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Cortical organoids: why all this
 hype?
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Julia Ladewig1,2,3,4,5
The development of organoids derived from human pluripotent

stem cells heralded a new area in studying human organ

development and pathology outside of the human body.

Triggered by the seminal work of pioneers in the field such as

Yoshiki Sasai or Hans Clevers, organoid research has become

one of the most rapidly developing fields in cell biology. The

potential applications are manifold reaching from

developmental studies to tissue regeneration and drug

screening. In this review, we will concentrate on brain

organoids of cortical identity. We will describe the ‘state of the

art’ in generating cortical organoids and discuss potential

applications. Finally, we will provide future perspectives

including suggestions how further innovations can broaden the

application of brain organoids.
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The human brain — not just bigger
The human brain clearly represents the organ with the

greatest progression during evolution and it is responsible

for all our intellectual functions and abilities. Already

slight evolutionary changes as those developed between

primate and human brains impact on its function and led

to the development of a new species [1]. One of the most

obvious differences is the expansion and accretion in

complexity of the youngest part of our brain, the neocor-

tex, anatomically reflected by a massive enlargement in
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surface resulting from an organization into gyri and sulci.

On a cellular level multiple highly specialized new neural

subtypes emerged such as additional expanding progeni-

tors (outer radial glia cells (oRGC) or basal progenitors

[2,3]), or certain types of specialized neurons [4,5] leading

to a strongly increased cellular diversity compared to that

of other species. The developmental mechanisms that

generate the differences in size, complexity and diversity

are, however, poorly understood also in part because

developing human brain tissue is largely inaccessible to

experimental manipulation. To understand the molecular

basis of human brain evolution, adequate models are

highly warranted. In this context, in vitro generated

human ‘mini-brains’ have certainly revolutionized the

research on human brain development and developmen-

tal pathologies. The organoid technology provides an

unprecedented opportunity to experimentally address

which factors and genes contribute to human brains’

morphology and function. Similar to what has been the

foundation of decades of developmental biology research

in model organisms, brain organoids are amenable to

genetic manipulation enabling targeted activation or dis-

ruption of genes and pathways to assign them to their

specific function in human brain development.

Generation of cortical organoids — many
roads leading to Rome
Celebrated as ‘method of the year’ in 2017 [6] organoids

are now ‘state of the art’ in stem cell research. This fame,

however,masks the fact that human pluripotent stem cell

(PSC)-based organoid technology reaches back as far as

10 years. The first human cortical organoids were actually

described already in 2008 in the pathbreaking publica-

tion from Mototsugu Eiraku and coworkers [7]. They

differentiated human PSC as self-organizing 3-dimen-

sional aggregates called SFEBq (short for: serum-free

floating culture of embryoid body-like aggregate with

quick reaggregation) which contained apico-basally

polarized cortical tissue. Upon further differentiation,

the cortical structures spatially organized into a ventric-

ular-like zone (VZ), a sub-ventricular-like zone (SVZ)

and a cortical plate-like region exhibiting initial cortical

layering. It was not before 2013 when brain organoids

were ‘rediscovered’ by Madeleine Lancaster. She

described cerebral organoids — large aggregates of ner-

vous system identity containing multiple brain regions

including a developing cerebral cortex but also several

other regions of the brain such as retina, hindbrain,

midbrain or choroid plexus [8]. Cortical region specific

organoids were at the same time re-introduced by the
www.sciencedirect.com
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Sasai lab which further developed the SFEBq method

introducing self-organizing cortical tissue exhibiting a

polarity along the brain axes and region-specific rolling

morphogenesis [9]. Similar to the 2008 publication, cor-

tical areas showed aVZ, a SVZ aswell as an initial layering

of the cortex. Interestingly, both publications showed the

presence of oRG-like cells in the outer region of the SVZ

[8,9]. Since then the protocols for the generation of whole

brain organoids or brain region-specific organoids were

progressively refined with multiple publications contrib-

uting other important aspects to the culture protocols.

Most of the cortical region-specific organoids are gener-

ated under the influence of small molecule pathway

modulators including SMAD signaling inhibitors to pre-

vent mesoderm and endoderm differentiation

[7,9,10��,11,12,13��,14], WNT signaling inhibitors to

avoid posteriorization [7,9,10��,11,13��,14] and sonic

hedgehog (SHH) inhibitors to maintain dorsal identities

[15]. Such ‘guided’ cultures exhibit a high degree of

homogeneity within and across batches [16]. The imple-

mentation of growth factors has also been shown to be

beneficial for the generation of cortical tissue including

FGF2 and EGF to support growth of ventricular radial

glia cells (vRGC) [11,12] or LIF to increase oRGC

proliferation [17]. Additional medium additives such as

Wnt3a or the GSK3beta-inhibitor CHIR99021 boost

progenitor proliferation and potentially survival

[13��,18] and factors like BDNF, NT3 and GDNF pro-

mote maturation [11,12,13��,14]. Tissue complexity can

be enhanced by applying extracellular matrix (ECM)

either by embedding the organoids in ECM or by substi-

tuting ECM to the culture medium (for an overview of

the different protocols see Table 1, for assessed char-

acteristics see Figure 1). Next to applying defined media

conditions the implementation of bioengineering

approaches contributed to the development of the orga-

noid cultures. The mechanical breakup of large cortical

structures into smaller pieces to increase the nutritive

support and oxygen exchange [17] could be substituted

by culturing organoids under constant agitation using

shakers or spinning bioreactors [8,13��]. Shaping cerebral
organoids into a disk-like structure by growing them on

microfilament scaffolds increased the surface to volume

ratio resulting in higher reproducibility of cortical differ-

entiation [18]. Other bioengineering attempts aim at

forcing organoids to develop wrinkles by applying micro

fabricated compartments which allow to simulate com-

pression forces arising during differential swelling [19��].
As the organoid field is constantly developing one can

imagine that more consistent, mature and architectoni-

cally complex cortical organoids will be developed in the

near future. First attempts in increasing tissue complex-

ity introduce forebrain hybrid cultures generated by

controlled fusion of dorsal and ventral forebrain orga-

noids [14,15,20��] or by integrating cells of extracerebral
origin such as microglia to possibly model important later
www.sciencedirect.com
stages of brain development such as synaptic pruning

[21,22].

Cortical organoids — just cell culture
artifacts?
The morphological and immunohistochemical compari-

son of brain organoids with primary human brain tissue

argues for a remarkable similarity between the in vitro
model and its in vivo counterpart. However, considering

that brain organoids are composed of neuroectodermal

cells only, thus lacking cells from other germ layers such

as microglial cells or a vasculature, it remains to be

addressed in detail in how far organoid-derived cells

correspond to their endogenous counterparts and whether

the same degree of diversity is present in organoids. One

important tool to tackle this question is comparative

transcriptome analysis of organoids with primary human

brain tissue. Indeed such experiments were able to show a

high similarity of primary tissue and cerebral organoids

with organoids aged 4–6 weeks matching best the first

trimester gestation brain development whereas organoids

aged about 13–14 weeks having more similarities to sec-

ond trimester brain tissue [12,13��,17]. In line with their

cortical identity, the molecular profiles corresponded best

to primary tissue from the prefrontal cortex [13��]. More

detailed data can be extrapolated from single cell tran-

scriptomics. Here, cell types associated to distinct devel-

opmental stages of fetal brain development were identi-

fied. Those show a remarkable overlap in their

transcriptional profile with endogenous brain cells and

allowed the reconstruction of fetal cortex-like linage rela-

tionships [23]. Another interesting study concentrated on

the glial compartment in forebrain organoids. Following

astrocytes in organoid development over the time course

of >1.5 years, mature astrocytic signatures with high

similarity to primary astrocytes could be demonstrated

[24]. The largest molecular map of cerebral organoids

was recently generated and analyzed using droplet-based

single cell mRNA sequencing analyzing >80,000 single

cells cultured up to 9 months. Besides confirming previous

data, the full spectrum of cellular diversity especially in

older organoids was a remarkable observation of this study.

It also illustrated the variation between individual orga-

noids, which was certainly due to the fact that the orga-

noids in the study were of the cerebral whole brain

organoid type and not from the more homogeneous fore-

brain-specific protocols [25��]. Future studies are needed

to compare expression patterns of organoid-derived cells

generated with different protocols. It would also be inter-

esting to correlate the expression patterns with structural

information and compare these data with most recent data

derived from human primary tissue [26]. Together this

would give an in-depth understanding of the spatiotem-

poral gene expression trajectories in cortical organoids and

to what extend these correlate to their in vivo counterparts.
Current Opinion in Genetics & Development 2018, 52:22–28
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Table 1

Culture protocols giving rise to brain organoids containing cortical tissue

Regional identity Starting population Growth-, patterning- factors and

cytokines

Culture conditions Highlight of the protocol Ref

Cerebral whole

brain organoid

Single cells from ESC or iPSC colonies

4500 cells/aggregate

Spinning bioreactor;

ECM

First protocol generating whole-

brain organoids

[8,43]

Single cells from ESC or iPSC colonies

9000 cells/aggregate

CHIR99021 Microfilaments; ECM Improved neuroectodermal

induction; radial unit formation

[18]

Single cells from ESC colonies

600 cells/aggregate

Microfabricated

compartments; ECM

Physics behind wrinkle

formation

[19��]

Telencephalic/

forebrain

organoid

Single cells from iPSC colonies

9000 cells/aggregate

Dkk1; human BMPRIA-Fc; LeftyA or

SB431542

First protocol generating

forebrain organoids

[7]

Single cells from ESC colonies

9000 cells/aggregate

IWR1; SB431542; FBS, Hyperoxic condition;

ECM

Detailed description of cortical

tissue organization

[9]

Detached iPSC colonies Dorsomorphin; A83-01; WNT-3A;

CHIR-99021; SB-431542; BDNF,

GDNF

Spinning bioreactor;

ECM

Well-defined oRGCs, generation

of diverse neuronal subtypes of

all six cortical layers

[13��,44]

Detached iPSC colonies Dorsomorphin; SB431542; FGF2;

EGF; BDNF; NT3

Astrocyte formation [12]

Single cells from iPSC grown as monolayer

6000 cells/aggregate

IWR1; A83-01; LDN-193189 Orbital shaker; ECM High reproducibility;

multiparametric analyses

[10��]

Single cells from iPSC colonies

10,000 cells/aggregate

Noggin; FGF2; EGF; BDNF; GDNF Modeling idiopathic disorder [11]

Single cells from ESC or iPSC colonies

9000 cells/aggregate

LIF Hyperoxic condition;

cut into half-size;

ECM

Promotion of oRGC proliferation [17]

Pure cortical

organoid

Single cells from iPSC colonies

9000 cell

SB431542; LDN-193189; XAV939;

BDNF

Orbital shaker Generation of dorsal and ventral

hybrid organoids

[14]

Single cells from iPSC colonies

9000 cells/aggregate

Cyclopamine Orbital shaker, ECM Generation of dorsal and ventral

hybrid organoids

[15]
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Figure 1

Characteristics and applications of the different brain organoid systems containing cortical tissue. Schematic representation of whole brain,

forebrain and forebrain hybrid organoids. The major characteristics of the organoid type are listed in the upper panel. The lower panel summarizes

the major applications of the different organoid types.
Elucidating the principles of human cortical
development in vitro
The restricted accessibility of primary human brain tissue

to experimental manipulation represents the biggest hur-

dle in exploring the secrets of human brain evolution.

Comparative studies of primary human brain tissue (and

lately also PSC-derived neural cells) with that of model

organisms led to the identification of several human-

specific genes and pathways, which were successfully

validated in non-human models, mostly by using gain-

of-function approaches [27–30]. But how can the organoid

technology contribute to the intensification of anthropo-

logical brain development studies? One major advantage

of organoids is the presence of in vivo-like cell-cell

interactions, which are not present in conventional 2

dimensional cultures. Considering the higher degree of

complexity and the presence of human-specific cell popu-

lations such as oRGC [8] this should lead to species-
www.sciencedirect.com
specific autocrine and paracrine activation of pathways.

Cortical organoids could also provide a platform to per-

form gene function studies, either by genetically elimi-

nating genes or by introducing mutations. Such studies,

similar to transgenic animal models, should allow to

systematically address the function of human-specific

genes in the development of the human neocortex and

by that deciphering the molecular basis of the changes

between our brain and that of our ancestors. Along these

lines, a recent study performed clonal analyses on human,

chimpanzee, and macaque cortical organoids. Here a

species-specific program during which human vRGC

continue to proliferate could be described [31]. Single-

cell transcriptome analysis comparing cortical cells from

human and chimpanzee cerebral organoids also point

toward a possible genetic evolutionary process in cell

cycle progression of vRGCs [32]. Furthermore, compari-

son of human cerebral organoids and primary mouse
Current Opinion in Genetics & Development 2018, 52:22–28
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tissue suggested that SHH signaling is promoting the

expansion of oRGCs [33]. Organoids from cells where

PTEN was genetically deleted exhibited an increase in

size and folding as well as an expanded VZ/SVZ, suggest-

ing that the PTEN-AKT signaling pathway plays an

important role during brain formation and development

[34]. These examples demonstrate the potential of

human brain organoids to identify inter-species differ-

ences and their functional consequences. In this context,

hybrid organoids of different regional identity will addi-

tionally allow the investigation of the interaction between

different brain regions including cell migration, inter-

regional interaction and circuit assembly.

Cortical organoids — a model for human
disease
So far essentially all organoid protocols generate cells and

developmental stages representing early gestation peri-

ods. As that, malformations of cortical development

(MCD) such as microcephaly or lissencephaly are dis-

orders, which call for being investigated in organoid

models. This is also underlined by the fact, that murine

brains are microcephalic and lissencephalic by nature

suggesting that the responsible human genes acquired

additional functions compared to their mouse orthologs.

Microcephaly was the first disorder where organoids were

shown to exhibit phenotypic changes congruent with the

human primary brain [8,35]. We and others applied corti-

cal organoids to address pathophysiological changes asso-

ciated with Miller-Dieker Syndrome, a severe congenital

lissencephaly [10��,36��]. Both studies discovered not yet

described human-specific aspects of the disease including

changes in the division mode of vRGCs due to non-cell

autonomous disturbance in WNT signaling [10��] and

mitotic defects in oRGCs [36��]. The recent Zika virus

(ZIKV) outbreak along with the increase in cases of

congenital microcephaly has also proven the usefulness

of organoids to model the impact of infectious diseases on

cortical development. Here, initial studies showed that

ZIKA selectively targets cortical progenitors and that the

infection is linked to microcephaly [13��,37��]. A multi-

tude of studies followed elucidating crucial viral mecha-

nisms [38–40] and investigating potential drug interven-

tions [41]. Another interesting application of brain

organoids is to model psychiatric disorders, which due

to their polygenic etiology, are difficult to address with

existing animal models. Modeling early cortical develop-

ment in forebrain organoids derived from patients with

idiopathic Autism Spectrum Disorder (ASD) identified

disease-related alterations including a dysregulation of

forkhead box G1 (FOXG1) expression, accelerated cell-

cycle progression and increased production of GABAergic

neurons [11]. Dorsal and ventral forebrain hybrid cultures

derived from patients with Timothy syndrome were used

to study complex cell-cell interaction identifying a cell-

autonomous migration defect of interneurons [20��]. To

what extend brain organoids can be used to study aspects
Current Opinion in Genetics & Development 2018, 52:22–28
of neuropsychiatric diseases, which manifest postnatally,

with alterations in neuronal circuitry assembly, dendritic

growth or synaptic refinement is not clear yet and will

critically depend on future developments in the organoid

field to generate cultures resembling more mature stages

of the human brain.

Conclusion
Brain organoids are promising tools to study previously

inaccessible aspects of human brain development and

disease (Figure 1). The organoid technology is develop-

ing rapidly and the protocols for the generation and

maintenance of defined region-specific cultures get pro-

gressively refined. While standardization of organoids is

important to use them for high-throughput applications

such as drug screening, developmental biologist will try to

reproduce the anatomy and interconnection of different

brain regions to generate an in vitro copy of the human

organ. Thismight be achieved by combining the different

technical advances in cell culture and bioengineering.

Microfiber scaffolds might allow anatomically assembly of

different brain regions and might also be used for the

spatiotemporally controlled delivery of patterning factors

leading to the formation of defined brain axes. Inclusion

of additional cells from other germ layers such as micro-

glia or endothelial cells which secrete additional growth

factors [42] might allow the development of later stage

organoids with more mature traits. Such stages might also

develop in vivo imagining that early stage organoids are

transplanted into rodents to reach full maturity. In com-

bination with the latest technical developments in high

throughput single cell OMICs and whole organ imaging

the organoid technology will allow to probe important

unanswered question of human brain development and

associated pathologies and will potentially serve as plat-

form for drug discovery.
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