoid fusion methods,
wherein prepatterned EB/young organoids are co-cultured
either in a microwell or a tube [19, 59, 67] or embedded
together in a single Matrigel droplet [66]. Eventually, the
two regions fuse together and exhibit complex cell inter-
actions (Fig. 2c). Fusion of organoids with different genetic
backgrounds allows studying cell autonomous and non-
autonomous effects of the genetic background on neuronal
behavior. Furthermore, live imaging of fused organoids or
their organotypic slices enables visualization of these
complex cell behaviors including neuronal migration, axon
pathfinding, and long-range projections.

The organoid fusion approach has been particularly
insightful to study migration of cortical interneurons
[19, 66, 67]. Fusion of dorsal and ventral telencephalic
organoids (DV fusions) made it possible to visualize the
characteristic saltatory migration of cortical interneurons
and to study the impact of genetic and chemical perturba-
tion on their migratory properties. Birey et al. used the DV
fusion approach to study the impact of gain-of-function
mutation in a L-type calcium channel that causes Timothy
syndrome (TS) characterized by ASD and epilepsy [19].
When ventral telencephalic organoids grown from TS
patient-derived hiPSCs were fused with control dorsal tel-
encephalic organoids, the interneurons carrying the TS
mutation showed cell autonomous defects in saltatory
migration. Applying a chemical agent that reduced the
activity of the L-Type calcium channel lowered the impact
of the mutation and rescued the migratory defects [19].
Another study used the fusion approach to recapitulate
long-range corticothalamic and thalamocortical projections

by fusing region-specific cortical and thalamic organoids
[59]. The thalamocortical projections further showed colo-
calization with synaptic markers suggestive of synaptic
connection between cortical and thalamic neurons. Thus,
organoid fusion methods are powerful techniques to
visualize and study complex interregion interactions that are
not possible to study using 2-D monolayered culture.
However, it should be noted that the organoids lack the
exact spatial map of attractive and repulsive cues present in
the fetal brain and thus the neurons are unlikely to replicate
the stereotypic paths observed in vivo. Nevertheless, orga-
noid fusions can be used to build assays to screen for cell
behaviors such as neuronal migration and formation of
neuronal connections. In the future, we anticipate that an
extension of these fusion approaches will help to build more
complex brain circuitry and neuronal connections with
nonneural organoids or primary tissues.

Axially patterned organoids

The enormous diversity of the neurons in the brain is gen-
erated by gradients of morphogen activity in AP and DV
direction [57]. However, any morphogen added to the
medium is delivered in a uniform concentration, possibly
restricting the diversity of fates. To establish a gradient of
morphogen activity and downstream patterning, Cederquist
et al. established a novel way to generate axially patterned
organoids using a two-step process of EB formation [82].
Initially, a small EB was generated from transgenic hPSCs,
capable of inducible expression of a morphogen. Sub-
sequent seeding of additional hPSCs led to formation of a
larger EB harboring an inducible signaling center or orga-
nizer (Fig. 2d). Upon induction of morphogen expression,
the secreted morphogen diffused in the tissue to create a
gradient. Cederquist et al. used this method to create a
gradient of the ventral-inducing morphogen SHH and suc-
cessfully generated telencephalic organoids with a spatially
arranged DV axis [82]. In the future, this new technology
will pave the way to pattern longer developmental axes such
as the AP axis and to combine different axes to mimic
in vivo patterning. Axial patterning combined with organoid
fusion will help to recreate the complexity of brain in a
regulated manner.

Coculture with other cell types and tissues

The brain also contains cells with nonneuroectodermal origin,
namely microglia and the cells of the vasculature. Microglia
are brain resident macrophages that play a crucial role in
neuronal maturation and functioning. Microglial dysfunction
is implicated in neurodegenerative disorders and psychiatric
disorders such as schizophrenia and autism [83]. However,
since microglia originate in the yolk sac, it is difficult to
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generate them simultaneously with the neuroectoderm in the
current organoid systems. A recent study reported presence of
microglial-like cells in cerebral organoids, originating from a
few mesodermal cells arising in the cerebral organoid pro-
tocol [84]. However, for the broad applicability to diverse
brain organoids methods, other groups have co-cultured
organoids with hiPSC-derived microglia that infiltrate the
organoid (Fig. 2e) [85, 86]. Recently, such coculture para-
digm was used to study clearance of the amyloid β protein
aggregates in organoids carrying familial Alzheimer’s disease
mutations [87]. Further improvements and tests with these
methods will boost in vitro recapitulation of microglial
functions in the organoids.

Brain vasculature develops from endothelial cells to
build the blood–brain barrier and provides oxygen and
nutrients to the developing brain tissue [88]. Due to the lack
of vasculature, the current organoids protocols often exhibit
a necrotic core in the center of the organoid, posing a limit
on the organoid growth capacity. Implantation of human
brain organoids in the adult mouse brain, resulted in the
vascularization of the organoid tissue and replacement of
necrotic core with healthy neurons [89]. However, the
generation of brain vasculature in vitro has been challen-
ging. In a recent study, Cakir et al. generated organoids by
mixing control hESCs with hESCs expressing inducible
version of hETV2, a reprogramming factor for endothelial
fate. Upon induction, the cells expressing hETV2 in the
brain organoids adopted endothelial fates and gene
expression profiles (Fig. 2e) [90]. These “endothelium-
containing brain organoids” implanted in the mouse formed
functional blood vessels in vivo. Alternatively, in a new
preprint, coculture of brain organoids with human umbilical
vein endothelial cells has been proposed as a strategy to
vascularize organoids [91]. It will be interesting to test to
what extent these methods can recapitulate the blood–brain
barrier in the organoids. Recently, co-culturing techniques
have also been used to recapitulate glioblastoma pathology
by coculture of patient-derived glioblastoma stem cells with
cortical organoids [92, 93]. Thus, organoid coculture
methods expand the usability of brain organoid systems.

Given this great diversity of brain organoid culture
methods, it can be challenging for the investigators to
choose the right method. Indeed, there is no one brain
organoid protocol that fits all purposes. Instead, these
diverse methods offer a collection of bioassays, each having
their own benefits and limitations. It is advisable to choose
the organoid assay based on the balance between the
complexity vs minimalism of the organoid system required
for the biological question under investigation and to
interpret the results keeping in mind the limitations of each
assay. A combination of different organoid assays will help
to unravel diverse phenotypes associated with the biological
question at hand.

Modeling human neurodevelopmental and
neurological disorders using brain organoids

The abovementioned organoid technologies equip us with
tools to investigate mechanisms of brain diseases and novel
disease phenotypes, which can eventually lead to better
diagnostic methods and therapies. For an overview of
diverse brain disorders modeled using organoids refer to
Table 1 and also some of the latest excellent reviews
[94, 95]. Here we focus on a few prominent neurological
disorders related to cortical progenitor biology for which
organoids have been instrumental to unravel biological
mechanisms related to cell proliferation, cell death, and
neuronal differentiation.

Abnormalities in cortical progenitor function can have
detrimental effects on brain development [96]. Both pro-
liferative capacity and morphology of the cortical pro-
genitors are crucial to ensure normal neurogenesis and
neuronal migration, to ultimately determine the cortical
cytoarchitecture. Briefly, the stem and progenitor cells of
the developing mammalian cortex are located in the neu-
roepithelium that lines the developing ventricles, forming
the ventricular zone. Initially, these progenitors, referred to
as apical/ventricular radial glia undergo symmetric divi-
sions to expand their pool. Later during development, they
switch to asymmetric divisions to generate either neurons
via direct neurogenesis or intermediate progenitors with
limited self-renewal capacity. Intermediate progenitors
delaminate from the ventricular zone and localize basally to
form the subventricular zone, where they undergo neuro-
genic divisions to give rise to the cortical neurons [97].
Compared with rodents, the number, proliferative capacity
and diversity of the neural stem and progenitor cells are
greater in the developing human cerebral cortex [98]. The
subventricular zone is specially expanded in humans due to
a higher number of intermediate progenitors and enrich-
ment of a special class of transit amplifying intermediate
progenitors called basal/outer radial glia, which show
increased self-renewal capacity and neuronal output.
Owing to these differences in the genetic landscape, pro-
genitor make-up and tissue architecture, often the mouse
models carrying similar disease-like mutations only par-
tially recapitulate different aspects of cortical defects.
Notably, brain organoids recapitulate the diverse classes of
human cortical stem and progenitor cells as well as their
temporal birth order [14, 17]. Organoids also recapitulate
the ventricular zone and subventricular zone cytoarchi-
tecture and newborn neurons migrate outwards to more
basal locations to form the cortical plate-like structure
[52, 63]. In the following sections, we illustrate how brain
organoids have been useful to study diseases associated
with progenitor dysfunction caused by genetic mutations as
well as viral pathogens.

Brain organoids: an ensemble of bioassays to investigate human neurodevelopment and disease 59



Ta
bl
e
1
H
um

an
di
se
as
e
co
nd

iti
on

s
m
od

el
ed

us
in
g
br
ai
n
or
ga
no

id
s.

D
is
ea
se
/c
on

di
tio

n
C
el
ls
/g
en
et
ic

ba
ck
gr
ou

nd
P
he
no

ty
pe
s
in

or
ga
no

id
s

R
ef
er
en
ce
s

M
ic
ro
ce
ph

al
y-
re
la
te
d
ph

en
ot
yp

es

P
ri
m
ar
y
m
ic
ro
ce
ph

al
y

M
ic
ro
ce
ph

al
y
pa
tie
nt
-d
er
iv
ed

hi
P
S
C
s
ca
rr
yi
ng

m
ut
at
io
ns

in
C
D
K
5R

A
P
2
ge
ne
.

S
m
al
le
r
or
ga
no

id
s.
P
re
m
at
ur
e
ne
ur
og

en
es
is
an
d
ex
ha
us
tio

n
of

ne
ur
al

st
em

ce
lls
.

[1
4]

M
ic
ro
ce
ph

al
y
pa
tie
nt
-d
er
iv
ed

hi
P
S
C
s
ca
rr
yi
ng

m
ut
at
io
ns

in
A
SP

M
ge
ne
.

S
m
al
le
r
or
ga
no

id
s.

[1
23
]

iP
S
C
s
ge
ne
tic
al
ly

ed
ite
d
to

de
le
te

W
D
R
2
ge
ne
.

S
m
al
le
r
or
ga
no

id
s.
P
re
m
at
ur
e
ne
ur
og

en
es
is
an
d
re
du

ct
io
n
in

ve
nt
ri
cu
la
r

an
d
ou

te
r
ra
di
al

gl
ia
.

[1
03
]

S
ec
ke
l
sy
nd

ro
m
e

S
ec
ke
ls
yn

dr
om

e
pa
tie
nt
-d
er
iv
ed

hi
P
S
C
s
ca
rr
yi
ng

m
ut
at
io
ns

in
C
P
A
P
ge
ne
.

S
m
al
le
r
or
ga
no

id
s
w
ith

pe
rt
ur
be
d
ne
ur
al
ro
se
tte

m
or
ph

ol
og

y.
P
er
tu
rb
ed

ci
liu

m
di
sa
ss
em

bl
y,

de
la
ye
d
ce
ll
cy
cl
e
re
en
tr
y
an
d
pr
em

at
ur
e
ne
ur
on

al
di
ff
er
en
tia
tio

n.

[1
24
]

Z
ik
a
vi
ru
s
in
fe
ct
io
n-
in
du

ce
d

m
ic
ro
ce
ph

al
y

O
rg
an
oi
d
in
fe
ct
io
n
w
ith

hu
m
an

Z
ik
a
vi
ru
s.

In
fe
ct
io
n
of

ne
ur
al

pr
og

en
ito

rs
in

th
e
or
ga
no

id
s
af
fe
ct
ed

th
ei
r

pr
ol
if
er
at
iv
e
ca
pa
ci
ty
,l
ed

to
pr
em

at
ur
e
ne
ur
og

en
es
is
an
d
in
cr
ea
se
d
ce
ll

de
at
h
le
ad
in
g
to

re
du

ce
d
or
ga
no

id
si
ze
.

C
he
m
ic
al

sc
re
en

of
in
fe
ct
ed

or
ga
no

id
s
fo
r
th
ei
r
ab
ili
ty

to
ne
ut
ra
liz
e

Z
ik
a
vi
ru
s
an
d
am

el
io
ra
te

th
e
ne
ur
ol
og

ic
al

de
fe
ct
s.

[1
5,

10
5–

10
9]

A
ic
ar
di
–
G
ou

tiè
re
s

sy
nd

ro
m
e
(A

G
S
)

G
en
e-
ed
ite
d
hE

S
C
s
an
d
A
G
S
pa
tie
nt
-d
er
iv
ed

hi
P
S
C
s
ca
rr
yi
ng

m
ut
at
io
ns

in
T
R
E
X
1
ge
ne
.

S
m
al
le
r
or
ga
no

id
s
w
ith

re
du

ce
d
pr
ol
if
er
at
io
n
an
d
hi
gh

er
ne
ur
ot
ox

ic
ity

.
S
im

ila
r
ne
ur
ot
ox

ic
ity

in
co
nt
ro
l
or
ga
no

id
s
tr
ea
te
d
w
ith

T
R
E
X
1
m
ut
an
t

as
tr
oc
yt
e-
co
nd

iti
on

ed
m
ed
iu
m

(d
ue

to
ac
tio

n
of

se
cr
et
ed

in
te
rf
er
on

s)
.

[1
25
]

M
ac
ro
ce
ph

al
y-
re
la
te
d
ph

en
ot
yp

es

M
ac
ro
ce
ph

al
y

hP
S
C
s
ge
ne
-e
di
te
d
fo
r
P
T
E
N

lo
ss

of
fu
nc
tio

n.
E
nh

an
ce
d
A
K
T
si
gn

al
in
g,

tr
an
si
en
tly

de
la
ye
d
ne
ur
on

al
di
ff
er
en
tia
tio

n,
an
d
ex
pa
nd

ed
ve
nt
ri
cu
la
r
pr
og

en
ito

rs
an
d
in
te
rm

ed
ia
te

pr
og

en
ito

r
po

ol
s.

A
pp

ea
ra
nc
e
of

fo
ld
s
on

th
e
or
ga
no

id
su
rf
ac
e.

[1
13
]

S
an
dh

of
f
di
se
as
e

S
an
dh

of
f
di
se
as
e
pa
tie
nt
-d
er
iv
ed

hi
P
S
C
s
ca
rr
yi
ng

m
ut
at
io
ns

in
H
E
X
B
ge
ne
.

A
cc
um

ul
at
io
n
of

G
M
2
ga
ng

lio
si
de
,i
nc
re
as
ed

or
ga
no

id
si
ze

an
d
hi
gh

er
pr
og

en
ito

r
pr
ol
if
er
at
io
n.

[1
26
]

L
is
se
nc
ep
ha

ly
M
ill
er
–
D
ie
ke
r

sy
nd

ro
m
e
(M

D
S
)

M
D
S
pa
tie
nt
-d
er
iv
ed

hi
P
S
C
s
w
ith

he
te
ro
zy
go

us
de
le
tio

ns
of

hu
m
an

re
gi
on

17
p1

3.
3.

S
m
al
le
r
or
ga
no

id
s
w
ith

pe
rt
ur
be
d
ne
ur
al

ro
se
tte

m
or
ph

ol
og

y
an
d

pe
rt
ur
be
d
pl
ai
n
of

di
vi
si
on

.
N
eu
ro
na
l
m
ig
ra
tio

n
de
fe
ct
s
an
d
in
cr
ea
se
d

nu
m
be
r
of

de
ep

la
ye
r
ne
ur
on

s
at

la
te

st
ag
es
.

[1
27
,
12

8]

P
er
iv
en
tr
ic
ul
ar

he
te
ro
to
pi
a

P
er
iv
en
tr
ic
ul
ar

he
te
ro
to
pi
a
pa
tie
nt
-d
er
iv
ed

hi
P
S
C
s
ca
rr
yi
ng

m
ut
at
io
ns

in
D
C
SH

1
an
d
F
A
T
4
ge
ne
s

D
ef
ec
ti
n
th
e
m
or
ph

ol
og

y
of

ra
di
al
gl
ia
ce
lls
,a
lte
re
d
ne
ur
on

al
st
at
e
in

a
su
bs
et

of
ne
ur
on

s
re
su
lti
ng

in
de
fe
ct
iv
e
m
ig
ra
tio

n
an
d
he
te
ro
to
pi
c

lo
ca
liz
at
io
n
of

ne
ur
on

s.

[5
5]

G
lio

bl
as
to
m
a

O
nc
og

en
e
ac
tiv

at
io
n
in

br
ai
n
or
ga
no

id
s.

N
eo
pl
as
tic

tis
su
e
de
ve
lo
pm

en
t
in

th
e
or
ga
no

id
.
T
ra
ns
pl
an
ta
tio

n
of

th
e

or
ga
no

id
tu
m
or

in
th
e
m
ou

se
fu
rt
he
r
fo
rm

ed
a
cl
in
ic
al
tu
m
or
.O

rg
an
oi
ds

us
ed

as
pl
at
fo
rm

to
sc
re
en

an
ti-
ca
nc
er

dr
ug

s.

[1
29
,
13

0]

C
oc
ul
tu
re

of
pa
tie
nt
-d
er
iv
ed

gl
io
m
a
st
em

ce
lls

w
ith

ce
re
br
al

or
ga
no

id
s.

N
eo
pl
as
tic

tis
su
e
de
ve
lo
pm

en
t
in

th
e
or
ga
no

id
.
O
rg
an
oi
ds

us
ed

as
pl
at
fo
rm

to
sc
re
en

an
ti-
ca
nc
er

dr
ug

s.
[9
2,

93
]

A
ut
is
m

sp
ec
tr
um

di
so
rd
er

(A
SD

)
re
la
te
d

A
S
D

O
rg
an
oi
ds

gr
ow

n
fr
om

A
S
D

pr
ob

an
d-
de
ri
ve
d
hi
P
S
C
s.

F
as
te
r
ce
ll
cy
cl
e
of

pr
og

en
ito

rs
le
ad
in
g
to

ov
er
pr
od

uc
tio

n
of

ne
ur
on

s.
M
is
re
gu

la
te
d
ex
pr
es
si
on

of
F
O
X
G
1
lin

ke
d
w
ith

hi
gh

er
pr
od

uc
tio

n
of

G
A
B
A
er
gi
c
in
te
rn
eu
ro
ns

ov
er

gl
ut
am

at
er
gi
c
ex
ci
ta
to
ry

ne
ur
on

s.

[4
8]

60 J. Sidhaye, J. A. Knoblich



Ta
bl
e
1
(c
on

tin
ue
d)

D
is
ea
se
/c
on

di
tio

n
C
el
ls
/g
en
et
ic

ba
ck
gr
ou

nd
P
he
no

ty
pe
s
in

or
ga
no

id
s

R
ef
er
en
ce
s

A
S
D

w
ith

m
ac
ro
ce
ph

al
y

O
rg
an
oi
ds

gr
ow

n
fr
om

A
S
D

pr
ob

an
d-
de
ri
ve
d
hi
P
S
C
s.

P
er
tu
rb
ed

m
or
ph

ol
og

y
of

de
ep

la
ye
r
ne
ur
on

s
[1
31
]

R
et
t
sy
nd

ro
m
e

R
et
t
sy
nd

ro
m
e
pr
ob

an
d-
de
ri
ve
d
hi
P
S
C
s.

N
eu
ra
l
ro
se
tte

ph
en
ot
yp

e
w
ith

de
re
gu

la
te
d
ne
ur
og

en
es
is
an
d
m
iR
N
A

ex
pr
es
si
on

.
[1
32
]

N
eu
ro
de
ge
ne
ra
ti
ve

di
so
rd
er
s

P
ar
ki
ns
on

’s
di
se
as
e
(P
D
)

P
D

pa
tie
nt
-d
er
iv
ed

hi
P
S
C
s
ca
rr
yi
ng

L
R
R
K
2-
G
20

19
S

m
ut
at
io
ns
.

R
ed
uc
ed

ge
ne
ra
tio

n
an
d
co
m
pl
ex
ity

of
m
id
br
ai
n
do

pa
m
in
er
gi
c
ne
ur
on

s.
[7
6,

77
]

A
lz
he
im

er
’s

di
se
as
e
(A

D
)

A
D

pa
tie
nt
-d
er
iv
ed

hi
P
S
C
s
ca
rr
yi
ng

fa
m
ili
al

A
D

m
ut
at
io
ns

in
A
D

pr
ec
ur
so
r
pr
ot
ei
n
or

P
SE

N
1.

O
cc
ur
re
nc
e
of

am
yl
oi
d
β
(A

β)
ag
gr
eg
at
es
,h

yp
er
ph

os
ph

or
yl
at
ed

ta
u
an
d

st
ru
ct
ur
es

si
m
ila
r
to

am
yl
oi
d
pl
aq
ue
s
an
d
ne
ur
ofi

br
ill
ar
y
ta
ng

le
s.

E
le
ct
ro
ph

ys
io
lo
gi
ca
l
re
co
rd
in
gs

re
ve
al
ed

in
cr
ea
se
d
ex
ci
ta
to
ry

bu
rs
tin

g
ac
tiv

ity
.
C
oc
ul
tu
re

of
A
D

or
ga
no

id
s
w
ith

m
ic
ro
gl
ia

re
du

ce
s
A
β

ag
gr
eg
at
es
.

[8
7,

11
8,

13
3,

13
4]

F
ro
nt
o-
te
m
po

ra
l
de
m
en
tia

(F
T
D
)

F
T
D

pa
tie
nt
-d
er
iv
ed

hi
P
S
C
s
ca
rr
yi
ng

th
e
T
A
U

P
30

1L
m
ut
at
io
n.

T
A
U

ph
os
ph

or
yl
at
io
n.

O
ve
re
xp

re
ss
io
n
of

m
od

ifi
ed

fo
rm

of
p3

5
re
du

ce
d
le
ve
ls
of

ph
os
ph

or
yl
at
ed

T
A
U

an
d
in
cr
ea
se
d
ex
pr
es
si
on

of
sy
na
pt
op

hy
si
n.

[1
35
]

P
sy
ch
ia
tr
ic

di
so
rd
er
s

D
IS
C
1
m
ut
at
io
n

hP
S
C
s
ge
ne
-e
di
te
d
to

de
le
te

D
IS
C
1
ge
ne
.

P
er
tu
rb
ed

m
or
ph

ol
og

y
of

th
e
ne
ur
al

ro
se
tte
s

[1
36
]

S
ch
iz
op

hr
en
ia

pa
tie
nt
-d
er
iv
ed

hi
P
S
C
s
ca
rr
yi
ng

D
IS
C
1

m
ut
at
io
n.

P
er
tu
rb
ed

pr
og

en
ito

r
pr
ol
if
er
at
io
n
an
d
de
la
ye
d
ce
ll
cy
cl
e
in

or
ga
no

id
s

ca
rr
yi
ng

D
IS
C
1
m
ut
at
io
n
or

ov
er
ex
pr
es
si
ng

tr
un

ca
te
d
D
IS
C
1.

[1
37
]

E
pi
le
ps
y-
re
la
te
d
di
so
rd
er
s

T
ub

er
ou

s
sc
le
ro
si
s

iP
S
C
s
ge
ne
-e
di
te
d
fo
r
T
SC

1
an
d
T
SC

2
ge
ne
s.

R
ed
uc
ed

ne
ur
og

en
es
is
an
d
in
cr
ea
se
d
gl
io
ge
ne
si
s.
H
ig
he
r
m
T
O
R

si
gn

al
in
g
an
d
dy

sm
or
ph

ic
ce
lls

in
th
e
or
ga
no

id
s.
D
ef
ec
ts
re
du

ce
d
w
ith

ra
pa
m
yc
in

tr
ea
tm

en
t.

[1
38
]

T
im

ot
hy

sy
nd

ro
m
e

iP
S
C
s
ca
rr
yi
ng

th
e
L
-t
yp

e
ca
lc
iu
m

ch
an
ne
l
m
ut
at
io
n

D
V

fu
si
on

of
ve
nt
ra
l
te
le
nc
ep
ha
lic

or
ga
no

id
s
gr
ow

n
fr
om

T
im

ot
hy

sy
nd

ro
m
e
pa
tie
nt
-d
er
iv
ed

hi
P
S
C
s
w
ith

co
nt
ro
l
do

rs
al

te
le
nc
ep
ha
lic

or
ga
no

id
s:
th
e
in
te
rn
eu
ro
ns

ca
rr
yi
ng

th
e
ch
an
ne
l
m
ut
at
io
n
sh
ow

ed
ce
ll

au
to
no

m
ou

s
de
fe
ct
s
in

sa
lta
to
ry

m
ig
ra
tio

n.
A
pp

ly
in
g
ch
em

ic
al

ag
en
t

th
at

re
du

ce
d
th
e
ac
tiv

ity
of

th
e
L
-T
yp

e
ca
lc
iu
m

ch
an
ne
l
lo
w
er
ed

th
e

im
pa
ct

of
th
e
m
ut
at
io
n
an
d
re
sc
ue
d
th
e
m
ig
ra
to
ry

de
fe
ct
s.

[1
9]

A
ng

el
m
an

sy
nd

ro
m
e
(A

ng
S
)

hP
S
C
s
ge
ne
-e
di
te
d
to

de
le
te
U
B
E
3A

ge
ne
.h

iP
S
C
s
fr
om

A
ng

S
pa
tie
nt

ca
rr
yi
ng

m
ic
ro
de
le
tio

n
of

re
gi
on

in
cl
ud

in
g

U
B
E
3A

ge
ne
.

C
or
tic
al

or
ga
no

id
s
gr
ow

n
fr
om

U
B
E
3A

-d
efi
ci
en
t
hP

S
C
s
sh
ow

ed
in
cr
ea
se
d
le
ve
ls
of

vo
lta
ge

de
pe
nd

en
t
bi
g
po

ta
ss
iu
m

ch
an
ne
ls
(B
K
).

C
om

pa
re
d
w
ith

co
nt
ro
l
ne
ur
on

s,
ne
ur
on

s
fr
om

th
e
U
B
E
3A

-d
efi
ci
en
t

or
ga
no

id
s
ex
hi
bi
te
d
en
ha
nc
ed

ex
ci
ta
bi
lit
y
an
d
fr
eq
ue
nt

fi
ri
ng

.
E
ff
ec
ts

re
sc
ue
d
by

B
K

an
ta
go

ni
st
tr
ea
tm

en
t.

[1
19
]

H
yp

ox
ia

O
rg
an
oi
d
cu
ltu

re
at

di
ff
er
en
t
ox

yg
en

co
nc
en
tr
at
io
ns

in
du

ce
d
un

fo
ld
ed

pr
ot
ei
n
re
sp
on

se
th
at

co
ul
d
be

re
du

ce
d
w
ith

in
te
gr
at
ed

st
re
ss

re
sp
on

se
in
hi
bi
to
r
(I
S
R
IB
)
tr
ea
tm

en
t
or

m
ic
ro
ce
ph

al
ic

ph
en
ot
yp

e
th
at

co
ul
d
be

re
du

ce
d
by

M
in
oc
yc
lin

e
tr
ea
tm

en
t

[1
39
,
14

0]

D
ow

ns
Sy

nd
ro
m
e
(D

S)
D
S
pa
tie
nt
-d
er
iv
ed

hi
P
S
C
s
w
ith

tr
is
om

y
21

.
M
is
re
gu

la
te
d
ex
pr
es
si
on

of
O
L
IG

2
le
ad
in
g
to

ov
er
pr
od

uc
tio

n
of

G
A
B
A
er
gi
c
in
te
rn
eu
ro
ns
.

[4
6]

Brain organoids: an ensemble of bioassays to investigate human neurodevelopment and disease 61



Primary microcephaly

Primary microcephaly is a congenital genetic disorder
characterized by highly reduced head and brain size with a
prominent phenotype in the cerebral cortex [99]. Studies
using model organisms, especially rodents, have implied
perturbed proliferation of cortical progenitors as the
underlying disease mechanism [100]. However, for many
microcephaly-linked genes, the extent of the microcephaly
phenotype differs across species. For instance, patients
carrying a mutation in the NDE1 gene have a severely
reduced brain size, while the Nde1 deletion mutant mice
show only a mild size reduction [101, 102]. Hence, orga-
noids offer a possibility to understand the human-specific
aspects of various microcephaly associated-mutations.
Lancaster et al. generated cerebral organoids using hiPSCs
derived from a primary microcephaly patient carrying
truncating mutations in the microcephaly gene CDK5RAP2
[14]. Cerebral organoids grown from these cells were sig-
nificantly smaller than the isogenic controls and contained
higher number of neurons at a younger developmental stage
compared with the controls, indicative of premature neu-
rogenesis. It was found that the loss of CDK5RAP2 func-
tion leads to premature shift of progenitor division mode
from symmetric to asymmetric divisions, leading to pre-
mature neurogenesis, exhaustion of the stem cell pool, and
ultimately the microcephalic phenotype. This study for the
first time showcased the disease modeling ability of the
brain organoids [14]. Recently, Zhang et al. recapitulated
the microcephalic phenotype using hPSCs gene-edited to
cause loss-of-function mutations in a crucial microcephaly
gene WDR62 [103]. In the WDR62−/− organoids, the pro-
liferation of the neural stem cells was severely perturbed,
with reduced symmetric proliferative divisions and occur-
rence of premature differentiation. Reduction in prolifera-
tion and increased apoptosis was not only observed in
ventricular progenitors but also for human-enriched outer
radial glia, which probably adds to the severity of the
human phenotype over the mouse.

Viral infection associated-microcephaly

Viral infections during pregnancy can have detrimental
effects on the development of the fetus and result in con-
genital defects and higher risk of developing psychiatric
disorders later in life [104]. Organoids played an important
role in establishing the link between maternal Zika virus
infection and congenital microcephaly [105, 106]. Studies
from multiple groups established that human neural pro-
genitors are susceptible to Zika virus infection. Infection of
neural progenitors in the organoids affected their pro-
liferative capacity, led to premature neurogenesis and
increased cell death resulting into reduced organoid size,

reminiscent of the microcephalic phenotype [15, 105, 106].
Subsequent studies used Zika infection in organoids to
screen compounds for their ability to neutralize Zika virus
and ameliorate the neurological defects [107–110]. Thus,
organoids can also be used to dissect impact of pathogens
that affect brain development and to identify potential
therapies.

Macrocephaly

On the opposite spectrum of progenitor-related disorders is
macrocephaly, which originates from higher proliferation of
neural progenitors through deregulated growth factor sig-
naling [96]. Heterozygous loss-of-function mutations in
PTEN were found in patients with macrocephaly and
associated ASD [111, 112]. Cerebral organoids grown from
hPSCs carrying PTEN loss-of-function mutation displayed
increased downstream AKT signaling, transiently delayed
neuronal differentiation and expanded progenitor pool of
both ventricular progenitors and intermediate progenitors
[113]. While similar phenotypes were also seen in mouse
organoids, the PTEN−/− human cerebral organoids exhib-
ited an additional phenotype of folds on the organoid sur-
face, which was dependent on AKT signaling strength,
indicative of human-specific severity of the disease [113].

Outlook of brain organoid research

The field of brain organoid research is still young and
continues to progress with the emergence of improved
methodologies. Combined with new experimental approa-
ches, the brain organoid technology has the potential to
develop functional assays to analyze even more complex
phenotypes. At the same time, to enhance the usability of
brain organoid data, the field needs to agree on standardized
procedures on protocols, quality controls, and data man-
agement. Here, we discuss a few prominent directions that
can enhance the scope and applicability of brain organoid
research.

Bioengineering

While the current organoid methodologies are well suited
for generation of various progenitor and neuronal cell types,
the final tissue architecture of the human brain is highly
complex and not recapitulated in the organoids. For
instance, despite the generation of all major cell types, the
six-layered architecture of the cerebral cortex is not reca-
pitulated in the organoids. The use of Matrigel has been
shown to support formation of cortical plate-like structure in
the brain organoids [52, 63]. However, whether and how the
poorly defined and variable composition of Matrigel
impacts organoid development is unknown. Well-defined
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synthetic matrices used in other organoid systems
[114, 115] may offer an interesting avenue to overcome the
short comings of Matrigel. Use of bioengineered fiber
scaffolds has been useful to facilitate formation of larger
and continuous cortical areas [63]. In addition, long term
culture of organotypic slices of brain organoids is reported
to enhance neuronal survival and segregation of upper and
deep layer cortical neurons [22, 116]. However, additional
improvements are needed to generate cortical organoids that
recapitulate cortical layering. Further efforts are also needed
to generate organoids with standardized shapes and sizes to
bring uniformity in phenotypic characterizations and to suit
high-throughput genetic and chemical screens. Combination
of bioengineering, biomaterials, microfluidics, and auto-
mation will be key in this direction [117].

Neuronal connectivity in organoids

Understanding the neuronal microcircuits and network
function of the human brain is crucial to understand the
etiology of abnormal neuronal function and connectivity in
conditions such as epilepsy. Multiple studies have reported
that brain organoids contain neurons exhibiting intrinsic
excitability and spontaneous activity sensitive to synaptic
blockers, suggestive of functional synapses [10, 13–
15, 19, 20, 27]. To this end, visualization of calcium tran-
sients, intracellular whole cell patch-clamp recordings and
high density large extracellular probes, e.g. silicon probes,
have been used. These methods are promising to study how
the electrophysiological properties of neurons in the orga-
noids change across the developmental timeline [27] or in
disease conditions [19, 118, 119]. Recent studies using high
density large extracellular probes, planar multielectrode
array recordings and calcium transients have reported
occurrence of spontaneous synchronous neuronal events,
suggestive of neuronal networks [20, 27, 119]. However,
the prevalence, composition, properties, and relevance of
these neuronal connections remain to be tested and occur-
rence of in vivo-like complex neuronal activity and func-
tional circuitry remains elusive. While decoration of
synaptic markers is used to indicate presence of structural
synapses, ultramicroscopy, and ultimately, neuronal tracing
methods will be key to unravel the connectivity in orga-
noids and to understand the impact of genetic and chemical
perturbations on human synaptogenesis, neuronal activity
and network function.

Genomic and single-cell technologies in organoids

Current organoid studies are focused on studying human
gene function using patient-derived hiPSCs and genome
editing of limited genetic loci. Pooled CRISPR screens

widely used in 2-D culture systems [120] will help to screen
and prioritize genetic elements and their variants in a
massively parallel manner for complex phenotypes that
cannot be studied in 2-D. Furthermore, single-cell tech-
nologies have enhanced our ability to analyze molecular
phenotypes at cellular resolution and to detect emergent
phenotypes that are difficult to discern with traditional
investigation methods [121]. Currently, scRNA-seq is rou-
tinely used in the brain organoid field as regular scheme of
analysis and to compare variability of generated cell types
across protocols. Further adaptation of diverse single-cell
cell technologies to brain organoids will expand the set of
discernable phenotypes otherwise hidden in bulk analysis
such as novel cell types/states altered in a disease.

In vivo validation

Although improvements in organoid technologies generate
more sophisticated in vivo-like tissue, it still remains an
in vitro experimental system with certain limitations. Recent
observations using scRNA-seq analysis have highlighted
that many cells in brain organoids display broad tran-
scriptomic signatures with poor sub-type specific features
and co-expression of markers of progenitors and differ-
entiated cells [74]. In addition, compared with primary tis-
sue, organoid cells were found to exhibit higher expression
of glycolytic and ER stress-related genes, owing to in vitro
culture [73, 74]. It is yet to be determined if these cells show
other well-defined features of ER stress, such as unfolded
protein response [122] and whether higher expression of
glycolytic genes is related to stress or instead an adaptation
to the in vitro culture medium. Nevertheless, it is important
to consider these properties of organoids while interpreting
the organoid phenotypes. It is clear that organoids are an
in vitro system to facilitate biomedical research but in no
way lessen the importance of animal models and primary
tissues. The new details on human biology revealed by
organoid systems require in vivo validation. To this end,
whenever possible, validation using fetal samples will be
crucial.

To conclude, the combination of different brain organoid
technologies together with clinical data and experiments in
model organisms will reveal novel disease mechanisms and
contribute to potential diagnostic methods and therapies.
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