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The human cerebral cortex represents the most 
highly developed part of the brain. It plays a vital role 
in processing and integrating information, modulating 
social and motor behaviors, planning and organization 
and thus it determines intelligence and personality in 
humans. Hence, the series of events resulting in its de-
velopment must be tightly coordinated and regulated. 
Smaller or bigger changes or disruptions in the regulation 
of proliferation, differentiation, and migration of cells 
in the developing central nervous system may lead to 
malformations of the brain affecting its structure and 
function. This can cause a wide range of physiological 
and functional consequences, provoking brain-related 
diseases such as neurodevelopmental disorders. The 
main characteristics of such disorders are developmen-
tal delay, intellectual disability, and epilepsy. They can 
also be associated with psychiatric disorders affecting 
individuals from early postnatal life and throughout 
adulthood. Given the high societal and economic burden 
that such disorders impose, defining the pathophysi-
ological mechanisms underlying their manifestation will 
help to better diagnose and will accelerate treatment. 
For this reason, over recent years scientists have made 
a significant effort to model brain diseases.

Mouse models revealed many aspects of the mecha-
nism underlying proper cortical development, as well 
as the appearance of cortical malformations; however, 
their use is limited due to structural and functional 

differences between mice and humans. The latest ad-
vances in stem cell technology and the generation of 
induced pluripotent stem cells (iPSCs) offer a promising 
way to derive human cells of any tissue of interest from 
patients and control individuals to study the phenotype 
of patients affected by disease-causing mutations. The 
originally developed protocols yielded two-dimensional 
(2D) monolayer cultures of human neural progenitors 
and neurons, and were a big step forward in identify-
ing human-specific molecular and cellular mechanisms 
related to brain development and disease. However, 
they did not allow insights into the effects of three-
dimensional (3D) tissue context on cellular processes, 
a key feature that determines brain function, while the 
lack of cellular and molecular diversity was profound 
in such cultures. On the other hand, organoids offer 
a possibility to overcome these problems since they 
represent 3D, embryonic structures that reflect the 3D 
structure of organs. Brain organoids have been shown 
to reflect the 3D organization, cell-type composition, 
and transcriptional footprints of the developing human 
brain. For these reasons, in the past decade, such brain 
organoid protocols have been used to model many 
diseases and they are now representing a promising 
model system [1].

Brain organoids are characterized by high complex-
ity in terms of cellular composition, as they consist of 
neural progenitors, neurons, astrocytes, and oligoden-
drocytes, by structural diversity, as they are organized 
in different cellular layers and by a higher degree of 
maturation than 2D cultures. All of these features allow 
regional interconnectivity and function similar to those 
observed in the human brain. Several different protocols 
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for generating brain organoids have been published 
in the past decade. They are based either on intrinsic 
properties of neural progenitor cells to self-organize 
into 3D aggregates, or on guided differentiation pro-
grams engineering the external environment of the 3D 
aggregates which is achieved through the addition of 
morphogens mimicking endogenous patterning events. 
The first approach leads to the production of various 
cellular lineages yielding brain organoids composed 
of multiple regional identities of the brain within the 
same organoid. This allows the holistic modeling of 
brain structure, but it was reported to show increased 
variability between batches [2]. On the contrary, the 
second approach drives neural progenitors to acquire 
a specific brain region identity, which was proposed 
to reduce the variability between different organoid 
batches. However, they can be used only for specific 
applications because they lack complexity [2]. Over the 
last few years, different modifiers, namely small mol-
ecules, have been used to produce forebrain organoids 
(dorsal and ventral), midbrain organoids, hypothalamic 
or thalamic organoids, hippocampal organoids, spinal 
cord organoids, cerebellum organoids, and choroid 
plexus organoids, reviewed in [3]. In parallel, differently 
patterned organoids have been fused creating more 
complex models of the developing human nervous 
system leading to modeling interconnectivity in a tightly 
regulated approach [3] and they have been used as an 
alternative method of the intrinsic protocols. Neverthe-
less, these basic differences between these approaches 
need to be considered when choosing the appropriate 
3D model to study different brain diseases.

These protocols were used to model early human 
CNS development, neuronal survival and maturation, 
human brain evolution, and human brain diseases 
[1]. Indeed, since the publication of the first intrinsic 
brain organoid protocol [4], numerous studies have 
been published modeling a great variety of differ-
ent brain-related diseases. Amongst the first diseases 
that have been modeled were the malformations of 
cortical development (MCDs), such as microcephaly, 
macrocephaly, cortical heterotopias, and lissencephaly. 
Interestingly, structural defects of the developing cortex 
are among the main clinical phenotypes in the previ-
ously mentioned diseases. Using mainly the intrinsic 
protocols for generating brain organoids, a human-
specific mechanism involving the proper regulation of 
the mitotic spindle orientation in the transition from 
apical radial glial cells to basal radial glial cells, the 

novel neural progenitors responsible for the neuronal 
expansion observed in the human cortex, was described 
in patients with microcephaly following mutations in 
genes such as CDK5RAP2 [4] and ASPM [5] or after zika 
virus infection [6]. Besides, macrocephaly was also 
modeled using brain organoids as well as disorders 
implicating alterations in the gyrification index of the 
brain scrutinizing the human-specific function of genes 
including PTEN, LIS1 and YWHAE [7-9]. Finally, neuronal 
heterotopias were also extensively studied using brain 
organoids contributing to our limited knowledge of the 
involvement of intrinsic and extrinsic signaling on neural 
progenitors’ function, and neuronal migration profile in 
the formation of the human cortex. These studies have 
shown that the morphology, position, and function of 
neural progenitors, as well as the migration behavior of 
human neurons during cortical development, are regu-
lated amongst others by DCHS1, FAT4, and LGALS3BP 
[10,11] contributing to the establishment of human 
cortical complexity. 

Besides cortical malformations, other brain-related 
neurodevelopmental disorders have been modeled 
including αutism spectrum disorder (ASD) [12,13], Rett 
syndrome [14], and Timothy syndrome [15]. Using brain 
organoids, the hypothesis of the excitatory/inhibitory 
imbalance in autistic brains has been tested and the 
involvement of genes such as FOGX1 and CHD8 has been 
shown. Additionally, using assembloids, interneuron 
migration defects were suggested as one of the causing 
mechanisms of Timothy syndrome, while brain orga-
noids harboring mutations in the gene MECP2 showed 
defects such as increased proliferation and decreased 
differentiation potentials of neural progenitors sug-
gesting a novel mechanism for Rett Syndrome. Lastly, 
although brain organoids were shown to recapitulate 
early steps of brain development, modified protocols 
have been used for modeling neurodegenerative dis-
orders including Alzheimer’s disease (AD) [16], Amyo-
trophic lateral sclerosis (ALS) [17], Parkinson’s disease 
(PD) [18] schizophrenia [19] and others. This enabled the 
modeling of these genetic neurodegenerative diseases 
in a human cellular context, highlighting for example i) 
the cellular mechanisms involved in the accumulation of 
amyloidogenic Aβ peptides in AD, ii) the impaired motor 
features upon neuronal degradation in ALS and iii) the 
decreased neurite length of dopaminergic neurons in 
LRRK2 mutant (PD) organoids. Of note, these cellular 
systems have highlighted potential developmental 
deficits underlined classical neurodegenerative disor-
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