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Abstract
Epilepsy is a common neurological disorder characterized by recurrent and unprovoked seizures due to neuronal hyperactivity. A
large proportion of epilepsy cases begin during childhood. Causes of epilepsy include stroke, infections, brain injury, genetic
factors, or other factors that alter brain structure and development, but in up to 50% of cases the cause is unknown. Approx-
imately 35% of patients have refractory seizures that do not respond to medication. Animal models and in vitro cultures have
contributed to our understanding of epilepsy, but there is a clear need for better models to explore the human brain in normal
and pathological conditions. Human pluripotent stem cell (PSC) technologies opened the door for new models for analyzing brain
development and disease, especially conditions with a genetic component. Initially, PSCs were differentiated into 2-dimensional
cultures of a homogenous population of neural cells, such as glutamatergic excitatory or g-aminobutyric acidergic inhibitory
neurons, as well as glial cells. Nevertheless, these cultures lacked the structure and complexity of a human brain. In the last
decade, PSC technology has advanced to the next level through the development of 3-dimensional culture, called organoids.
These organoids recapitulate features of the human brain that are missing in animal models, enabling a deeper study of the human
brain. In this review, we will summarize the current status of organoid research and its application to epilepsy.
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Introduction

Epilepsy is a chronic neurological condition of recurrent and

unprovoked seizures due to neuronal hyperactivity.1-3 It is a

common disorder, affecting 65 million people around the

world.4 Most cases manifest in childhood, reflecting the vul-

nerability of the developing brain, with an increasing propor-

tion identified with genetic etiologies. More than

10 monogenic epilepsies have been modeled in vitro,5,6 using

pluripotent stem cells (PSCs)—both embryonic stem cells

(ESCs)7 and induced PSCs (iPSCs)8—that have been differen-

tiated into neural cells.9-11 These methods have allowed muta-

tions to be studied: iPSCs can be reprogrammed from a skin or

blood sample from patients having epilepsy with a specific

mutation and then differentiated in 2-dimensional (2D) cultures

of glutamatergic excitatory or g-aminobutyric acidergic

inhibitory neurons, as well as glial cells (for a review of epi-

lepsy 2D models see reference12,13). Likewise, specific muta-

tions in patients with epilepsy can be introduced into ESCs or

iPSCs derived from healthy controls by CRISPR-Cas9 gene

editing and differentiated into neurons and glial cells using the

same protocols.14 Moreover, gene editing can be used to cor-

rect mutations in patient iPSCs to obtain an isogenic control

line with the same genetic background. However, these 2D

cultures have limitations as human cell models of development

and disease, because they lack the human brain’s cell–cell

interaction, structure, complexity, and heterogeneity.15 More

recently, the development of 3-dimensional (3D) culture, also

called organoids, may have overcome some of these limita-

tions, at least in part.16,17 In this review, we will summarize

current brain-organoid protocols, highlight several examples of

neurodevelopmental disorders that these models mimic, and

Epilepsy Currents
2020, Vol. 20(5) 282-290

ª The Author(s) 2020
Article reuse guidelines:

sagepub.com/journals-permissions
DOI: 10.1177/1535759720949254

journals.sagepub.com/home/epi

Creative Commons Non Commercial No Derivs CC BY-NC-ND: This article is distributed under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 License (https://creativecommons.org/licenses/by-nc-nd/4.0/) which permits non-commercial use, reproduction and
distribution of the work as published without adaptation or alteration, without further permission provided the original work is attributed as specified
on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

EPILEPSY CURRENTS

https://orcid.org/0000-0003-0214-0771
https://orcid.org/0000-0003-0214-0771
mailto:jenny.hsieh@utsa.edu
https://sagepub.com/journals-permissions
https://doi.org/10.1177/1535759720949254
http://journals.sagepub.com/home/epi
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage


discuss the benefits and limitations of these models in uncover-

ing epilepsy mechanisms.

Human Brain Development and Organoid
Models

Compared to other primates, the human brain is both larger and

more complex and develops differently.18 Cortical neurons

derive from radial glial cells (RGCs, also known as ventral or

apical RGCs), which directly contact the lateral ventricle and

have long processes that extend to the pial surface.19 These

RGCs give rise to cortical neurons directly or through inter-

mediate progenitor cells (IPCs).20 In human, RGCs also differ-

entiate into outer radial glial cells (oRGCs, also known as basal

RGCs) which lack apical contacts with the lateral ventricle, as

their cell bodies translocate into the outer subventricular zone

but retain basal contacts with the pial surface.21 These oRGCs

are considered key factors for the human cortical surface’s

increased size and complexity. Daughter cells derived from

RGCs migrate away from the ventricle toward the cortical

plate, where they give rise to differentiated neurons. Deep-

layer neurons form first, and upper-layer neurons emerge later

during development, in an inside-out manner (Figure 1A).20

Once in their final destination, cortical excitatory neurons

mature and are classified based on their laminar position, gene

expression profile, and projection type.22 Later during devel-

opment, RGCs also produce astrocytes and oligodendrocytes.20

In addition, inhibitory interneurons integrate into the cortical

circuit.23 These interneurons are generated in the ganglionic

eminences (ventral forebrain) and migrate tangentially toward

the cortex (dorsal forebrain; Figure 1B).24 It has been proposed

that a small proportion of interneurons can also be produced

locally in the cortex in humans.25-28 Different types of inhibi-

tory neurons have been described in the cortex according to

their morphology, origin, location, gene expression, and elec-

trophysiological properties.29 Moreover, specific interneuron

subtypes can be observed only in humans.30 Many of these

aspects of brain development can be recapitulated in orga-

noids.16,17,31 To date, 2 general types of 3D organoids have

been described: whole-brain organoids, also called cerebral

organoids, or directed regional brain organoids. Formation

of cerebral organoids relies on the intrinsic capacity of PSCs

to self-pattern and self-organize.32 Cerebral organoids have

the potential to manifest different brain regions in a single

organoid (ie, cortex, hippocampus, retina), allowing the study

of cell–cell interactions within these brain regions but they

can be heterogeneous from batch to batch.33 On the other

hand, formation of directed regional brain organoids employs

small molecules and growth factors to promote neural induc-

tion (typically through inhibition of the bone morphogenetic

protein [BMP]/transforming growth factor-beta [TGF-b] sig-

naling pathways) and to specify region identity such as human

cortical organoids or human cortical spheroids (hCSs),34-36

human ventral organoids or human subpallium spheroids

(hSSs),37-39 among others. In addition, cellular interactions

between these brain regions can be analyzed by merging 2

types of region-specified organoids, for example, fusing hCS

and hSS37-39 to observe tangential migration of interneurons

from the ganglionic eminences to the cortex. Some of the

organoid protocols require the use of Matrigel, a gelatinous

protein mixture resembling the extracellular matrix, to pro-

mote cell differentiation. Both types of organoids form similar

ventricular zone-like structures surrounded by RGCs and

IPCs, which give rise to cortical neurons in a time- and

space-dependent pattern (Figure 1), and they resemble human

brain tissue at the molecular, cellular, and electrophysiologi-

cal levels.17,36,40,41 However, their organization is rudimen-

tary. Although neurons of the 6 cortical layers are present,

deep-layer neurons are formed first and are located around

ventricular zone-like structures, while upper-layer neurons

appear later more externally without a clear layer definition.

Interestingly, they contain human-specific features, such as

increased cortical thickness and the presence of oRGCs.

Despite their limitations, organoids are an ideal platform to

study human diseases that affect brain development.

Organoid Models for Developmental
Epilepsies

Tuberous Sclerosis

Tuberous sclerosis complex (TSC) is a developmental disorder

characterized by the presence of benign tumors in multiple

organs, including the brain.42,43 These brain tumors, called

cortical tubers, manifest as an accumulation of enlarged and

dysplastic neurons and glia in the cortex. A high percentage of

patients with TSC have epilepsy, autism, and intellectual dis-

ability.44 Tuberous sclerosis complex is caused by loss-of-

function mutations in the TSC1 or TSC2 genes, which encode

the proteins hamartin (TSC1) and tuberin (TSC2).45 These

proteins, joined with TBC1D7, form a complex which

represses mammalian target of rapamycin complex

1 (mTORC1) signaling.45 Blair et al used CRISPR-Cas9 gene

editing to insert loss-of function mutations in TSC1 and TSC2

human embryonic stem cells (hESCs) to model TSC in vitro.46

They showed that homozygous hESCs, but not heterozygous,

exhibited an increase in mTORC1 signaling and a reduction in

AKT phosphorylation. Further, they differentiated hESCs to

hCSs to study the role of TSC during brain development. While

they did not find significant differences in the number of pro-

genitor or proliferative cells, they observed a reduction or delay

of neuronal markers and an increase of glial cells in TSC1�/�

and TSC2�/� hCS. Neurons and glia were enlarged and dys-

morphic in hCS derived from homozygous cells, resembling

cells found in cortical tubers in patients. The model also pro-

vided support for the hypothesis that in heterozygous patients,

cytomegalic cells appear after a somatic second mutation

(known as second-hit model) that results in the biallelic inacti-

vation of TSC1 or TSC2. To test this hypothesis, the authors

developed an hESC line with a constitutive loss-of-function

mutation in 1 allele of the TSC2 gene and a Cre-inducible

conditional mutation in the second allele (TSC2�/c).
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Conditional hESCs were differentiated into hCS, and Cre was

added after 12 days in vitro during the progenitor expansion

phase. Cells with the second-hit mutation became dysmorphic

and were bigger, similar to the cells found in homozygous

TSC1�/� and TSC2�/� hCS. Finally, they showed that chronic

rapamycin treatment prevented the cellular hypertrophy. A

tuber-like phenotype was found in another preliminary study

by Eichmüller and colleagues using cerebral organoids derived

from TSC patient iPSCs with heterozygous mutations in

TSC2.47 In this study, the researchers also identified a new type

of cell, the caudal late interneuron progenitors or CLIP cells, in

TSC organoids by single-cell RNA sequencing. The CLIP cells

differentiated into interneurons and expressed high level of

epidermal growth factor receptor (EGFR). The first study pro-

vided evidence supporting that a second mutation is needed for

the formation of cortical tubers. However, in the second study,

the authors observed tuber-like structures even with only 1

allele mutated in TSC2 gene. Further analysis would be critical

Figure 1. Comparative representation of mouse and human brains and organoids. A, The pictures represent cortical layers in mouse and human
developing brains and in brain organoids. Human brain has an expansion of cortical layers and contains oRGCs. Brain organoids recapitulate
human brain structure to a certain extent. B, The drawings show origin and migration pathways of projection neurons and interneurons in
mouse and human brains, and organoid models for neuronal migration. CP indicates cortical plate; IZ, intermediate zone; MZ, marginal zone;
oSVZ, outer subventricular zone; oRGCs, outer radial glial cells; SP, subplate; SVZ, subventricular zone; VZ, ventricular zone.
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to corroborate the second-hit model. For this reason, it is essen-

tial to use isogenic controls and compare multiple iPSC lines to

obtain consistent data. Although organoids contain cells that

resemble those found in patients with TSC, they do not reca-

pitulate focal tuber-like abnormalities. These studies also point

to the mTORC1 signaling pathway as a potential therapeutic

target for patients with TSC to prevent the formation of cortical

tubers.

Rett Syndrome

Rett syndrome (RTT) is a neurodevelopmental disorder pro-

duced by mutations in the X-linked methyl-CpG-binding pro-

tein 2 (MeCP2) gene.48 Most patients with RTT are female,

with intellectual disability, motor coordination problems, sei-

zures, autism, and respiratory and cardiac abnormalities.49

Mellios et al analyzed cerebral organoids from a patient having

RTT with a frameshift mutation in the MeCP2 gene resulting in

a premature stop codon.50 These organoids showed an increase

in ventricular area and a thinning of the ventricular wall. More-

over, patient organoids showed an increase in RGCs and neu-

ronal cells, but a reduction in IPCs. The researchers also found

that mutations in MeCP2 produced an upregulation of miR-199

and miR-214 and an increase in BMP levels. They also ana-

lyzed radial migration of cortical progenitor cells by electro-

porating MeCP2 short hairpin RNA expressing green

fluorescent protein (GFP) in control organoids or GFP control

vector in mutant organoids and found a migration reduction in

both cases. This study identified novel microRNAs which reg-

ulate the MeCP2 pathway and affect early cortical develop-

ment. However, it is unknown how these earlier effects on

the RGCs and IPCs contribute to the epileptogenesis. A com-

plete understanding of the MeCP2 downstream pathway would

be necessary to develop better treatments for patients with

RTT.

Periventricular Heterotopia

Cerebral organoids have also been used to model periventricu-

lar heterotopia (PH), a group of heterogeneous disorders char-

acterized by intellectual disability and epilepsy.51 One study

used iPSCs from 2 patients, 1 with a heterozygous mutation in

the FAT atypical cadherin 4 (FAT4) gene and the other with

homozygous mutations in the dachsous cadherin-related 1

(DCHS1) gene, and performed gene editing with CRISPR-

Cas9 to created KO iPSC lines for both genes.52 They found

accumulation of neurons in ventricular zones in organoids

derived from all lines, which could be due to an aberrant mor-

phology of RGCs and defective radial migration. The research-

ers also identified changes in the expression of genes involved

in the formation of the cytoskeleton and cell junction and axon

guidance. In another study,53 the same group examined the role

of endothelin-converting enzyme 2 (ECE2) gene where 2 bial-

lelic variants have been identified in patients with PH. They

found that chronic enzymatic inhibition of ECE2 using PHOS

and CRISPR/Cas9-mediated KO of ECE2 in cerebral

organoids promoted an increase of neural progenitor cells and

a reduction of neurons. They also described changes in the

microtubule, actin cytoskeleton, and polarity of RGCs, as well

as in the production of extracellular matrix proteins and their

receptors. Similar ectopic neuronal positioning in ventricular

zones described in the first study was found in another research

in control cerebral organoids after overexpression of the pleck-

strin homology domain containing family G member 6 gene,

which encodes the guanine nucleotide exchange factor and was

found mutated in a PH patient.54 These studies have been able

to recapitulate PH phenotypes which were only partially

observed in mouse models and highlight the use of PSC-

derived organoids to study PH disorders. They also identified

microtubule and cytoskeleton proteins as key players to main-

tain RGC morphology and promote correct neuronal radial

migration. Targeting cytoskeleton components might be useful

to prevent migration defects in patients with PH.

Angelman Syndrome

Angelman syndrome (AS) is a neurodevelopmental disorder

characterized by delayed development, intellectual disability,

and seizures.55 Most AS cases are caused by a loss-of function

mutation of the ubiquitin protein ligase E3A (UBE3A) gene,

which encodes a HECTE3 ubiquitin ligase.56 Using gene-

edited KO ESCs and iPSCs derived from 1 patient with AS,

Sun et al57 found that pyramidal-shaped neurons in AS hCS

exhibited augmented excitability and fast components of after-

hyperpolarization due to elevated levels of calcium- and

voltage-dependent big potassium (BK) channels. Moreover,

using Ca2þ imaging and perforated patch recordings, they

observed that UBE3A loss promoted neuronal hyperactivity

and synchronization. These results suggest that the inhibition

of BK channels might reduce the hyperactivity in patients with

AS and control seizure development. This study is also the first

to observe hyperactivity in organoids derived from patients

with epilepsy as a proof of concept that organoids could be

used to study disruption in neuronal networks. However, it is

unclear whether this hyperactivity leads to the development of

seizures.

Miller-Dieker syndrome

Miller-Dieker syndrome (MDS) is a severe form of lissence-

phaly associated with mental retardation and epilepsy, and

microcephaly in some patients.58 Miller-Dieker syndrome is

caused by large heterozygous deletions in chromosome 17.58

This region contains dozens of genes, including PAFAH1B1

(LIS1 protein) and YWHAE (14-3-3e protein).58 Using cortical

organoids derived from MDS iPSCs, Bershteyn et al59 showed

an increase of apoptosis in the VZ-like region and horizontal

division in RGCs, as well as a decrease in the size of organoids.

They also found migration defects of doublecortinþ cells after

organoids were embedded in Matrigel. Miller-Dieker syn-

drome organoids showed an increase in deep-layer neurons,

without a major change in the laminar distribution. The
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researchers also labeled proliferative cells (RGCs, IPCs, and

oRGCs) using a cytomegalovirus (CMV)-GFP adenovirus, and

they observed a delay in cell division in the oRGCs in orga-

noids from patients with MDS. Similar results were found in an

independent study performed by Lefremova et al.60 In this

second study, the authors also reported smaller organoids and

a switch from symmetric to asymmetric cell division of RGCs.

However, they did not see significant differences in apoptotic

cell death. In addition, RGCs in MDS organoids showed an

impaired activation of N-cadherin/b-catenin/Wnt signaling and

external activation of the Wnt pathway rescued the switch in

the division mode observed in MDS organoids. The differences

found between both studies could be due to variations in the

organoid protocols or the organoid-to-organoid heterogeneity.

These studies highlight the role of RGCs during brain devel-

opment and the contribution of oRGCs to human specific phe-

notypes. These earlier defects could explain the microcephaly

observed in some of the patients with MDS, but it is still

unclear how the change of RGC division mode affects the

formation of the neuronal network and promotes epilepsy.

Timothy Syndrome

Timothy syndrome (TS) is a neurodevelopmental disease char-

acterized by autism and epilepsy.61 Birey et al analyzed inter-

neuron migration using hCS and hSS derived from patients

with TS carrying a gain-of-function mutation in the CACNA1C

gene that encodes the L-type calcium channel (LTCC) subu-

nit.38 They labelled interneuron progenitors in hSS using a

Dlxi1/2b-GFP reporter and fused them to hCS. The GFPþ cells

from control and patient spheroids migrated from hCS to hSS

in a saltatory pattern, characterized by movement for a period

of time followed by extensive pauses, as described in vivo.

Patient hCS–hSS showed an increase in saltation frequency,

as well as a decrease in saltation length and speed. Interest-

ingly, this effect was cell autonomous, as the migration defect

was also found when patient hSSs were fused to control hCS.

Moreover, this migration phenotype was rescued after adding

nimodipine, an LTCC blocker, suggesting that LTCC blockers

might be used to prevent migration defects in patients with TS.

It would be interesting to study whether these migration defects

lead to a reduction of interneurons in hCS leading to an imbal-

ance between excitatory and inhibitory neurons. This imbal-

ance might be responsible for the development of seizures in

patients with TS.

Developmental Epileptic Encephalopathies

Developmental epileptic encephalopathies are severe disorders

characterized by intractable epileptic seizures and develop-

mental delay. In 1 study,62 researchers analyzed 36 cases from

25 families with epileptic encephalopathies and found germline

recessive mutations in the UDP-Glucose 6-Dehydrogenase

(UGDH) gene. The UGDH encodes an oxidoreductase that

converts UDP-glucose to UDP-glucuronic acid, a key compo-

nent of proteoglycans and glycolipids. The authors generated

cerebral organoids from several patients with 2 different het-

erozygous mutations and 1 homozygous mutation in the UGDH

gene. After 10 weeks in vitro, mutant organoids were signifi-

cantly smaller and showed a decrease in neuronal progenitor

markers and in the number of proliferative cells. However, the

authors did not find these defects in UGDH mutant zebrafish.

This study brings evidence that extracellular matrix compo-

nents are critical during brain development and opens up a line

of investigation using dietary supplements or modulators of

UGDH activity to regulate seizure formation in patients with

UGDH mutations.

Progressive Myoclonus Epilepsy

Myoclonic epilepsy of Unverricht and Lundborg or epilepsy,

progressive myoclonus 1 (EPM1) is an autosomal recessive

disorder and the most common form of progressive myoclonus

epilepsy (PME).63 Patients with PME often present with a

combination of myoclonus, epilepsy, and progressive neurolo-

gical deterioration, and many have mutations in the cystatin B

(CSTB) gene and its promoter.64 To study the role of CSTB

during human brain development, Di Matteo et al used cerebral

organoids derived from patients with EPM1and healthy con-

trols.65 They showed that overexpression of CSTB in control

organoids promoted cell proliferation, while overexpression of

a mutant form of CSTB inhibited it. Similarly, organoids

derived from EPM1 patients were smaller and showed a

decrease in cell proliferation, but an increase in the number

of neurons. In line with a previous study that reported CSTB

is synthesized and secreted from synaptosomes,66 CSTB was

detected in the media of organoid cultures. Interestingly, con-

trol organoids showed a decrease in cell proliferation after

being cultured with media from EPM1 mutant organoids,

whereas media from control organoids rescued the proliferation

deficit in EMP1 organoids. The researchers observed a disrup-

tion in interneuron migration when ventral organoids were

fused to dorsal organoids derived from EPM1 patients. Taken

together, these studies indicate that the maintenance of CSTB

levels is critical for proper cell proliferation and interneuron

migration during brain development. Future studies are needed

to explore the use of CTSB supplements to prevent or partially

correct these defects in patients with PME.

Other Cortical Malformations

Microcephaly due to loss-of-function mutations in the

CDK5RAP2 gene,32 or to ZIKA virus infection,35,67-69 has also

been modeled using organoids. These studies reported smaller

organoids, due to a decrease in cell proliferation and/or

increase in cell death. On the other hand, macrocephaly has

been studied in organoids by CRISPR/Cas9-mediated phospha-

tase and tensin homolog (PTEN) deletion in hESCs.69 The

PTEN heterozygous loss-of-function mutations have been asso-

ciated with human macrocephaly. The PTEN mutant organoids

were larger and exhibited more folding due to an increase in

progenitor and oRGC proliferation and in transient neuronal
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differentiation. Interestingly, mouse PTEN mutant organoids

did not show increased folding, suggesting a human-specific

phenotype. These studies provide new insights into the

mechanisms that control the structure of human brain and high-

light the use of human organoids to analyze human character-

istics like increased cortical lamination and folding which

cannot be studied using animal models with smooth brains like

mice.

Limitations, Challenges, and Future Directions

Since 2013, when brain organoid technology was first

described, several studies have demonstrated its ability to reca-

pitulate certain features of the developing human brain. By

revealing phenotypes at the level of molecules, cells, and net-

works (Figure 2), these organoid models may be useful for

studying disease mechanisms underlying neurodevelopmental

disorders such as epilepsy. Nevertheless, these models also

have their limitations. One of the challenges of organoid sys-

tems is the variability between organoids from independent

experiments or from different cell lines, especially in whole-

brain organoids.33,70 Moreover, organoids are frequently

immature and resemble the developing brain only up to

early-to-mid gestation. It has been difficult to recapitulate post-

natal or adult stages because of the relative immaturity of the

neurons and circuitry in the organoids. In addition, organoids

lack specific neuronal subtypes which appear later during

development, that is, parvalbumin and somatostatin interneur-

ons; these cell types are relevant to accurately model disease

phenotypes. Deep- and upper-layer neurons are present in orga-

noids and are segregated spatially, but they do not show the

clear 6-layer lamination found in vivo. Moreover, the forma-

tion of gyrus and sulcus has been observed after overexpression

of PTEN, but the folding capacity in control organoids is lim-

ited. It is also important to note that organoids contain

ventricular-like structures. Although these ventricular regions

mimic some features of the human brain, organoids are not

organized in specialized areas like the brain, making the overall

organoid structure different from the human brain. In addition,

organoids lack the vasculature, and the limited oxygenation in

their core causes stress and cell death inside the organoids.71

Organoids also lack cells of non-neural origin, such as micro-

glia, particularly in patterned organoids. Organoids have been

very useful to study cellular phenotypes related to epilepsy.

Figure 2. Brain organoid applications. The use of different techniques to analyze brain organoids from molecular, cellular, and network levels
will lead to a better understanding of brain development and how disruptions in this process may cause neurodevelopmental disorders such as
epilepsy. The knowledge gain from these studies could be used as the basis for drug discovery with the ultimate goal of finding better treatment
for patients with epilepsy.
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However, a key aspect of epilepsy, the development of sei-

zures, and how electrophysiological properties of the brain can

be recapitulated in organoids, is still an ongoing area of

research. Overcoming these limitations will allow more accu-

rate models of disease pathology. For example, the recent cre-

ation of blood–brain barrier organoids has opened up new

avenues for characterizing phenotypes relevant to Alzheimer

disease.72 In coming years, better organoid protocols, based on

a better understanding of human brain development, will be

critical for opening new avenues of research. We have no doubt

that although the organoid field is still young, these exciting

models will accelerate our knowledge of human brain devel-

opment and lead to new strategies for treating epilepsy.
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