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The human brain is often described as the most complex organ in our body. Because of the
limited accessibility of living brain tissue, human-specific features of neurodevelopment and
disease remain largely unknown. The ability of induced pluripotent stem cells to self-organize
into 3D brain organoids has revolutionized approaches to studying brain development in
vitro. This review will first look at the history of studying neural development in a dish and how
organoids came to be. We evaluate the ability of brain organoids to recapitulate key devel-
opmental events, focusing on the generation of various regional identities, cytoarchitecture,
cell diversity, features of neuronal maturation, and circuit formation. We also consider the
limitations of the model and review recent approaches to improve reproducibility and the

healthy maturation of brain organoids.

entral to developmental biology is the re-

markable ability of one fertilized egg to re-
liably generate a whole complex body through
carefully orchestrated spatial and temporal pat-
terns that generate an immense diversity of cell
fates. All living multicellular organisms rely on
the ability of a single cell to self-organize into 3D
tissues with many specialized cell types, func-
tions, and architectures. Because the instruc-
tions to carry out these complex morphogenetic
events are contained within each cell, these pro-
cesses can be recapitulated in vitro with the right
starting cell type and culture conditions. Stem
cells, or organ progenitors, provide the starting
point, while recent improvements in tissue en-
gineering and 3D culture techniques enable the
formation of macrostructures reminiscent of
human organs. These so-called organoids are
3D tissues that self-organize into a spatially or-

ganized structure consisting of multiple organ-
specific cell types in a manner highly reminis-
cent to the actual organ. Furthermore, because
of their embryonic identity and fate potential,
pluripotent stem cell (PSC)-derived organoids
model developmental trajectories with surpris-
ingly minimal extrinsic guidance leading to
spontaneous self-organization into specific ear-
ly organ structures.

Because PSC-derived organoids follow pri-
marily intrinsic developmental programs, these
methods are less like tissue engineering and
more akin to gardening. The PSC can be
thought of as the seed, while culture conditions
resemble the sunlight, soil, fertilizer, and water
that nurture the seed to take root and sprout.
Thus, these in vitro models are grown rather
than built. Because of their intrinsic ontogeny,
organoids offer the unprecedented ability to ob-
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serve, analyze, and manipulate human develop-
ment in a dish.

In this context, the human brain in particu-
lar is of great interest because of the widespread
health burden of neurodevelopmental and neu-
rological disorders, the uniqueness of our excep-
tionally large primate brains, and the ethical and
technical inaccessibility of functionally testing
features of human brain development in vivo.
Although not the focus of this review, brain or-
ganoids have already been used to study various
aspects of neurodevelopmental diseases and
evolution, and we direct the reader to other re-
views covering such work (Clevers 2016; Gian-
domenico and Lancaster 2017; Qian et al. 2019).
This review will focus on neural organoids, cov-
ering the history and development of methods
for studying in vitro self-organization of neural
tissues. We will compare various stages of in
vitro development to in vivo development,
mainly focusing on methods for generating or-
ganoids with cortical identities and furthering
their developmental potential.

HISTORY

Reaggregates

The remarkable ability of cells to self-organize
into 3D tissues in vitro was already observed over
a century ago. In 1907, Wilson demonstrated
that dissociated sea sponges would reaggregate
into complete organisms. This regeneration of a
whole animal from its dissociated cells was sub-
sequently shown in other simple organisms
(Wilson 1907, 1911; Child 1928). These findings
led to a surge of in vitro experiments in the 1950s
and 1960s looking at how distinct combinations
of dissociated cells from more complex organ-
isms would reaggregate into organized struc-
tures. In 1955, Townes and Holtfreter (Steinberg
and Gilbert 2004) showed that dissociated cells
from the three germ layers of early amphibian
embryos would recombine into spatially segre-
gated germ layers, reproducing their proper em-
bryonic positions. This reaggregation of cells
into organized structures was also shown using
cells from later vertebrate embryos, in particular,
the chick. Dispersed cells from an already func-

tioning vertebrate organ, such as skin or kidney,
can under the right conditions self-assemble to
reconstitute the tissue (Moscona and Moscona
1952; Weiss and Taylor 1960).

These dissociation-reaggregation experi-
ments showed that tissue formation can occur
independent of a prepattern and a sequence of
preceding developmental events. Despite initial-
ly being randomly clustered, reaggregated cells
will self-assemble into distinct regions of a tissue
through a process of a cell “sorting out.” This
process is explained by the differential adhesion
hypothesis (Steinberg and Roth 1964), whereby
cells will rearrange their positions to bind to cells
expressing similar cell surface adhesive mole-
cules, resulting in a more thermodynamically
stable structure, segregated into domains of cells
with differing adhesive strengths. Sorting out of
cells is also observable in aggregates of cortical
neurons where early postmitotic neurons have
been shown to associate with one another (De-
Long 1970).

Reaggregates of tissues from the embryonic
nervous system, in particular neural retina cells,
were shown to result in neuroepithelial cells self-
organizing into radial rosette structures reminis-
cent of the embryonic neural tube (Moscona
1957; Ishii 1966). Reaggregates derived from
early avian retinal cells were not only shown to
form rosettes, but these retinal stem cells were
also capable of proliferating and differentiating
into various retinal cells types, resulting in reti-
nal layers (Vollmer et al. 1984; Rothermel et al.
1997). This demonstrated another level of self-
organization observable in vitro as not only
could reaggregates sort out cell types into orga-
nized structures, but these cells could then main-
tain their lineage commitment and reproduce
features of a developmental program. Similarly,
aggregates from embryonic neural precursor
cells were also shown to reproduce some basic
features of developmental neurogenesis as, after
forming neural tube-like structures, neural pre-
cursors would proliferate at the lumen and dif-
ferentiate into neurons destined to an outer layer
(Tomooka et al. 1993). Although cells within
these aggregates were capable of self-renewing
and generating neurons, in terms of modeling
brain development, the end organization was
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very primitive and did not recapitulate cortical
tissue architecture and layering. One key factor
in the failure of these 3D aggregates to model the
intricate architecture of the developing brain is
likely the developmental stage at which they
were taken, which was too late to initiate com-
plex temporal and spatial patterning (Karus et al.
2014), suggesting that more naive cell types
might make a better starting point.

Embryonic Stem Cells and Embryoid Bodies

Embryogenesis can be viewed as a gradual loss of
developmental capacity. Soon after fertilization,
a blastocyst forms, containing an inner cell mass
with PSCs, from which the whole embryo will
form through progressive differentiation and
specialization into all cell types of the organism.
Embryonic stem cells (ESCs) are the pluripotent
cells derived from the inner cell mass of a blas-
tocyst (Fig. 1). The ability to culture ESCs has
opened many doors to furthering our under-
standing of developmental biology since, beyond
studying specific cells isolated from developing
tissue, these PSCs actually provide a tool to watch
features of early development and observe dif-
ferentiation and self-organization into different
identities in vitro. When grown in suspension,
the ability of ESCs to follow developmental trajec-
tories becomes evident as they aggregate to form
small spheres called embryoid bodies (EBs) (Mar-
tin 1980, 1981; Evans and Kaufman 1981). EBs
essentially mimic the very early events of embryo-
genesis as, following the blastocyst stage, an em-
bryo will undergo gastrulation and formation of
the three germ layers. EBs are capable of mimick-
ing these very early events of embryogenesis as
they spontaneously differentiate into the three
germ layers—ectoderm, mesoderm, and endo-
derm (Itskovitz-Eldor et al. 2000)—and thus pro-
vide an appealing system for directing early devel-
opmental processes in vitro and deriving many
tissue and cell types by promoting specific lineages.

Promoting Neural Fates/Neural Rosettes

The formation of organized neural tissue from
EBs was first shown using mouse ESCs (Okabe
et al. 1996) and later from human ESCs (hESCs)

Brain Organoids

(Zhang et al. 2001). These studies showed that
when EBs are spread onto an adhesive substrate
and directed toward a neural lineage in the pres-
ence of bFGF, initially tightly packed epithelial
cells change their morphology into elongated
neural stem cells that self-organize into 2D neu-
ral rosettes, reminiscent of the embryonic neural
tube, radially organized around a lumen.
Insights into key signaling pathways under-
lying early neural differentiation allowed for the
direct differentiation of hRESCs and induced plu-
ripotent stem cells (iPSCs) into primitive neural
stem cells in 2D monolayer culture, bypassing
the EB step by providing a neural-inducing en-
vironment. In the absence of caudalizing signals,
the default differentiation trajectory for plurip-
otent cells in the early epiblast is toward anterior
neural fates (Levine and Brivanlou 2007). Un-
less other signaling factors are provided, cells
will progress through ectodermal to neuroecto-
dermal, then neuroepithelial and anterior neural
states. Signals that induce nonneural identities
in the early embryo include Wnts, BMPs, and
Nodal and neural differentiation of the ecto-
derm is achieved by locally suppressing these
signals through secretion of inhibitors such as
DKKI1, Noggin, chordin, and follistatin (Smith
and Harland 1992; Sasai et al. 1994; Fainsod
et al. 1997; Kazanskaya et al. 2000). In vitro,
however, it was found that simply providing ad-
herent mouse ESCs with serum-free minimal
media (N2B27 supplements) and eliminating
inductive signals for other identities was suffi-
cient to trigger significant differentiation of ES
cells into neural precursors, highlighting anteri-
or neural as the default state (Ying et al. 2003). In
adherent human ESCs and iPSCs, it was found
that inhibition of BMP and TGF-B/NODAL sig-
naling, known as “dual SMAD inhibition” be-
cause both pathways use SMADs downstream,
destabilizes pluripotency and suppresses non-
neural fates, resulting in a more efficient neural
induction and the rapid differentiation of cells
into early anterior neuroectoderm (Chambers
et al. 2009). Neural induction by dual SMAD
inhibition resulted in primitive neural stem cells
that, despite expressing apical markers at the
membrane, lack a polarized expression of these
proteins. The addition of bFGF, however, allows
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Figure 1. A comparison between in vivo and in vitro brain development. In vivo, the brain develops from the neural
plate that folds in on itself to form a neural tube. In vitro, aggregates of embryonic stem (ESCs) or induced
pluripotent stem cells (iPSCs) are guided toward a neuroectodermal fate and form neural tube-like buds upon the
addition of extracellular matrix (ECM) components. In vivo, the brain is patterned into different regional iden-
tities by multiple morphogen gradients (e.g., Fgf, Bmp/Wnt, Shh) along the body axis. In vitro, cerebral organoids
will self-organize and self-pattern into various brain regional identities in a heterogeneous manner. Alternatively,
signaling molecules can also be added to pattern organoids into specific regional identities. (ICM) inner cell mass.

these primitive neuroepithelial cells to organize
into rosette structures (Li et al. 2011).

Similar to the developing neural tube, pro-
liferative neuroepithelial cells of the neural ro-
sette are apicobasally polarized, with apically
localized proteins such as ZO-1 and aPKC de-
tected at the luminal surface (Shi et al. 2012).
Furthermore, these radial glia-like stem cells are

pseudostratified and show evidence of interki-
netic nuclear migration, with nuclei migrating
apically to undergo mitosis. Later, they generate
basal TBR2" intermediate progenitors and some
mitotic cells are observed more basally along
with basal radial glia, suggesting a rough segre-
gation of progenitor zones reminiscent of the
ventricular zone (VZ) and subventricular zone
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(SVZ). Rosette neural stem cells are kept in a
proliferative state in the presence of mitogenic
bFGF, and the withdrawal of bFGF stimulates
the onset of neurogenesis in rosette protocols.
Remarkably, the temporal order of cortical neu-
rogenesis is maintained in neural rosettes with
the sequential generation of neurons in an in-
side-out pattern, whereby deep layer neurons
are generated first, followed by outer layer neu-
rons (Gaspard et al. 2008). These layer-specific
neurons were shown to be capable of forming
action potentials and excitatory synapses (Shi
et al. 2012; Kirwan et al. 2015).

ORGANOID HISTORY
Moving toward 3D Brain Protocols

Although neural rosette structures exhibit a high
degree of self-organization and recapitulate
many important features of early brain develop-
ment, such as the temporal generation of neu-
rons, these neurons lacked the ability to spatially
organize into distinct neuronal layers. It was
clear that more accurate modeling of the com-
plex architecture of the developing brain would
require 3D growth. One important movement in
this direction was the discovery that EBs could
be directed to form primitive neuroectoderm in
suspension. This was first shown by culturing
mouse EBs in MEDII, a media conditioned
from a human hepatocellular carcinoma cell
line, resulting in the organization of cells on
the surface into a stratified primitive neuroepi-
thelium (Rathjen et al. 2002). In vitro neural
differentiation was further improved using
more reproducible serum-free methods, known
as SFEB (serum-free, floating culture of EB-
like aggregates). Aggregates plated on coated
dishes would efficiently differentiate into telen-
cephalic progenitors, and subsequent addition
of patterning signaling molecules Wnt3a and
Shh allowed for directed differentiation into
subregional dorsal and ventral telencephalic
identities, respectively (Watanabe et al. 2005,
2007). Adapting this method and adding the
ROCK inhibitor Y-27632 to promote survival
of dissociated human ESCs (Watanabe et al.
2007) as well as allowing for a quicker reaggre-

Brain Organoids

gation of ESCs into EBs using 96-well U-bottom
plates (SFEBq) (Eiraku et al. 2008), resulted in
the more effective formation of cortical tissue.
During the first week of culture, a continuous
polarized neuroepithelial sheet would form on
the surface of floating EBs, which would even-
tually self-organize into multiple small rosettes
of neural precursors surrounding and growing
around apical lumens (Eiraku et al. 2008). Plat-
ing of these aggregates onto adherent dishes
coated with poly-p-lysine, laminin and fibro-
nectin allowed for telencephalic differentiation
and SFEBq rosettes also mimic the development
of neural tube-like progenitor zones, generating
neurons in a temporally defined manner. When
applied to human ESCs, plated SFEBq aggre-
gates were not entirely flattened and appeared
“dome-like.” Unlike mouse-derived tissues and
previous human 2D rosette protocols, these ro-
settes for the first time produced much larger
and continuous apical lumens, perhaps a reflec-
tion of the greatly expanded cortex of humans
relative to mice. While recapitulating many early
spatial and temporal features of corticogenesis,
this semi-3D culture system was, however, still
not sufficient to observe the spatial organization
of neuronal subtypes into discrete layers.

ECM Gels and the Formation of the First 3D
Neural Organoids

Pivotal to the progression of the wider organoid
field was the addition of an extracellular matrix
(ECM) hydrogel, for example Matrigel, a soluble
basement membrane-rich extract that forms a
3D gel at 37°C, derived from a mouse tumor
that produces abundant ECM (Li et al. 1987;
Kleinman and Martin 2005). Matrigel or more
defined collagen gels were shown in 2009 to
support the formation of 3D intestinal orga-
noids from intestinal stem cells or small explants
grown in the gel (Ootani et al. 2009; Sato et al.
2009). The combination of physical properties
such as rigidity of the gel along with additional
signaling cues present in basement membrane
ligands of Matrigel means that it can support
organoid formation by providing both a scaffold
and influencing various biological functions
such as tissue polarity and cell migration
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(Long and Huttner 2019). Indeed, the addition
of Matrigel at various stages of 3D brain orga-
noid protocols appears to have the effect of
rapidly promoting the formation of polarized
neural tube-like buds from neuroepithelial tissue.

Adding dissolved Matrigel to EBs guided
toward retinal identity was successful in sup-
porting the morphogenesis of an ordered optic
cup, the first example of an entirely 3D self-or-
ganizing neural tissue (Eiraku et al. 2011). Dis-
solved Matrigel was subsequently successful in
supporting the growth of 3D cortical forebrain
tissues from floating SFEBq aggregates (Nasu
et al. 2012; Kadoshima et al. 2013). Alternative-
ly, 3D brain architecture could also be supported
by embedding EBs in pure droplets of Matrigel
(Lancaster et al. 2013). The addition of Matrigel
to neural-induced EBs supports the formation
of a polarized neuroepithelium with the basal
side facing the external ECM-like environment,
and also provides the epithelium with the sup-
port to undergo subsequent morphogenetic
changes. In vivo, the polarized neuroepithelium
of the neural plate will fold in on itself to form a
rounded neural tube, a pseudostratified neuro-
epithelium surrounding an apical fluid-filled lu-
men. Although this folding of the neural plate
has not yet been replicated in organoids, Matri-
gel supports the generation of multiple neural
tube-like “buds” in which neuroepithelial cells
organize in 3D around large apical lumens.
When comparing cortical regions of organoids
to 2D rosettes, 3D culture systems show a higher
level of spatial organization of proliferative pro-
genitors into a VZ, SVZ, and intermediate zone,
followed by neurons with primitive inside-out
layering into deep early-born neurons followed
by later-born neurons that migrate more super-
ficially (Qian et al. 2016). In vivo, neurons in the
developing cortex align radially into a dense
band called the cortical plate. Despite the ability
of organoids to generate basally migrating cor-
tical neurons capable of primitive layering, the
addition of dissolved Matrigel to neurogenic
stages of organoid development was found to
be crucial for generating a cortical plate (Fig. 2;
Kadoshima et al. 2013; Lancaster et al. 2017).
This is likely a result of the fact that the ECM
of the pial basement membrane, generated by

overlying nonneural mesenchyme and thus
not present in organoids, has been found to
be critical for proper neuronal migration and
localization within the neural plate (Halfter
et al. 2002).

PATTERNING
Self-Patterned/Cerebral Organoids

In the absence of external factors, differentiation
into neural fates occurs by default. Building on
this, Lancaster et al. (2013) used a relatively sim-
ple media for culturing organoids, without the
addition of any signaling molecules to the cul-
ture. By not directing a specific identity that
would restrict the developmental landscape,
these organoids spontaneously self-pattern and
self-organize into distinct brain regions within
the same organoid. Because of the presence of
broad regional identities, this method was
named cerebral organoids (Fig. 1).
Interestingly, adjacent brain identities with-
in cerebral organoids were not entirely random-
ly interspersed; there were some neighboring re-
gions separated by clear boundaries mimicking
borders found in vivo. The early brain develops
from a neuroepithelial sheet that is flanked by
multiple organizing centers, responsible for pat-
terning the brain through the secretion of vari-
ous morphogen gradients. Cells will acquire spe-
cific regional identities as a result of their
position and the combination of various levels
of signaling factors (Fig. 1). Two important tel-
encephalic signaling centers are the hem, which
is found at the midline adjacent to the choroid
plexus and dorsal telencephalon and promotes
dorsal identities through the secretion of BMPs
and Wnts, and the antihem, which sits opposite
the hem and separates dorsal and ventral telen-
cephalic regions through the expression of var-
ious morphogens including Wnt antagonists.
Tissue reminiscent of these organizing centers
was found in cerebral organoids with ventricular
zone-like regions showing abrupt borders
between dorsal (TBR2") and ventral (GSX2")
forebrain identities as would be found at the
antihem, and tissue-positive for Wnt2b and
BMP6 (secreted from the hem in vivo) was ob-
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served adjacent to choroid plexus (TTR" cuboi-
dal morphology), which was immediately fol-
lowed by the presence of dorsal telencephalic
tissue (TBR2") (Renner et al. 2017). This dem-
onstrated another level of in vitro self-organiza-
tion; not only could cerebral organoids develop
into complex brain architectures, but without
any cues or a body axis for reference, neuroepi-
thelial tissue was also capable of spontaneously
setting up signaling centers and developing local
tissue patterning.

Patterning Organoids with Small Molecules

As remarkable as it is to observe the generation
of broad regional identities in vitro, it is often
desirable to reproducibly and efficiently gener-
ate organoids consisting of specific brain areas
of interest. To overcome regional heterogeneity
and restrict identity to a single brain region, the
majority of protocols described to date alter me-
dia composition to guide organoid development
toward a specific fate. Defined developmental
patterning factors, many of which had previous-
ly been successfully used in 2D differentiation
protocols, are used to promote specific neural
fates generating organoids of various identities
from forebrain to midbrain to hindbrain (Fig. 1).
“Dual SMAD inhibition” is frequently used to
prepattern cells to a neuroectodermal fate
through treatment with various combinations
of inhibitors of the SMAD pathway downstream
from BMP and Nodal signaling. Maintaining
these inhibitors of the SMAD pathway on grow-
ing EBs results in production of organoids with
a higher yield of dorsal forebrain identity (Ka-
doshima et al. 2013; Pasca et al. 2015; Qian et al.
2016). To promote ventral forebrain identities,
initial dual SMAD inhibition may be followed
by exposure to SHH agonists (Bagley et al.
2017; Birey et al. 2017; Xiang et al. 2017), mim-
icking the gradient observed in vivo of Shh
activity from the ventral to dorsal neural tube
initially produced by underlying notochord
that acts as an organizing center on overlying
neural tissue.

In vivo, the neuroepithelium of the dorso-
medial telencephalon develops into the hippo-
campus and choroid plexus under inductive

Brain Organoids

signals from BMP and Wnt. Following the orig-
inal protocol for generating SFEBq cortical tis-
sue followed by a transient exposure to Wnt and
BMP resulted in the development of hippocam-
pal organoids, whereas prolonged exposure in-
duced choroid plexus identity (Sakaguchi et al.
2015).

In addition to optic cup organoids, orga-
noids with other diencephalic identities have
also been produced in vitro. Following initial
dual SMAD treatment to prepattern EBs to neu-
roectodermal fates, treatment with caudalizing
insulin along with a MAPK/ERK inhibitor to
prevent overcaudalization to midbrain fates
and BMP?7, results in the development of tha-
lamic tissue (Shiraishi et al. 2017; Xiang et al.
2019). Treating EBs with SHH and Wnt3a pro-
duced organoids with hypothalamic identity
(Qian et al. 2016). By inducing both hypotha-
lamic and nonneural oral ectoderm identities
from the same EB, Ozone et al. (2016) were
able to generate hormone-producing anterior
pituitary tissue, which in vivo emerges from
the oral ectoderm through interactions with
the overlying hypothalamic epithelium.

To generate midbrain organoids, Qian et al.
built on 2D protocols for generating midbrain
dopaminergic neurons. In addition to early
treatment with SMAD inhibitors, SHH, FGFS,
and a Wnt activator were added to the media
resulting in neuroepithelial cells expressing the
floorplate precursor marker, FOXA2, which at
later stages went on to produce TH* dopami-
nergic neurons (Qian et al. 2016). Furthermore,
Jo et al. (2016) found that these dopaminergic
neurons secrete brown-colored granules of neu-
romelanin. In vivo, these neuromelanin gran-
ules have been observed in primates but not
mice and similarly they were found to be absent
from mouse-derived midbrain organoids (Fig. 2;
Jo et al. 2016).

Moving more caudally, cerebellar organoids
have also been successfully generated. In addi-
tion to SMAD inhibition, treatment with cau-
dalizing FGF2 and insulin was sufficient to
induce differentiation into cerebellar plate neu-
roepithelium that initially formed small rosettes.
Subsequent treatment with FGF19, expressed at
the midbrain-hindbrain boundary and involved
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Figure 2. Brain organoids produce various neural cell types that mimic the architecture of the developing brain.
(Top row) An example of a tSNE plot generated from scRNA-seq data to visualize various cell identities present in
an organoid. (Bottom left) A cartoon image color-coded to represent the various cell types detected by scRNA-seq
and their location within the ventricular zone (VZ), subventricular zone (SVZ), intermediate zone (IZ), and
cortical plate (CP) of the developing cortical organoid. (Bottom right) A representative image of an organoid
containing these architectural and identity divisions stained for DAPI (blue), CTIP2 (magenta), and DCX

(vellow).

in the development of dorsal hindbrain progen-
itors, resulted in the remarkable transformation
of cerebellar plate rosettes into large oval-
shaped structures, dorsoventrally patterned in
a manner reminiscent of the polarized tube
structure of early developing human cerebellum.
Dorsal region-specific markers were observed
on the side of the oval neuroepithelium facing
the outside of the whole aggregate, and thus
exposed to higher levels of FGF19, whereas ven-
tral markers were expressed on the inner side

facing the center of the organoid (Muguruma
et al. 2015).

Tradeoff between Heterogeneity versus
Uniformity of Organoids

Something that should be considered more care-
fully within the organoid field is the tradeoff
between heterogeneity versus uniformity of the
tissue generated. Although the addition of small
molecules and patterning signals to the culture
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directs organoids to desired and reproducible
brain identities, several of these small molecules
may play roles on developing cells beyond
simple patterning and generate desired tissue
identities in a manner that does not reflect
fetal organogenesis. The addition of excessive
external signals runs the risk of flattening the
developmental landscape and the intrinsic de-
velopmental program of organoids, which could
potentially reduce organoid complexity or mask
important features of development that might
be relevant in the context of a disease. Con-
versely, organoids that are generated in the ab-
sence of patterning molecules, spontaneously
self-organizing and self-patterning, suffer from
increased “batch-effect” and inconsistent gener-
ation of desired tissues, meaning their heteroge-
neity could potentially conceal subtle disease
phenotypes.

Some methods have been able to produce
more reproducible brain identities without the
addition of external signaling molecules. Grow-
ing EBs on floating scaffolds made of fiber mi-
crofilaments results in elongated EBs with a
larger surface area exposed to neural induction
media, resulting in increased neuroectoderm
formation and subsequently increased cortical
differentiation (Lancaster et al. 2017). Another
recent strategy, discussed later in this review, is
to generate intrinsic signaling gradients within
the organoid, resulting in spatially encoded or-
ganoids (Cederquist et al. 2019).

DIFFERENTIATION/MATURATION
OF NEURAL CELL TYPES

3D Architecture and Cell Diversity
in Organoids

Brain organoids have the ability to mimic the
architecture of the developing brain and form
various neural cell types in a spatiotemporal
manner. To determine whether these simi-
larities with in vivo brain development oc-
cur through the reactivation of developmental
gene expression programs, several studies have
compared organoid gene expression to primary
fetal tissue using microarrays (Pasca et al. 2015),
RNA-seq (Mariani et al. 2015; Luo et al. 2016;
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Qian et al. 2016), and single-cell RNA-seq
(Camp et al. 2015; Quadrato et al. 2017; Sloan
et al. 2017; Pollen et al. 2019). These gene ex-
pression analyses have shown that organoid pro-
tocols replicate early brain development partic-
ularly well, generating a wide diversity of cells
that share transcriptomic profiles with the early
fetal neocortex (Fig. 2). We will focus on how
organoids with specifically cortical identity
mimic early brain architecture and gene expres-
sion programs.

Organoids contain multiple neural tube-like
regions that exhibit VZ-like regions populated
by proliferative apical progenitors that express
typical radial glial marker genes (SOX2, NES-
TIN, PAX6) and make up the majority of cells
in the organoid prior to neurogenesis. These
neural stem cells are pseudostratified, display
the typical elongated morphology of radial glial
cells and undergo mitosis at the apical surface,
via interkinetic nuclear migration (Bershteyn
et al. 2017). After the onset of neurogenesis,
populations of intermediate progenitor cells
(TBR2") begin to appear in an SVZ-like region
basal to the VZ-like region (Fig. 2). Cells ex-
pressing basal radial glial markers (HOPX,
PTPRZ1) have also been observed (Qian et al.
2016; Li et al. 2017), which are present exclu-
sively in the outer SVZ (0SVZ) in vivo, an
additional germinal zone thought to be absent
in rodent neocortices (LaMonica et al. 2012).
However, although cells expressing oSVZ
markers are being generated in organoid proto-
cols, an oSV Z-like region has yet to be observed
reliably.

In vivo, neurons generated from VZ and
SVZ regions migrate basally along radial glial
processes to the cortical plate and form a six-
layered structure, each composed of neurons
with different properties. Neurogenesis occurs in
a spatiotemporal manner with deep-layer neu-
rons generated earlier followed by later genera-
tions of upper-layer neurons. Although orga-
noid protocols to date only show a restricted
spatial layering of neurons, they do generate
the various classes of neurons following the tem-
poral trajectory of initially making deep-layer
(CTIP2"), followed by upper-layer (SATB2")
neurons (Renner et al. 2017).
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Neuronal Activity and Maturation

Several studies have now investigated the phys-
iological properties of neurons generated in or-
ganoid protocols and shown their functional
maturation over time. Over time, neurons gen-
erated in brain organoid protocols begin to
functionally mature and exhibit spontaneous
firing, shown by Ca** surges (Eiraku et al.
2008; Lancaster et al. 2013) and electrophysio-
logical recordings (Qian et al. 2016), with firing
frequency sensitive to the application of gluta-
mate and glutamate receptor antagonists, indi-
cating the presence of glutamatergic neurons
(Lancaster et al. 2013). Intrinsic glutamate re-
lease and levels within cortical organoids have
also been measured using enzyme-modified mi-
croelectrodes (Nasr et al. 2018).

GABA is known as the major inhibitory
neurotransmitter in the brain; however, during
development, it exerts a depolarizing effect on
immature neurons (Leonzino et al. 2016). One
key feature of neuronal maturation is the switch
from a depolarizing to a hyperpolarizing re-
sponse to GABA, mediated in vivo by decreasing
intracellular CI™ concentrations as neurons ma-
ture because of the down-regulation and up-reg-
ulation of NKCC1 and KCC2 membrane trans-
port proteins, respectively. Qian et al. (2016)
found that organoids also appear to replicate
this neuronal maturation by showing increased
expression of KCC2 and a reduction in neurons
responsive to GABA-induced depolarization as
organoids mature.

Circuit Formation

Single labeling of neurons generated by organoids
demonstrates the ability of these neurons to gen-
erate complex morphologies and synapse onto
each other, with dendritic spines in close prox-
imity to presynaptic terminals (Qian et al. 2016).

Serial electron microscopy of older orga-
noids (Quadrato et al. 2017) further showed
the ability of neurons to form synapses, reveal-
ing a density of synapses within the range of
densities observed in human fetal brains (Hut-
tenlocher and Dabholkar 1997). Also observed
were single dendrites making synapses with
multiple axons, suggesting the formation of

complex networks. In addition to confirming
spontaneous firing activity in individual neu-
rons, Quadrato et al. measured population firing
activity and found some organoids that dis-
played clear bursts of coordinated activity, indi-
cating that organoids are capable of generating
neuronal networks that form self-organized fir-
ing patterns.

Additionally, they found that organoids cul-
tured long-term generated a population of light-
sensing retinal cells, photoreceptors. These pho-
toreceptors were functional as a subpopulation
of neurons showed attenuation in firing rates in
response to light exposure. The capability of or-
ganoids to respond to physiological sensory in-
put suggests that organoids may be used in the
future to study how circuit formation and net-
work activity is regulated by sensory stimuli.

Recently, organoids cultured at the air-lig-
uid interface (ALI-CO) (Giandomenico et al.
2019) were able to show a great improvement
in survival and maturation of neurons that were
capable of forming long, dense bundles of axons
with specific orientations, reminiscent of nerve
tracts. In vivo, deep-layer neurons of the cortex
project axons subcortically to other regions of
the brain, whereas upper-layer neurons project
intracortically and form callosal tracts. Two
main morphologies of axon tracts reminiscent
of callosal and subcortical projections were ob-
served in ALI-COs: ones that projected internal-
ly within the organoid and others that projected
outwardly and away from the organoid altogeth-
er, formed by neurons with a primarily upper-
layer (CUX2") and deep-layer (CTIP2") identi-
ty, respectively. Intracortical-like tracts often
made sharp turns along their path and staining
for known developmental guidance cues, such
as WNT5a, revealed its presence surrounding
axon tracts, demonstrating the ability of orga-
noids to self-organize axonal pathways. Measur-
ing neuronal activity across the ALI-COs
showed correlated firing activity between re-
gions at various distances, demonstrating that
functional intracortical-like connections pro-
duce short-, medium-, and long-range connec-
tivity within the organoid. To test the functional
output of escaping subcortical-like tracts, ALI-
COs were cocultured with dissected embryonic
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mouse spinal cord still attached to peripheral
nerves and perispinal muscles. Escaping axon
tracts were able to innervate the spinal cord
and trigger coordinated contractions of the
muscles. Furthermore, muscle contractions
could be controlled by extracellular stimulation
of axon tracts and the latency of response be-
tween stimulation and contraction was similar
to latencies recorded in developing human de-
scending motor pathways.

The experiments performed by Quadrato
et al. and Giandomenico et al. show functional
sensory input and motor output of organoids,
meaning that organoids could be used to study
neural connectivity, potentially between differ-
ent brain region-specific organoids assembled
together, as discussed further below.

Other Neural Cell Types

Neurons are not the only cell types necessary to
make a brain. Glial cells are essential for brain
functioning in late development and the adult
brain, making up at least half of human brain
cells. The two main glial cells, astrocytes and
oligodendrocytes, are essential for supporting
synaptic function and rapid transmission of
nerve impulses, respectively. These cell types
arise in late embryonic development, beginning
in the middle of the second trimester and con-
tinuing after birth, when the same neural pro-
genitors that were undergoing neurogenesis
switch from a primarily neurogenic to gliogenic
fate (Jiang and Nardelli 2016).
Immunostaining of organoids cultured
long-term reveals GFAP-expressing cells with
the typical stellar-like morphologies of astro-
cytes (Pasca et al. 2015; Renner et al. 2017). As-
trocyte-like cells isolated from cortical orga-
noids were capable of recapitulating several
key functions of astrocytes, with several in vitro
assays showing their ability to uptake glutamate,
induce synapse formation, phagocytose synap-
tosomes, and modulate neuronal calcium sig-
naling (Sloan et al. 2017). As astrocytes mature
from fetal to postnatal states, they undergo var-
ious transcriptomic changes, including changes
such as increased morphological complexity, re-
duced proliferative capacity, and reduced func-

Brain Organoids

tional ability to phagocytose synaptosomes.
Sloan et al. showed, by purifying astrocytes
from organoids in a time series ranging from
100 to 590 days of culture and performing sin-
gle-cell RNA sequencing and various functional
assays, that these features were replicated in vitro
with earlier time points correlating with fetal
astrocytes and showing increased proliferative
capacities and ability to phagocytose synapto-
somes. Later time points (around 400 days of
culture) correlated with mature astrocytes and
showed more complex morphologies and in-
creased ability to augment calcium signaling in
neurons.

Single-cell RNA sequencing has detected a
small proportion of cells that express oligoden-
drocyte precursor cell (OPC) markers after
long-term culture (Quadrato et al. 2017; Gian-
domenico et al. 2019). This makes sense as the
formation of myelin sheaths around axons by
mature oligodendrocytes only begins around
birth in vivo. To study oligodendrogenesis in
vitro, Madhavan et al. (2018) exposed cortical
spheroids to known oligodendrocyte lineage
growth factors and hormones to promote OPC
proliferation and further maturation into myeli-
nating oligodendrocytes that were capable of
forming myelin sheaths wrapped around axons
within the neurosphere. Kim et al. (2019) also
used a protocol to accelerate oligodendrocyte
maturation and demonstrated differences in
the timing of oligodendrogenesis and matura-
tion when the protocol was applied to ventral
versus dorsal patterned forebrain organoids.
These differences mimicked in vivo observa-
tions in mice, where ventral neural precursors
undergo a wave of oligodendrogenesis prior to
the dorsal wave (Kessaris et al. 2006). Prolonged
culture past initial oligodendrocyte maturation
in both these studies, however, did not lead to
continued structural organization of myelin
sheaths such as myelin compaction and forma-
tion of nodes of Ranvier, potentially caused by
the lack of mature neurons and network activity,
necessary to signal and drive myelination (Al-
meida and Lyons 2017), or caused by the lack of
nutrients exposed to oligodendrocytes in these
3D models. Perhaps promoting oligodendrocyte
lineages in slice cultured organoids grown at the
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air-liquid interface would allow for further mat-
uration of myelin sheaths in a system with in-
creased nutrient exposure and cell survivability,
in addition to more mature network formation.
Microglia are the resident innate immune
cells of the brain that have also been shown to
have roles in fine-tuning neuronal circuits and
regulating neural progenitor cell number (Cun-
ningham et al. 2013). Microglia arise from ex-
traembryonic and mesoderm lineages and are
therefore usually absent from brain organoid
protocols that primarily or exclusively contain
neuroectodermal lineage. However, a complete-
ly undirected cerebral organoid protocol, which
produces less consistent brain regions by not
manipulating molecular patterning pathways,
does produce a proportion of mesoderm pro-
genitor cells that develop into microglia-like
cells (Ormel et al. 2018). Another study found
that microglia-like cells differentiated from
iPSCs could enter and integrate in brain orga-
noids simply by adding them to the culturing
media (Abud et al. 2017). Furthermore, upon
injury to the organoid these microglia-like cells
changed their morphology to resemble activated
microglia found in diseased or injured brains.

IMPROVEMENTS/ENGINEERING
Cell Survival and Maturation

In early brain development, neural tube forma-
tion, proliferation, and neurogenesis occur in
the absence of vascularization. Eventually, as
the tissue grows and thickens, vascularization
becomes essential. In vivo organs consist of
vast branched vascular networks, and cells are
within a few hundred micrometers of a capillary
allowing for diffusion. Vascular networks, being
of nonneural origin, are not formed in orga-
noids, impairing cell survivability and architec-
ture in older, larger organoids. Culturing orga-
noids in agitation on a shaker or in spinning
bioreactors (Lancaster et al. 2013; Qian et al.
2016; Sutcliffe and Lancaster 2017) can increase
their diffusion limit; however, organoids will usu-
ally reach a maximum size of ~5-6 mm and
consist of a necrotic core because of the lack of
vascularization, limiting the supply of oxygen

and nutrients to the core of the organoid. As
described above, slice cultures of organoids
can overcome issues involving lack of nutrient
supply, massively improving cell survival and
maturation (Fig. 3; Giandomenico et al. 2019).

An alternative approach to address this issue
of vascularization was tested by Mansour et al.
(2018) through transplanting brain organoids
into the adult mouse brain. The host vascular
system was capable of invading and nourishing
the organoid with active blood flow. This result-
ed in a replacement of the necrotic core with
healthy mature neurons (Fig. 3). Furthermore,
these organoids also integrated host microglia.
This transplantation approach enables vascular-
ization more similar to what would occur in vivo
and opens avenues to studying the interaction of
organoids with microglia and immune cells;
however, it does involve a surgical procedure
and damage to the host, and the growth of the
organoid is limited by the size of the cavity in the
mouse cortex. It will be interesting to accom-
plish in vitro vascularization in a manner that
does not disrupt the self-organizing architecture
of brain organoids. This may be achieved by
coculturing organoids with endothelial pre-
cursors. Perhaps the brain organoid field
may borrow vascularization approaches from
other organoid systems, for example, the vascu-
larized kidney organoids developed by Homan
et al. (2019), by culturing them under flow
on microfluidic chips with endothelial cells,
which resulted in the generation of vascular net-
works.

Assembled Organoids

The fact that we are capable of directing and
generating a multitude of brain regions in vitro
brings the exciting prospect of combining them
to form more complex structures to study
connectivity and interactions between different
brain regions.

In cerebral organoids, it was shown that dif-
ferent brain regions within the same organoid
might be interacting in a manner similar to in
vivo as GABAergic interneurons originating
from ventral forebrain were frequently detected
in dorsal forebrain regions of organoids con-
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Engineering brain
organoids

Patterning

Assembled organoids

Dorsal forebrain
. . Fused
—_—

| Interneurons migrating
Ventral forebrain dorsally

Assembled signaling center

WT PSCs + Doxycycline
o —
iSHH PSCs

Brain Organoids

Cell survival and maturation

@ Organoid grown
in 3D agitation

Vascularization

Slice culture

o

Transplant into
mouse cortex

Axon tracts/long-range
connectivity

Figure 3. Methods in use for engineering brain organoids. (Left panel) Patterned organoids can be made by fusing
organoids of different regional identities to one another or by generating organoids containing a region of
transgenic cells expressing an inducible signaling molecule that produces spatially patterned organoids. (Right
panel) Organoids grown in vitro in 3D suffer from a necrotic core that impairs their maturation as a result of
diffusion limits and a lack of vasculature. Transplanting organoids into the adult mouse cortex allows healthy
neural tissue to form in the core of the organoid. Growing organoids as slice cultures improves neuronal survival
and maturation and allows for the formation of long axon tracts connecting different regions or tissues. (WT)

wild type, (PSC) pluripotent stem cell.

taining both tissues. This suggests a ventral-to-
dorsal migration of these neurons, similar to the
developing forebrain where interneurons are in-
tegrated into cortical circuits (Lancaster et al.
2013). Building on these observations, several
studies have fused region-specific dorsal and
ventral forebrain organoids to each other to
study the saltatory migration of interneurons
from the ventral organoid into the dorsal orga-
noid (Fig. 3; Bagley et al. 2017; Birey et al. 2017;
Xiang et al. 2017). Furthermore, it was shown
that interneurons that had migrated altered their
morphology, made synapses with dorsal gluta-
matergic neurons, and formed electrically active
functional cortical microcircuits (Birey et al.
2017). These fusions are achieved by close posi-
tioning of the two organoids in a microwell or
tube for a few days (Birey et al. 2017; Xiang et al.
2017) or by embedding two EBs in the same
droplet of Matrigel after patterned neural induc-
tion (Bagley et al. 2017).

Cortical organoids have also been fused to
thalamic organoids (Xiang et al. 2019). These
fused organoids form reciprocal thalamo-
cortical and corticothalamic projections, with
thalamocortical projections found to innervate
regions of cortical organoids containing differ-
entiated neurons. Electrophysiological record-
ing of thalamic neurons revealed an increased
firing frequency of neurons in fused organoids
versus thalamic organoids alone.

Assembling Signaling Centers

Recently, Cederquist et al. (2019) developed a
system to induce a morphogen gradient from
one pole of a developing forebrain organoid,
mimicking developmental organizing centers,
and resulting in organoids with spatially encod-
ed forebrain subdivisions similar to fetal pat-
terning (Fig. 3). First, a small aggregate of
ESCs expressing inducible SHH is allowed to
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form, and then a larger amount of ESCs is seed-
ed on top, resulting in an EB with an aggregate of
organizer cells at one pole of the developing
organoid. This asymmetric SHH cue mimicked
ventral-high and dorsal-low SHH gradients, re-
sulting in the self-organization of a dorsoventral
forebrain axis with ventral identities appearing
nearer to and dorsal identities further from the
organizer cells.

CONCLUSION AND FUTURE PROSPECTS

The ability to generate various ordered brain
regions with remarkably little external input
demonstrates the outstanding capacity of stem
cells to carry out an intrinsic program involving
multiple stages of complex tissue movements,
differentiation, and cell interactions. Despite
undergoing development in a dish, outside of
their natural environment, brain organoid pro-
tocols are capable of recapitulating many fea-
tures of early brain development in a spatiotem-
poral manner, both in terms of gene expression
and cytoarchitecture.

The past few years have witnessed major
breakthroughs in brain organoid development
and tissue engineering, allowing for the genera-
tion of a multitude of regional identities and the
modeling of later stages of brain development
such as neuronal maturation, connectivity, and
the formation of functional circuits. The mod-
eling of these later, more complex stages of brain
development still has various limitations that are
beginning to be addressed, as it involves the in-
terplay of several cell types of nonneural origins
and interactions between various brain regions
with a predictable topographic organization
along the developing body axis. We predict
that the coming years will attempt to more re-
producibly model these later stages of brain de-
velopment by optimizing culture conditions to
allow for in vitro vascularization and the incor-
poration of microglia and immune cells in brain
organoids. We also predict that additional and
more complex types of brain circuits will be
modeled by assembling multiple organoids of
specific regional identities to one another in a
defined orientation. The fact that organoids can
self-organize circuits that respond to physiolog-

ical stimuli and are capable of innervating
mouse spinal cords to evoke functional muscu-
lar output, brings the exciting prospect of gen-
erating full circuits where a sensory input would
trigger a physical output. We think it is impor-
tant to exercise a certain level of caution when
attempting to generate complex brain structures
more reproducibly, as overly engineering the
development of brain tissue in vitro runs the
risk of skipping over key steps in tissue morpho-
genesis and not faithfully recapitulating the de-
velopmental program of brain formation.
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