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Abstract

The brain is one of the most complex organs in the body, which emerges from a relatively simple
set of basic ‘building blocks’ during early development according to complex cellular and
molecular events orchestrated through a set of inherited instructions. Innovations in stem cell
technologies have enabled modelling of neural cells using two- and three- dimensional cultures. In
particular, cerebral (“brain”) organoids have taken the center stage of brain development models
that have the potential for providing meaningful insight into human neurodevelopmental and
neurological disorders. We review the current understanding of cellular events during human brain
organogenesis, and the events occurring during cerebral organoid differentiation. We highlight the
strengths and weaknesses of this experimental model system. In particular, we explain evidence
that organoids can mimic many aspects of early neural development, including neural induction,
patterning, and broad neurogenesis and gliogenesis programs, offering the opportunity to study
genetic regulation of these processes in a human context. Several shortcomings of the current
culture methods limit the utility of cerebral organoids to spontaneously give rise to many
important cell types, and to model higher order features of tissue organization. We suggest that
future studies aim to improve these features in order to make them better models for the study of
laminar organization, circuit formation and how disruptions of these processes relate to disease.

Neural Development

Brain Region Specification

During early embryogenesis, a portion of the ectoderm becomes specified by the underlying
mesoderm to become the neural plate (‘neural induction’). The neural plate then invaginates
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and closes forming the neural tube. At the midline, and at the edges of the neural plate,
organizing centers form and begin to secrete morphogens that induce the expression of
brain-region specific transcription factors in the neuroepithelial stem cells. As a
consequence, the emerging neural tissue becomes broadly divided into the following
domains along the rostro-caudal axis: forebrain (or prosencephalon), which consists of
telencephalon and diencephalon, midbrain (or mesencephalon), hindbrain
(rhombencephalon; containing the metencephalon and myelencephalon) and spinal cord,
respectively (Figure 1). Neural domains are progressively restricted by expression of
transcription factors where a border of morphogens, Wntl1 and Fgf8, divide the midbrain and
hindbrain to induce expression of Otx2 rostral to or En caudal to that border. Activity of
these signals induces the expression of forebrain marker Foxgl and Six3, the Midbrain
markers 1rx3 and En1/2, and the hindbrain Gbx2 and Hoxb genes (Lupo et al., 2014).
Although these regions develop adjacent to one another, they give rise to anatomically and
functionally distinct regions in the adult brain. The telencephalon develops into the cerebral
cortex, basal ganglia, hippocampus and amygdala, the diencephalon contains the
hypothalamus and thalamus, the mesencephalon connects adjacent rostral and caudal regions
together and contains the tectum and cerebral aqueduct, and the rhombencephalon includes
the cerebellum, medulla and pons. Different cell types reside within each of these structures
and have distinct developmental trajectories to form the appropriate synaptic connections
and to support specific functional activities. In order to understand the processes that result
in the final complexity of the human brain we need accurate models of human brain
development.

Model Systems to Study Brain Development

Animal model systems have been an essential tool in establishing our understanding of
neural induction and the processes that regulate formation of different brain structures.
Classic experiments using Xenopus embryos established the role of organizers in body axis
and neuroectoderm formation and the role of BMP signaling inhibition in neural induction
(Spemann and Mangold, 1924). Drosophila have been a key genetic model system to decode
rostral-caudal axis formation and body plan initiation by the Hox genes (Hales et al., 2015;
Nsslein-Volhard and Wieschaus, 1980). The developmental lineage of the entire nervous
system has been traced in the nematode, Caenorhabditis elegans, making it an excellent
model to evaluate the role of specific neurons and circuits and their functional output
(Brenner, 1974; Hobert, 2016; Singhvi and Shaham, 2019). Zebrafish (Danio rerio) due their
embryonic transparency, rapid development and embryogenesis outside of the mother, are
also a good model system to evaluate developmental processes (Dooley and Zon, 2000; Kizil
et al., 2012). Embryonic chickens (Gallus gallus) are a particularly tractable system because
development can be observed 7 ovo, genetic modifications introduced during early
neurogenesis and then consequences evaluated after an extended period (Davey et al., 2018;
Pourquié, 2018).

However, in order to approach mammalian neural development, mouse models have become
the gold standard model system, in part, due to the availability of excellent genetic tools.
The ability to delete specific genes either constitutively or conditionally in particular tissues,
or cell types and observe their requirement for molecular development has been a
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remarkable advance (Friedel et al., 2011; Skarnes et al., 2011). We now have defined many
of the relevant cell types, processes that regulate their developmental trajectory and key
features of neural development in great level of detail (Foong, 2016; Guido, 2018; Seabrook
et al., 2017). Although all of the described models have been key in establishing our
understanding of how the nervous system develops and functions, features that have been
challenging to approach are human-specific development and insights into neurological
disease. While the mouse has been a key tool for neuroscientific discovery, there are major
differences between the mouse and human brain. The size, number of cells and cell type
composition are unique in the human. In particular regions, like the cerebral cortex, the level
of expansion is dramatically different (Florio and Huttner, 2014; Lui et al., 2011; Rakic,
2009). Mouse models, despite their robustness in providing genetic and molecular
mechanisms underlying neurodevelopmental processes, are not always reliable models when
approaching disease. Although many therapeutics have excellent results in mice, there is
little predictive capacity of how well the treatment will do in humans (Denayer et al., 2014;
Mak et al., 2014; Young et al., 2011). Many have asserted that in order to study the human
brain and approach human disease, it is important to study human cells behaving in an
accurate context.

Modelling brain development using cerebral organoids

Organoids are stem-cell derived three-dimensional suspension cultures that resemble
features of organ development. Pioneering work from the labs of Yoshiki Sasai (Eiraku et
al., 2008; Kadoshima et al., 2013) and Juergen Knoblich (Lancaster et al., 2013) innovated
what we now refer to as the three-dimensional cerebral (or brain) organoid (or spheroid) by
demonstrating the capacity of stem cells to self-organize and resemble structural features of
the developing human brain. Brain organoids have provided an experimentally tractable
system to study development and disease of the human nervous system. To differentiate
brain organoids, adherent human pluripotent cells, such as embryonic or induced pluripotent
stem cells, are placed in suspension and exposed to media components that promote neural
induction. After aggregation, cell clusters are placed in larger volumes of media with or
without matrigel embedding. Later, after a few weeks of static culture, organoids are often
cultured with agitation through use of orbital shakers or spinning bioreactors (Qian et al.,
2016). These methods promote oxygen diffusion to the center of the organoid and better
perfusion of media. Alternatively, incubators containing higher concentrations of oxygen
have also been used to achieve this goal. Organoids are routinely kept in suspension for
many months and can be collected over various time points to evaluate neurodevelopmental
processes and model neural disease.

There are two broad categories of brain organoid protocols, undirected whole brain
organoids (Lancaster et al., 2013), or directed regional brain organoids (Kadoshima et al.,
2013). Whole brain organoid protocols rely on the intrinsic signaling potential of the cells
within the culture resulting in a variety of brain regions and CNS structures (Camp et al.,
2015; Lancaster et al., 2013; Quadrato et al., 2017). Whole brain organoids do not contain
all brain regions, but rather have the potential to develop into multiple neural structures. As
the exact sequence and timing of signals required for a given developmental process are
unknown, this method provides the potential to observe patterning of adjacent neural
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structures, cell-cell interactions throughout different brain regions, characterization of
cellular morphologies and synapse formation. However, the composition of whole brain
organoids are inconsistent across experiments making the study of biologically relevant
phenomenon technically difficult. Whole brain organoids, which often vary in size and
contain a variety of cell types with different regional identities in mixed organization,
prompted interest in using directed differentiation protocols to pattern particular neural
structures.

Directed differentiation protocols utilize small molecules to promote neural induction,
typically through inhibition of the BMP/TGFB signaling pathways, and through
manipulation of other relevant signaling pathways to produce organoids that resemble
different neural structures (Figure 1). Brain organoids have now been patterned using
additional factors to resemble distinct brain regions including the cerebral cortex
(Kadoshima et al., 2013; Qian et al., 2016), hypothalamus (Qian et al., 2016), hippocampus
(Sakaguchi et al., 2015), thalamus (Xiang et al., 2019), cerebellum (Muguruma et al., 2015)
and ganglionic eminences (Bagley et al., 2017; Birey et al., 2017; Xiang et al., 2017).

While modeling of individual brain regions using organoids may reveal region-specific
developmental processes, many questions regarding synapse formation, neuronal circuitry
and electrophysiological activity may not be best suited for organoids resembling only one
region. In addition to the use of whole brain organoids for these questions, another method
to study the interactions between brain regions is to differentiate organoids with different
areal identities and then culture together, forming the co-called “assembloids”. Recently,
several groups differentiated dorsal and ventral forebrain organoids or spheroids and then
fused together after initial patterning (Bagley et al., 2017; Birey et al., 2017; Xiang et al.,
2017). Cellular migration was observed from ventral to dorsal, as /n vivo, and connections
made between aggregates with different cellular and regional identities. Similarly, cortical
and thalamic organoids were directed separately and fused together to model corticothalamic
interactions (Xiang et al., 2019), which are vital for the regulation of sensory processing.
Axonal projections were observed in cellular-appropriate domains and reciprocal
connections made across the fused organoids suggesting that physiologically relevant
connectivity patterns may one day be modelled using these approaches.

The various approaches to organoid culture have begun to provide tractable experimental
tools to study relevant processes of human brain development, but not without limitations.
There is a tradeoff between reproducibility across experiments and artificiality of the
introduced signaling mechanisms into the culture system. As such, the scientific question
should dictate which type of culture system is best suited for a particular set of experiments.
Questions on patterning and regional and topographical organization may be best suited for
whole brain undirected organoids where intrinsic inductive properties can be observed.
Whereas questions on cell fate specification, differentiation programs and lineage trajectory
analyses within a particular CNS region will likely be better modeled with directed
differentiation protocols. Questions regarding cellular interactions across areas like axon
guidance and synapse formation may be best suited for fused organoid culture. However,
many different cellular processes may be dysregulated in disease and thus taking a
multifaceted approach to organoid culture by using different types of culture systems, in
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addition to in vivo model systems, may be the most rigorous method to approach a complex
scientific question. In the next sections, we will review the current understanding of some of
the critical developmental processes that give rise to cerebral cortex, and comment on how
well these processes are recapitulated in cerebral organoids.

Neurogenesis

Excitatory neurons (ENSs) of the cerebral cortex are generated only during prenatal
development. In humans, neurogenesis is restricted to a time-window during midgestation
(Rakic and Sidman, 1968). Despite some regional and temporal differences, the basic
developmental principles of neurogenesis are conserved throughout the cortex (Bystron et
al., 2008). First, radial glia, a class of cortical stem cells, reside within the ventricular zone
(lining the lateral ventricle) where they undergo cell division (proliferation). Their daughter
cells migrate away from the ventricle towards the cortical plate where they give rise to the
differentiated neurons (Miyata et al., 2001; Noctor et al., 2001). Intermediate progenitor
cells are derived from radial glia and are fate-restricted transit amplifying cells that
contribute to neurogenesis via symmetric cell divisions (Haubensak et al., 2004; Noctor et
al., 2004). Subsequent to the neurogenic phase, progenitor cells contribute to gliogenesis
where they produce astrocytes and oligodendrocytes (deAzevedo et al., 2003; Rash et al.,
2019). Although the sequence of developmental events and the general contributing
populations have been identified in the mouse, many of these processes have not been
characterized in a region and cell-type specific context, especially in the human. A better
understanding of these events will not only provide information at a molecular scale, but
may also contribute broader insight into brain structure, function and behavior and the
contribution of abnormal development in disease. For the purposes of this review we focus
predominantly on neurogenesis in the cerebral cortex because of its importance in human
cognitive function, the particular complexity of human cortical disease, and because it has
been the subject of many organoid studies.

Cortical Cell Types

The cerebral cortex develops from cortical radial glia, which undergo an initial expansion
from neuroepithelial stem cells (Misson et al., 1988). Three main subtypes of radial glia,
each with a distinct morphology and transcriptional identity, have been described. Cell
bodies of the ventricular radial glia (vRGs) closely line the surface of the lateral ventricle,
form apical end-feet that directly contact the ventricle, and establish a long “basal fiber’ that
extends to the pial surface (Noctor et al., 2001; Rakic, 1972). In rodents, VRGs are the main
population of neural stem cells, which differentiate first into the deep layer cortical neurons
and later upper layer neurons, before giving rise to glial populations, including astrocytes
and oligodendrocytes.

In the human cortex neuroepithelial stem cells give rise first to VRGs (Subramanian et al.,
2017), which later differentiate into outer radial glia cells (0RGs, also known as basal radial
glia)(Fietz et al., 2010; Hansen et al., 2010; Reillo et al., 2011; Smart et al., 2002). The
oRGs are morphologically distinct, retain the basal fiber, but lose apical contact, and their
cell bodies translocate into the outer subventricular zone (0SVZ). The oRGs can be
characterized by a distinct transcriptional signature compared with vRG cells. They also
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divide in a unique manner, called mitotic somal translocation (MST) where cells jump prior
to division (Hansen et al., 2010). A third population of radial glia, called truncated radial
glia (tRGs), develops later in neurogenesis, around gestational week (GW) 16 (Nowakowski
et al., 2016b). Cell bodies of tRG cells reside near the ventricular surface and possess basal
processes that do not reach the pial surface and are, therefore, “truncated”. All populations
of radial glia give rise to transient amplifying neurogenic intermediate progenitor cells
(IPCs) that contribute to increased output of cortical neurons from radial glia (Hansen et al.,
2010). During early neurogenesis, at the beginning of the second trimester, the vRGs and
IPCs give rise to the neurons which are present in the deep layers. In contrast, oRG cells
emerge later in development, give rise to later-born IPCs, and differentiate into upper layer
neurons. The six cortical laminae are comprised of multiple molecularly-defined subtypes of
ENs. These cells connect intracortically to regulate synaptic activity inside the cortex, as
well as subcortically to provide executive regulation of sensory and motor activity (Greig et
al., 2013; Molyneaux et al., 2007).

To balance the input and output of circuit activity the inhibitory interneurons (INs), which
are generated in the ventral forebrain (Ganglionic Eminences), migrate tangentially towards
the cortex (Anderson et al., 1997; de Carlos et al., 1996). Although these cells are born
outside of the cortex, they play a vital role in cortical development and function. Recent
work on the third trimester and newborns, identified interneurons generated late in
development from a presumptive source of these cells in the arch (Paredes et al., 2016),
although the precise developmental origin and function of that population is unknown.
Similarly, several studies have suggested that interneurons may also be generated locally in
the dorsal telencephalon during neurogenesis. However, evidence for such population is
limited, and has been discussed in several recent reviews (Al-Jaberi et al., 2015; Clowry,
2015; Hansen et al., 2013; Letinic et al., 2002; Zhong et al., 2018).

At the end of neurogenesis, radial glia produce astrocytes and oligodendrocytes (deAzevedo
et al., 2003; Rash et al., 2019). The oRGs, which express some of the same molecular
markers of astrocytes, produce a variety of astrocyte subtypes including protoplasmic and
fibrous which play vital roles in synaptic formation, syapse pruning and circuit function.
Additionally, oRGs may give rise to oligodendrocyte precursor cells (OPCs)(Rash et al.,
2019), which mature into myelinating oligodendrocytes. Oligodendrocytes myelinate
neuronal axons and are vital for action potential transduction and synaptic communication
(Barateiro et al., 2016; Goldman and Kuypers, 2015).

Another population of glial cells are microglia. Although microglia are categorized under
the same cellular class, they are actually non-neural in lineage. Microglia are the resident
macrophages of the central nervous system that migrate into the developing brain from the
yolk sac (Alliot et al., 1999) where they are believed to engulf dysfunctional synapses and
infectious agents (Paolicelli et al., 2011). A variety of cell types associated with the nascent
vasculature have also been identified and may play a vital role in normal blood brain barrier
formation (Bautch and James, 2009). In particular, these cells likely support appropriate
nutrient supply and immune isolation from the rest of the body. Interplay between neural and
non-neural cell types is likely necessary for normal development and organization of the
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cerebral cortex (Javaherian and Kriegstein, 2009; Stubbs et al., 2009), although it is rarely
studied.

Cortical Cells in the Organoid

After neural induction, neural stem cells rapidly proliferate, organize into rosettes that later
expand into germinal zone-like structures, and express markers of cycling neuroepithelial
stem cells. In the subsequent weeks, different neurogenic progenitor populations arise
(Figure 2). In cortical organoids, both vRG-like and oRG-like cells emerge emerge around
week 8 of culture (Bershteyn et al., 2017). Even though the organoid cultures lack a pial
surface, limited studies visualizing radial glia cell morphology and behavior suggest that
these cell types nonetheless establish long fiber processes that do not retract through cell
division. Organoid-derived oRGs express markers of this population, such as HOPX, and
they exhibit functional behaviors, like MST divisions (Bershteyn et al., 2017). The transit
amplifying progenitors, the IPCs, are also present at this time. Notably, however, organoids
contain only about one-fifth the number of IPCs and they do not express the full complement
of genes observed in the endogenous developing brain (Camp et al., 2015; Pollen et al.,
2019).

Landmark studies of /n vitro differentiation have suggested that iPS-derived neural stem
cells sequentially generate first deep then upper layer neurons, and it has been suggested that
the emergence of the major cell types may roughly follow /n vivo timetable (Espuny-
Camacho et al., 2013; Kadoshima et al., 2013; Shi et al., 2012). As brain organoids are
composed of human neural cells, the culture and developmental processes occur on a human
time-scale, which means they divide over the course of days, proliferate for many weeks and
differentiate over the course of months. This property of /n vitro organoids, combined with
the possibility to control human genetic background, suggests that organoids could serve as
one of the models for elucidating the consequences of disease insults (genetic or
environmental) on human brain development. As progenitor cells undergo division, they
begin to differentiate into neurons which express markers of deep layer identity, such as
BCL11B, and the organoid emulates the cortical “inside out” developmental lineage
trajectory. After the birth of deep layer neurons, the remaining RGs and IPCs give rise to
neurons that express markers of the superficial layers, like SATB2. Recent studies have
begun to address similarities between organoid cells and their /n vivo counterparts (Amiri et
al., 2018; Camp et al., 2015; Pollen et al., 2019; Sloan et al., 2017; Xiang et al., 2019).
Single cell RNA sequencing (sc-seq) approaches have provided evidence that organoid cells
have broad similarity to their /7 vivo counterparts, but also that remarkable differences in
gene expression persist. Overall, although organoid cell types can be viewed as similar to
primary cells (Camp et al., 2015), transcriptome-wide comparisons reveal that only 70-80%
gene expression levels correlate when organoid and primary cell types are compared (Pollen
et al., 2019; Velasco et al., 2019). Additionally, many of these comparisons cannot be
confidently performed at the level of neuronal subtypes due to the lack of subtype
specification of /n vitro cell types. In addition to transcriptomic comparisons, more studies
are needed to validate the morphological and electrophysiological properties of organoid
cells and directly compared to endogenous human cell types.
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As the goal of cortical directed differentiation protocols is to reduce off target regions of the
brain from being produced, the ventral-derived inhibitory INs should not emerge. However,
a small number of INs are often detected using SCRNAseq assays, although their origin is
unclear. It is possible that some interneurons may be directed due to lack of stringency in
dorsal differentiation protocol, or they could be olfactory bulb INs that are generated from
dorsal telencephalic progenitors in late neurogenesis (Huilgol et al., 2013). However, the few
that are present do not reflect the IN diversity observed in the cortex, making the organoid a
difficult model to study the balance of excitatory and inhibitory activity. Other populations
of dorsally-derived neurons, such as Cajal-Retzius cells (CRCs), which play a significant
role in cortical organization and appropriate cellular signaling, are rarely observed in the
organoid. Although, some protocols produce reelin expressing cells (Kadoshima et al.,
2013), a marker of CRCs, single cell sequencing has yet to validate the presence of a bona
fide Cajal-Retzius cells in the organoid.

The neurogenic to gliogenic transition is preserved in the organoid; after many months /n
vitro, gliogenesis occurs where astrocytes are observed to develop at a similar rate and
express markers similar to during prenatal development (Sloan et al., 2017). However, due to
the long duration of these experiments, which range from several months to years, organoid
studies focused on astrocyte development are labor intensive and technically challenging.
Oligodendrocyte precursor cells (OPCs) and oligodendrocytes are rarely observed in typical
cortical organoid and spheroid differentiation protocols. However, protocol modifications
can be made to support the induction of these important glial cells, whereby they assume a
typical cellular morphology and begin to myelinate neuronal axons (Marton et al., 2019).
The other major glial subtype, microglia, the immune cells of the nervous system, are
completely absent since they are non-neural in lineage. Microglia are incredibly important
for the regulation of the healthy nervous system; they act as macrophages phagocytosing
infectious microorganisms, pruning redundant synapses and regulating inflammation.
Dysregulation of microglia in the aged brain is implicated in many neurodegenerative
diseases, including Alzheimer’s and Parkinson’s disease (Hansen et al., 2018; Keren-Shaul
etal., 2017; Liu et al., 2019), and without these cells these diseases cannot be accurately
modeled.

One significant component absent from brain organoids is vasculature. Although the
inadvertent specification of a small number of endothelial cells can be identified through
scRNA-seq (Pollen et al., 2019), their affect appears negligible compared the drastic impact
vasculature has on the developing brain. By midgestation the cortex is completely innervated
by blood vessels, supplying nutrients and oxygen and known to play crucial roles in
metabolism and neurogenesis. For example, IPCs associate with blood vessels during
cortical development, dividing near blood vessel branch points suggesting that endothelial
cells may actively contribute to the neural stem cell niche (Javaherian and Kriegstein, 2009).
The absence of endothelial cells may not only contribute to secondary issues like lack of
oxygen diffusion but may directly impact neurogenesis in the organoid model. Since the IPC
population in the organoid is lower in proportion and transcriptionally inconsistent as
compared to primary IPCs, the lack of vasculature may be a significant contributing factor.
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Tissue Organization

Cytoarchitecture

The human cerebral cortex is highlighly organized,; it not only consists of a variety of cell
types, but has diverse cellular interactions that dynamically change over time. Since
lissencephalic animal models do not have the same expanded pool of progenitors and
number of neurons in the cortical plate as in the human, cerebral organoid cultures may offer
the opportunity to study the cellular and molecular correlates of higher order normal
developmental processes such as lamination and folding. In cortical organoids progenitors
form ventricular zone-like structures in the shape of rosettes within the larger organoid
space. Typically, multiple adjacent progenitor rosettes are present within an individual
organoid (Figure 2). These VZ-like structures create a radial scaffold, where vRG cells
proliferate along the ‘ventricular’ edge (Lancaster et al., 2013). As RG cells give rise to IPCs
and early born deep layer neurons, they migrate away from the VZ to form an intermediate
zone which encircles the proliferating cells. As the diversity of RG subtypes increases, o0RG
cells are observed within the rosette which expands to contain an outer subventricular zone
(0SVZ)-like space.

Neurons generated from RG-like cells in organoids differentiate and are typically positioned
exterior to the rosettes populating the space around the progenitor zones. As development
proceeds, increased diversity in neuronal type are observed, first with deep layer neurons
and several weeks later, with upper layer neurons. The ratio of neurons increases over
progenitors and intermixed populations of neurons from both the deep and upper layers fill
the organoid.

Topography
The adult human cortex is defined by dozens of discrete anatomical and functional areas,
each controlling complex behavioral output like motor, sensory, visual, and executive
functions. However, it is currently unclear when areal differences in cell types and their
corresponding connections arise. In the developing human cortex there is evidence of
arealization in neuronal populations across the rostral-caudal axis during neurogenesis,
where prefrontal cortex (PFC) ENs co-express markers of subcortically and intracortically
projecting neurons, while during the same period, neurons in the visual cortex (V1) do not
(Nowakowski et al., 2017). The mechanisms driving the molecular differences in areal
signatures are not currently well understood. Both secreted molecules and gene signatures
drive appropriate areal identity. Signaling molecules, like Wnt7b have been established to
play a role, since it regulates neuronal class selection in the caudal cortex (Ozair et al.,
2018).

Similar to the manner in which the cellular domains resemble, but do not recapitulate
endogenous structure, there are major limitations regarding axial topography in organoids.
Whole-brain organoids have the potential to contain many brain regions that emerge either
spontaneously or in response to intrinsically-defined organizers. These regional structures
can self pattern in appropriate order along the rostral-caudal axis (Lancaster et al., 2013).
The use of undirected cerebral organoids, while inconsistent across differentiations, may be
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Layering

a valuable tool to illuminate the intrinsic mechanisms defining regional identities including
gene expression, timing of area formation, and signaling mechanisms.

An alternative method is to impose an organizer (or organizers) within the organoid using
either a cluster of cells or bead that secretes a patterning protein. Rather than small
molecules bathing the organoid in the media, an organizer creates an endogenous-like
morphogen gradient to produce cells with a specific regional identity based on concentration
of exposure. Sonic Hedgehog (Shh) secreting iPSCs were embedded at one pole of
forebrain-directed spheroids (Cederquist et al., 2019) and adjacent regions were ventralized.
As the distance from the organizer increased, and presumably the signal became less
concentrated, the cells became correspondingly more dorsal. Culture of mouse embryonic
stem cells embedded with cells expressing markers of rostral or caudal genes, like Six3 and
Irx3, were also sufficient to organize the axis of the culture (Takata et al., 2017). This
method demonstrated increased topographical organization, and a platform to understand
interactions between the dorsal/ventral or rostral/caudal cortex in a more endogenous-like
system. However, it also highlights the need for a better understanding of the signaling
mechanisms that guide early human neurogenesis. Other organizers of the forebrain may
rely upon Wnt and BMP signaling activities and modeling the detailed effects of these
morphogens on patterning activity, cellular identity and cell-specific difference across
cortical areas will be key to improving organoid topography.

The human cortex is characterized by the development of distinct neuronal populations born
in an ‘inside out” manner to form stratified laminae . In the adult cortex, there are six
cytoarchitectonically distinct layers of cortical neurons, designated layer I - VI, where 1-1V
are the superficial layers and V-VI are the deep layers. In the organoid, despite the
progenitor zones resembling aspects of VVZ expansion and the ability of differentiating
neurons to migrate along the radial fibers, the resulting laminar organization is not
conserved. Although the temporal hierarchy is preserved where deep layers are born prior to
upper layer neurons, the inside-out organization is not. Neurons with different layer
identities are typically intermixed throughout the organoid. Likely due to the multiple
numbers of rosettes and the orientation by which neurons differentiate from the progenitors,
the laminar organization of the human cortex is not typically well preserved in the organoid
model, although some protocols report aspects of laminar-like organization (Qian et al.,
2016). Because of the lack of robust and consistent laminar organization, other properties of
neuronal development, including axon guidance, synaptogenesis and circuit formation are
consequently difficult to study. Interestingly, molecular changes observed in recent
sequencing studies of Autism Spectrum Disorder brain tissue suggested that certain layers of
the cortex may be differentially affected in the disorder (Parikshak et al., 2013; Velmeshev et
al., 2019; Willsey et al., 2013). Identifying methods to more faithfully recapitulate
lamination in organoids may be needed to gain meaningful inroads into the disorder using
organoid models.

In addition to organoid cytoarchitectural dynamics that may limit the ability of cells to make
uniform cortical layers, there is also an absence of layer | Cajal Retzius cells, which
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Folding

Expansion

normally reside along the pial surface of the developing neocortex. Cajal Retzius express
Reelin, which is necessary for appropriate laminar organization during development. Loss of
Reelin function results in disorganized laminar formation in the developing mouse cortex
(Ogawa et al., 1995). Additionally, in the organoid there is lack of subcortical input.
Reciprocal interactions between the cortex and thalamus are important for appropriate
laminar organization, which may also contribute. Notably, corticothalamic fusion organoids
did not report increased laminar organization, suggesting that this is likely a more pervasive
problem, which may have multiple sources.

Mechanisms that drive cortical folding /n7 vivo continue to be elucidated (Sun and Hevner,
2014). Only a few studies in mouse have profoundly altered neuroepithelial organization and
folding. These include genetic mutations that alter patterns of apoptotic cell death
(Oppenheim et al., 2001), progenitor cell self-renewal (Chenn and Walsh, 2002; Florio et al.,
2015; Matsumoto et al., 2017; Rash et al., 2011; Stahl et al., 2013; Wang et al., 2016), and
neuronal migration (Del Toro et al., 2017). Unlike the human cortex, which begins to fold
around midgestation and results in many gyri and sulci, cortical organoids do not normally
fold, no matter how long they are maintained in culture. One advantage of studying human
cells is to gain insight into disease, however organoids, like rodent models, are naturally
lissencephalic. The lack of proper cellular expansion, likely both at the progenitor and
neuronal level, in the organoid does not allow for appropriate biophysical cellular properties
that result in folding. In order to study aspects of cortical folding, different approaches to
organoid modification have been taken. Organoids have now been cultured under space
constraints, on a chip, to better understand the cellular processes that occur as tissue
wrinkles and allow for long-term observations of cell behaviors over time (Karzbrun et al.,
2018). Appropriate cytoskeletal contraction and nuclear expansion during cell cycle were
required at different locations in the organoid for folding to occur. Folding can also occur in
suspension organoids after genetic manipulation. PTEN mutant organoids have a prolonged
period of proliferation resulting in increased surface area and convolution at the organoid
surface (Li et al., 2017). While these studies highlight methods to induce folding in the
organoid model, they do not necessarily clarify the developmental mechanisms responsible
for cortical folding in normal human development. Importantly, even in the absence of a full
understanding of cortical folding and a complete /n vitro model, studies investigating
individual cell types carrying mutations affecting brain folding in human patients may
provide inroads into the cellular and molecular correlates of these processes (Bershteyn et
al., 2017).

A prominent feature of the human brain is the astonishing expansion of the cerebral cortex.
Although the mechanisms underlying human brain expansion have not been fully resolved,
the increase in both the numbers of and types of progenitor cells, as well as their
differentiation into a larger variety of neuronal types, likely contributes. Human-specific
features are a common rationale for utilizing organoids rather than lissencephalic model
species, such as the mouse, however, the scale of cortical expansion is markedly decreased
in the organoid. Due to the limitations in organoid size, likely because of lack of vasculature

Brain Res. Author manuscript; available in PMC 2020 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Andrews and Nowakowski Page 12

Circuitry

and ability of nutrients to permeate into the organoid, there is a maximum total organoid size
of about 4-5mm (Pasca et al., 2015). Thus, progenitor zones cannot expand as /1 vivoto
result in the dramatic expansion of the cortical plate. Although many of the appropriate
populations of human cells, both progenitors and excitatory neurons, are present in the
organoid, in the long-term, they do not reflect the same potential of the cortex to expand.
Despite such differences, diseases resulting from inappropriate cortical expansion, like
microcephaly, have been successfully modeled in the organoid system (Lancaster et al.,
2013). However, the clear limitations of the organoid demonstrate the necessity for
continued comparison to /n vivo models from both gyrencephalic and lissencephalic species,
to better understand the mechanisms necessary and sufficient for cortical expansion.

Studies of /n vitro neural cultures ultimately seek to recapitulate normal circuits and serve as
experimental platforms for understanding neural function in a reductionist model. This is
especially important in cases where access to primary tissue or live organisms is difficult or
impossible, or in cases where hundreds of conditions need to be compared in a systematic
and highly controlled manner. Until recently, stem cell-derived neurons could be maintained
in culture for some period of time sufficient for the neurons to develop robust synaptic
activity (Kirwan et al., 2015; Shi et al., 2012). However, the mature properties of human
neurons often take many months to develop (Linaro et al., 2019; Nicholas et al., 2013).
Cerebral organoids develop three-dimensional organization of cells that supports longer
culture duration and more endogenous-like cytoarchitectural structure, which may overcome
some of the limitations of adherent cultures and support more elaborate cell-cell interactions
to potentially extend the limit of neuronal maturation.

Recent studies have demonstrated the presence of electrically-active cells and synapses in
organoid and spheroid models (Lancaster et al., 2013; Pasca et al., 2015; Quadrato et al.,
2017; Watanabe et al., 2017). Using classic electrophysiological techniques, like whole cell
patch clamping, it was demonstrated that organoid-derived neurons are electrically active
and able to fire action potentials (Pasca et al., 2015). Importantly, all organoid-derived
neurons assayed demonstrated similar electrical activity, which was ablated in response to
tetrodotoxin, demonstrating bona fide synapses. These important studies demonstrate the
capacity of organoid-derived neurons to signal to one another and their potential to be
utilized for the modeling of neural circuit formation and function.

Other methods such as calcium imaging and extracellular recordings have also been utilized
to assay electrophysiological potential (Lancaster et al., 2013; Quadrato et al., 2017; Trujillo
et al., 2018). Whole brain organoids matured to eight months of age exhibit spontaneous
electrical activity and retinal photoreceptors, present in these organoids, have evoked
responses after exposure to light (Quadrato et al., 2017). While this suggests the ability of
organoid cells to both sense stimuli and produce electrical activity as a response , not all
organoids tested had these activity patterns due to the variability across the whole brain
organoids . Although similar, the timepoint by which electrical activity can be observed is
different across scientific groups and appears to depend on organoid differentiation protocol,
cell type assessed, and technical method used to assess activity. In another study using a
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multi-electrode array to evaluate organoids from two to eight months there was an increase
in electrical activity over time including frequencing of firing, spike synchrony and firing
rate. Additionally, firing patterns from older organoids appeared similar to that of a preterm
neonatal EEG, suggesting an increase in electrophysiological activity, synchrony and circuit
strengthening over time (Trujillo et al., 2018).

Although the detection of synaptic and electrophysiological activity is promising, it is
unclear whether cell-cell interactions in the organoid recapitulate /7 vivo circuits. As the
neuronal populations are disorganized, it is unclear whether the appropriate cell types are
forming the correct connections and the robustness of synaptic connections is unclear.
Because many neurological and neuropsychiatric disorders may involve changes in synaptic
activity or connectivity (Bobilev et al., 2019; Cardozo et al., 2019; Lee et al., 2017; Skaper
etal., 2017; Yang et al., 2017), it will be necessary to validate that organoids can accurately
model these properties. More studies evaluating the maturation of organoid cells throughout
developmental time and how they correspond to normal brain development are required.

In order to assess connections across regions, assembloids made from separately directed
aggregates are fused and evaluated for cellular interactions between regions, synaptic
formation, and establishment of early circuits. The first series of studies using a dual
differentiation model took advantage of the differences between the dorsal and ventral cortex
(Bagley et al., 2017; Birey et al., 2017; Xiang et al., 2017) to evaluate interactions between
the dorsally-born ENs and the ventrally-derived INs. The appropriate balance of excitatory
and inhibitory cells is essential for an equilibrium of electrophysiological activity.
Dysregulation of this process has implications in many cortical diseases, such as various
forms of epilepsy (Bonansco and Fuenzalida, 2016; Staley, 2015). The findings from dorsal-
ventral fusion studies demonstrated not only appropriate migration of INs, but also that
synaptic connections were made between INs and ENs. Although it remains unclear whether
these interactions form the same types of connections or would serve to balance electrical
activity as /n vivo, assembloids may offer a more complete model of cortical development to
evaluate circuitry. Thalamocortical circuits between the cortex and the thalamus are
important not only for appropriate development of cell types in both of these regions, but
also to regulate complex cognitive and behavioral functions, particularly processing of
sensory information. Cells from corticothalamic fusion organoids demonstrated a similar
capacity to migrate and form connections across organoids of different regional identities as
the dorsal/ventral forebrain organoids (Xiang et al., 2019).

The organoid fusion experiments highlight the importance of studying cortical cells in the
appropriate context. The cortex does not exist separately from the rest of the brain and if the
greater goal is to model circuitry, there is a need to understand the connections between the
cortex and other regions. However, in all organoid fusion experiments, directed brain
organoids are differentiated separately and later fused together, but it is unclear if they are
being harvested at the appropriate developmental time necessary to evoke the nature of
endogenous regional interactions. Additionally, fusion models have been proposed to model
circuit dynamics and how these circuits are impacted by disease, but it is currently unclear
whether organoid cells and synapses can be matured enough to study such nuanced
processes. While there is abundant promise of organoid potential, it is still unknown what
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this group of studies collectively teaches us about physiological activity in the developing
human brain and the accuracy of the organoids to model electrophysiological activity and
circuit dynamics.

Organoid Applications

Disease

Importantly, organoids provide a window into human development and disease that was
previously inaccessible. One major advantage of the organoid model system is that iPSC
lines can be derived from patients with neurological disorders and then differentiated into
neural cells to study the mechanisms of disease in the context of a human model. Several
recent studies have utilized brain organoid models to better understand the etiology of
neurodevelopmental disorders. To date, studies have used organoids to model lissencephaly
(Bershteyn et al., 2017; Karzbrun et al., 2018), genetic microcephaly (Lancaster et al., 2013)
and microcephaly as a result of Zika virus infection (Cugola et al., 2016; Nowakowski et al.,
2016a; Qian et al., 2016; Watanabe et al., 2017), Timothy syndrome (Birey et al.,
2017),Tuberous Sclerosis (Blair et al., 2018) and Autism (Amiri et al., 2018; Mariani et al.,
2015).

As early developmental processes appear to be recapitulated most closely in the brain
organoid when compared to the complexity of human brain function over time,
neurodevelopmental disorders are probably best suited for study in this model system.
However, disorders like Autism, while extremely relevant to neural development, may have
subtle changes to laminar organization, columnar identity and circuitry which are not well
represented in the organoid. Neuropsychiatric disorders, like schizophrenia, that have onset
after adolescence and are characterized by behavioral and cognitive symptoms are difficult
to study in the organoid. Additionally, although there is increased dopaminergic receptor
expression and activity (Breier et al., 1998; Farde et al., 1990; Kegeles et al., 2000; Wong et
al., 1986), there are no definitive disease biomarkers, making validation of a schizophrenic
organoid model a particular challenge. It remains unclear what phenotypic abnormalities
should be evaluated, as well as the relevance of particular observed differences to disease.
Aging-related neurodegenerative disorders, like Alzheimer’s and Parkison’s diseases, are
also a challenge to model in the organoid, as these diseases are related to onset after a
prolonged period of time, post-development. Organoid maturation states most closely reflect
fetal stages (Sloan et al., 2017) and there is little evidence of their ability to mirror postnatal
life, or advanced age. Studying many disease-related processes are currently problematic as
they require evaluation of aspects of neuronal maturation that are not well represented in the
organoid.

Future improvements

Maodifications to Cell Culture System—A major issue with the organoid model is the
lack of vasculature. One approach to resolve the lack of vascular innervation is the
transplantation of organoids into animal models. Recent studies reported that transplantation
of a brain organoid into a mouse brain resulted in integration between the donor human cells
and the mouse host (Daviaud et al., 2018; Mansour et al., 2018). Within the organoid,
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apoptosis was substantially reduced, and the neurons integrated into mouse cortical circuits,
with functional connections detected between transplanted human cells and mouse host. In
addition, mouse endothelial cells were able to invade the organoid and provide vascular
support to the neural tissue. An alternative method is to transplant endothelial cells into the
organoid to mimic vascular development. A recent study transplanted umbilical vein
endothelial cells into organoids and observed improvement in cortical laminae-like
organization and electrophysiological activity (Shi et al., 2019).

Another approach is to culture organoids that have been sliced and cultured at the air liquid
interface (Giandomenico et al., 2019). This method rescues the necrosis observed in the
core, encourages axonal growth and improves bundle fasciculation. Additionally, cellular
maturation is improved, there are fewer reactive astrocytes, and more electrophysiological
activity is observed compared to traditional suspension organoids. Promisingly, cells from
sliced organoids cultured at the air liquid interface are able to form synaptic connections
with co-cultured mouse spinal cord resulting in functional output similar to a corticospinal-
like tract. However, neither the transplantation or sectioning of organoids rescue the
organizational issues that are still endemic to organoid models. A lack of cytoarchitectural
context remains, which is problematic for consistent modeling of neural development and
disease.

Cellular Stress—One significant realization from several recently published single cell
sequencing studies is that organoid cells have increased expression of genes associated with
cellular stress, particularly associated with endoplasmic reticulum dysfunction (Amiri et al.,
2018; Pollen et al., 2019; Xiang et al., 2019). These markers may indicate inherent issues
with the organoid system that were not easily identifiable until sScRNAseq analyses were
performed on organoids and compared to developing human cells. As these networks have
been independently identified by different scientific groups using various organoid protocols
and stem cell lines, this appears to be a problem fundamental to the culturing of brain
organoids. The underlying cause is undetermined but issues like lack of oxygen diffusion,
necrosis at the organoid core, non-physiological levels of glucose in media composition, and
lack of vasculature may all contribute.

Report Card Comparison—There are currently many different published methods for
culturing brain organoids and spheroids depending on the regional identity required and
question of interest. For modeling cortical neurons, several protocols now exist, although
they have been applied mostly to only a handful of iPSC lines each. This lack of
benchmarking makes choosing a protocol to follow a significant challenge. Identifying and
sharing lines for comparing differentiations and new protocols, and using data driven
approaches, such as single cell RNA sequencing, will ultimately help advance this field by
providing unbiased benchmarking criteria for reproducibility and robustness of cell type
interpretation.

In addition, a thorough comparison of protocols is required to establish not only a best
practices of making organoids, but also to establish whether cell types across protocols are
equivalent. It’s unclear whether we are currently comparing equivalent model systems or
whether some more accurately represent endogenous development. Several groups are now
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beginning to characterize their own organoid protocols at a transcriptomic level, as well as
measure against data collected from other organoid culture systems (Pollen et al., 2019;
Velasco et al., 2019; Yoon et al., 2019). Thus far it appears that the accuracy of cell type
correspondence from these protocols are similar, although the reproducibility in making the
same proportion of cell types and regional identity vary across protocols. However, these
studies should be calibrated against our lack of understanding regarding normal human
development. These studies and others have incorporated some comparison to gestational
development into their analysis (Amiri et al., 2018; Camp et al., 2015; Pollen et al., 2019;
Sloan et al., 2017), however the limited availability of developing human brain tissue has
made high resolution comprehensive analysis throughout neurogenesis challenging. In order
to determine the extent of organoid translational capacity more studies on postmortem
human samples from different developmental stages are required. These studies will greatly
inform how well the organoid recapitulates many molecular and cellular aspects of neural
development, how well this system can model disease, and contribute insight into how the
human brain develops.

Based on our current understanding, brain organoids are a valuable tool that are well utilized
to study neural induction, neurogenesis, neural developmental trajectory, neurogenic to
gliogenic transition and development of neural cell types. However, organoids lack
appropriate topographical and cytoarchitectural organization, many cell types are absent, and
there is no vasculature making questions regarding circuit formation and disease challenging
to address. The organoid field is growing rapidly and these problems will need to be
addressed in order to best utilize this model moving forward.
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This review evaluates the cerebral organoid model system as measured by our current
understanding of human brain development, focused on the cerebral cortex. The
following are discussed topics in our review:

. Brain organogenesis is a complex and highly orchestrated developmental
process regulated by a set of heritable developmental instructions.

. Neural stem cells, also known as radial glia, give rise to the vast majority of
cell types in the brain, organized into higher-order tissue cytoarchitecture
patterns.

. Cerebral organoids can be derived from pluripotent stem cells and leverage

the properties of self-assembly to recapitulate the major cell types of the
developing brain.

. Radial glia progenitor diversity and neurogenesis are well represented in the
organoid cultures, but emergence of higher order features remain unclear.

. Single cell genomics provide a data-driven approach for unbiased
comparisons of organoid cells to in vivo counterparts.
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Figure 1: Neural development
A) During early development, notochord cells induce neuroepithelial identity of the

overlying epithelium. After neural induction, the neural plate invaginates and closes to form
the neural tube. The notochord becomes patterned along the rostral/caudal axis. B)
Organizers within the nervous system arise and secrete morphogens to pattern neural tissue
resulting in the expression of discrete transcription factor domains. These domains develop
into distinct regions of the nervous system. C) Brain organoid protocols co-opt these
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developmental signals to pattern the cells toward particular identities in an attempt to
recapitulate early neurodevelopmental events.
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Modelling brain development using cortical organoids

Late Neurogenesis
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Figure 2: Cortical Development and organoid models
A) During cortical development radial glia arise from a neuroepithelial sheet. Progenitor

cells generate deep layer neurons first before producing upper layer neurons, which expand
the cortex. B) In the cortical organoid, cell types can also be identified using the expression
of canonical markers. Organoid cells self-organize typically into multiple progenitor zone-
like rosette structures, rather than into a single germinal zone as /n vivo. Although the VZ-
like structure expands, it does not maintain the same cytoarchitectural organization over
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time. After a period of culturing, a mix of neuronal populations reside on the exterior of the
organoid.
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