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Brain disease modelling for understanding 
neurodevelopmental disorders



Neurodevelopmental disorders (or Intellectual Developmental Disorders
-IDD) are impairments of the growth and development of the brain:
• affects emotion, learning ability and memory;
• communication, speech and language;
• unfolds in infancy and childhood.

" Chromosomal disorders: Down syndrome, etc.
" Genetic disorders: autism spectrum disorders (ASD), microcephaly, 
lissencephaly, etc
"Traumatic brain injury
" Fetal alcohol spectrum disorder
" Viral infections, etc

Neurodevelopmental disorders are associated with mental, emotional, 
physical, and economic burden to individuals, families and society in general.

Neurodevelopmental disorders result from the disruption of normal 
cortical development processes.



Different steps in mammalian corticogenesis (radial organization)



Human cortical development and stages of malformation



Human cortical malformations and their phenotypic manifestations

Fernández et al. EMBO J. 2016



Modified from Hu WF et al., 2014

Defects affecting different steps of neurodevelopment



Microcephaly
(small brain)

Megalencephaly
(large brain)

Lee, 2017

Malformations of cortical development: clinical features



Congenital Microcephaly

D.M. Romero et al. / Seminars in Cell & Developmental Biology 76  (2018) 33–75  35

Fig. 1. Comparison between cortical development in gyrencephalic and lissencephalic brains. (A) Lateral view of an adult gyrencephalic brain (top left) and a developing
brain  slice (coronal view, lower left). The different color circles represent each developing cortical region (indicated on the right). The location and prototypical cell-types
present in each region are illustrated (right panels). The basal radial glial cells (bRGCs) are mainly present in gyrencephalic species and they are localized within the outer
subventricular zone (OSVZ). (B) Lateral view of an adult lissencephalic brain (top left) and a developing brain slice (coronal view, lower left). Each developing cortical region
is  differentially colored and indicated on the right. The location and prototypical cell-types of each region are illustrated (right panels). In both figures the interkinetic nuclear
migration of RGCs in the ventricular zone (VZ) and neuronal migration are represented. The division of the subventricular zone (SVZ) into an inner (ISVZ) and outer (OSVZ)
region, and the presence of sulci and gyri, are the main organizational differences between the human and mouse brains.

pose the hypothesis that glial dysfunction contributes to pathology
through a local proinflammatory environment driven by abnor-
mal  gliovascular interactions. Further research efforts will elucidate
glial contributions in this area.

2. Human malformations of cortical development (MCDs)

ID in children comprises 2–5% of the general population
[28,29]. This includes neuronal migration disorders caused by infec-
tious, toxic or vascular events, as well as genetic disorders with
Mendelian inheritance, reviewed here, caused by mutations in a
single gene. Continual advances in genetic technologies allow a
more general understanding of MCDs, and numerous new causative
genes and mechanisms have been identified in MCD  patients [30].
Nevertheless, many patients who present defined clinical fea-
tures and likely genetic diseases cannot be diagnosed definitively.
In addition, advances in neuroimaging technologies, particularly
magnetic resonance imaging (MRI) and functional MRI  (fMRI),
allow a delineation of the type of brain malformation, but at the
same time can make their classification complicated [31]. There-
fore, the identification of the underlying genetic cause is also
essential in order to diagnose and determine prognosis for the
affected patients.

2.1. Genetic methods for diagnosis of MCDs

Clinical diagnosis involves standard practices for the identi-
fication of specific phenotypic or radiographic features, and the
analysis of biopsies and metabolites. When there is a clear phe-
notype revealed by MRI, targeted Sanger sequencing of selected
candidate genes may  be performed (e.g. LIS1, DCX, FLNA, see
below). Nevertheless, hypothesis-driven approaches based on the
ability to recognize the most likely disorder associated with
defined symptoms, often fails to reach a diagnosis. Targeted pan-
els are frequently implemented [30]. Other genomic tests include
G-band karyotype analysis, the identification of chromosomal
abnormalities using fluorescence in situ hybridization (FISH) and
array comparative genomic hybridization (array-CGH). Array-CGH
(also known as chromosomal microarray analysis, CMA) has been
developed as a method to identify and map  sub-microscopic dele-
tions/duplications simultaneously onto the genome sequence [32].
Moreover, during the last decade, the implementation of Next Gen-
eration Sequencing (NGS) protocols has been an important tool for
the diagnosis and classification of patients with rare Mendelian dis-
eases [33]. This method is also key to understanding the molecular
and cellular bases of certain disorders. Individual patients might
be the sole cases showing mutations in a particular gene, although
worldwide data sharing can allow the grouping of several patients,
hence better validating these candidate genes.
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Fig. 2. Comparison of human brain malformations of cortical development (MCDs). Magnetic resonance imaging (MRI) images of patients with different brain cortical
malformations are shown: Control, cobblestone lissencephaly (COB-LIS), periventricular heterotopia (PVH), subcortical band heterotopia (SBH), agyria/lissencephaly (LIS),
congenital microcephaly and the most severe phenotype, lissencephaly with microcephaly. Schematic representation of MCDs are included below the MRI images. For each
MCD, the main genes mutated are shown. Schematic representations of the general mechanisms leading to each MCD and main genes mutated are shown below. Control:
interkinetic nuclear migration of RGCs (grey) and migration of immature neurons (red) are represented. Cortical plate (CP) contains mature neurons (blue) and the marginal
zone (MZ), Cajal-Retzius cells (green). The SVZ contains IP cells (light green). COB-LIS: over-migration of neurons through a disrupted pial basal membrane (BM) forms the
cobblestone phenotype. PVH: neurons are produced and escape through the ventricular lining forming nodules. SBH: defects in neuronal migration (orange neuron) lead
to the accumulation of ectopic cells that form an extra cortical layer below the normal cortex (note the double cortex). RGC detachment and ectopic proliferation can also
lead to SBH. Agyria/LIS: The same neuronal migration defects are also observed in LIS. Defects in the mitotic machinery, IPs or bRGs also cannot be ruled out. Congenital
microcephaly: an increased apoptosis of RGCs, premature differentiation to neurons, and defects in spindle formation are the main causes of the microcephaly phenotype.
LIS with microcephaly: mainly due to increased apoptosis of RGCs, premature neuronal differentiation and defects in spindle formation.

are typically more severe in either anterior or posterior regions
of the brain, e.g. parieto-occipital regions for LIS1-associated, and
fronto-temporal regions for DCX-associated lissencephaly [52].
Thus, the neuroradiological appearance is often graded using a six-
point grading system based on the severity and anterior-posterior
gradient of the abnormalities. Only grade I actually deserves the
name of lissencephaly; grades 2–4 are cases of pachygyria [42] and
at the end of the spectrum, grades 5 and 6 apply to SBH.

According to Friocourt and colleagues [53], the first detailed
neuropathological description of lissencephaly was reported in
1956 by Crome who introduced the notion of a “four-layered” cor-
tex. On gross examination, brain weight is either normal or reduced.
When the hemispheres are smooth, there are poorly defined cen-
tral and Sylvian fissures. When present, gyri are broad, small in
number and coarse, with a failure or a delayed operculization of
the Sylvian fissure. The cortical ribbon is thicker than in a normal
brain (10–20 mm vs. the normal 4 mm) and poorly delineated from
the white matter which is markedly reduced, leading to an inverted
proportion between the white matter and the cortical ribbon [53].
On microscopic examination, the CP exhibits a characteristic four-
layered pattern. The molecular layer I contains Cajal–Retzius cells
located close to the pia. Layer II is composed of densely packed
pyramidal neurons which are mainly observed in its upper part,
and underlined by an irregular sheet of granular cells. Layer III
consists of scattered fusiform, rounded or multipolar neuronal
elements. Layer IV is particularly poorly delineated from the under-
lying white matter and composed of pleiomorphic neuronal cells,
with misoriented pyramidal neurons. The reduced white matter
contains multiple arrested post-mitotic neurons. The remaining

subependymal cell layer is also poorly delineated from the deep
white matter and sometimes contains PVHs. Moreover, anomalies
of infratentorial structures and cortico-spinal tracts are also fre-
quently observed, but these are typically less severe than found in
cases of lissencephaly with cerebellar hypoplasia [54].

2.2.1.1. a. LIS1 (Platelet activating factor acetylhydrolase 1b regula-
tory subunit 1, PAFAH1B1). The first gene identified to be causative
of lissencephaly was LIS1, localized on chromosome 17p13.3. LIS1
belongs to the non-catalytic alpha subunit of the intracellular Ib
isoform of platelet-activating factor acteylhydrolase, which is a het-
erotrimeric enzyme that specifically catalyzes the removal of the
acetyl group at the SN-2 position of platelet-activating factor (iden-
tified as 1-O-alkyl-2-acetyl-sn-glyceryl-3-phosphorylcholine) [55].
LIS1 also associates with microtubules (MTs) [56] (see below).
This gene was found deleted in MDS patients [57], a contiguous
gene deletion resulting from deletions of 17p13.3 including LIS1
[58–60]. cLIS can also occur as isolated forms due to other LIS1
mutations (isolated lissencephaly sequence or ILS, isolated SBH).
MDS is more severe deleting LIS1 and adjacent genes, in par-
ticular 14-3-3! (YWHAE, tyrosine 3- monooxygenase/tryptophan
5-monooxygenase activation protein, epsilon) [57]. The 14-3-3!
protein binds to phospho-serine containing proteins and mediates
intracellular signal transduction. Approximately 80% of individ-
uals with MDS have a de novo deletion and approximately 20%
have inherited a deletion from one of the parents who presents
a balanced chromosome rearrangement [61]. Heterozygous LIS1
mutations show an equal frequency in males and females, as
expected from an autosomal disorder. Gene dosage is clearly very
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Fig. 2. Comparison of human brain malformations of cortical development (MCDs). Magnetic resonance imaging (MRI) images of patients with different brain cortical
malformations are shown: Control, cobblestone lissencephaly (COB-LIS), periventricular heterotopia (PVH), subcortical band heterotopia (SBH), agyria/lissencephaly (LIS),
congenital microcephaly and the most severe phenotype, lissencephaly with microcephaly. Schematic representation of MCDs are included below the MRI images. For each
MCD, the main genes mutated are shown. Schematic representations of the general mechanisms leading to each MCD and main genes mutated are shown below. Control:
interkinetic nuclear migration of RGCs (grey) and migration of immature neurons (red) are represented. Cortical plate (CP) contains mature neurons (blue) and the marginal
zone (MZ), Cajal-Retzius cells (green). The SVZ contains IP cells (light green). COB-LIS: over-migration of neurons through a disrupted pial basal membrane (BM) forms the
cobblestone phenotype. PVH: neurons are produced and escape through the ventricular lining forming nodules. SBH: defects in neuronal migration (orange neuron) lead
to the accumulation of ectopic cells that form an extra cortical layer below the normal cortex (note the double cortex). RGC detachment and ectopic proliferation can also
lead to SBH. Agyria/LIS: The same neuronal migration defects are also observed in LIS. Defects in the mitotic machinery, IPs or bRGs also cannot be ruled out. Congenital
microcephaly: an increased apoptosis of RGCs, premature differentiation to neurons, and defects in spindle formation are the main causes of the microcephaly phenotype.
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are typically more severe in either anterior or posterior regions
of the brain, e.g. parieto-occipital regions for LIS1-associated, and
fronto-temporal regions for DCX-associated lissencephaly [52].
Thus, the neuroradiological appearance is often graded using a six-
point grading system based on the severity and anterior-posterior
gradient of the abnormalities. Only grade I actually deserves the
name of lissencephaly; grades 2–4 are cases of pachygyria [42] and
at the end of the spectrum, grades 5 and 6 apply to SBH.

According to Friocourt and colleagues [53], the first detailed
neuropathological description of lissencephaly was reported in
1956 by Crome who introduced the notion of a “four-layered” cor-
tex. On gross examination, brain weight is either normal or reduced.
When the hemispheres are smooth, there are poorly defined cen-
tral and Sylvian fissures. When present, gyri are broad, small in
number and coarse, with a failure or a delayed operculization of
the Sylvian fissure. The cortical ribbon is thicker than in a normal
brain (10–20 mm vs. the normal 4 mm) and poorly delineated from
the white matter which is markedly reduced, leading to an inverted
proportion between the white matter and the cortical ribbon [53].
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isoform of platelet-activating factor acteylhydrolase, which is a het-
erotrimeric enzyme that specifically catalyzes the removal of the
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gene deletion resulting from deletions of 17p13.3 including LIS1
[58–60]. cLIS can also occur as isolated forms due to other LIS1
mutations (isolated lissencephaly sequence or ILS, isolated SBH).
MDS is more severe deleting LIS1 and adjacent genes, in par-
ticular 14-3-3! (YWHAE, tyrosine 3- monooxygenase/tryptophan
5-monooxygenase activation protein, epsilon) [57]. The 14-3-3!
protein binds to phospho-serine containing proteins and mediates
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! organization, maturation and distribution 
of the centrosome and spindle fibers

! plane of division, aRG vs bRG

! cell growth, cell cycle progression,
proliferation, decreased apoptosis
in oRG



Different morphological aspects of polymicrogyria

Guerrini & Dobyns, Lancet Neurol, 2014

Thick and overfolded brain (small gyri and sulci)

"GPR56 (adhesion G-protein-coupled receptor) regulates pial basement 
membrane integrity and cortical lamination
"Growth factor signaling pathways (PTEN-AKT cascade)



Romero et al., 2018

Neuronal migration malformations
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Fig. 2. Comparison of human brain malformations of cortical development (MCDs). Magnetic resonance imaging (MRI) images of patients with different brain cortical
malformations are shown: Control, cobblestone lissencephaly (COB-LIS), periventricular heterotopia (PVH), subcortical band heterotopia (SBH), agyria/lissencephaly (LIS),
congenital microcephaly and the most severe phenotype, lissencephaly with microcephaly. Schematic representation of MCDs are included below the MRI images. For each
MCD, the main genes mutated are shown. Schematic representations of the general mechanisms leading to each MCD and main genes mutated are shown below. Control:
interkinetic nuclear migration of RGCs (grey) and migration of immature neurons (red) are represented. Cortical plate (CP) contains mature neurons (blue) and the marginal
zone (MZ), Cajal-Retzius cells (green). The SVZ contains IP cells (light green). COB-LIS: over-migration of neurons through a disrupted pial basal membrane (BM) forms the
cobblestone phenotype. PVH: neurons are produced and escape through the ventricular lining forming nodules. SBH: defects in neuronal migration (orange neuron) lead
to the accumulation of ectopic cells that form an extra cortical layer below the normal cortex (note the double cortex). RGC detachment and ectopic proliferation can also
lead to SBH. Agyria/LIS: The same neuronal migration defects are also observed in LIS. Defects in the mitotic machinery, IPs or bRGs also cannot be ruled out. Congenital
microcephaly: an increased apoptosis of RGCs, premature differentiation to neurons, and defects in spindle formation are the main causes of the microcephaly phenotype.
LIS with microcephaly: mainly due to increased apoptosis of RGCs, premature neuronal differentiation and defects in spindle formation.

are typically more severe in either anterior or posterior regions
of the brain, e.g. parieto-occipital regions for LIS1-associated, and
fronto-temporal regions for DCX-associated lissencephaly [52].
Thus, the neuroradiological appearance is often graded using a six-
point grading system based on the severity and anterior-posterior
gradient of the abnormalities. Only grade I actually deserves the
name of lissencephaly; grades 2–4 are cases of pachygyria [42] and
at the end of the spectrum, grades 5 and 6 apply to SBH.

According to Friocourt and colleagues [53], the first detailed
neuropathological description of lissencephaly was reported in
1956 by Crome who introduced the notion of a “four-layered” cor-
tex. On gross examination, brain weight is either normal or reduced.
When the hemispheres are smooth, there are poorly defined cen-
tral and Sylvian fissures. When present, gyri are broad, small in
number and coarse, with a failure or a delayed operculization of
the Sylvian fissure. The cortical ribbon is thicker than in a normal
brain (10–20 mm vs. the normal 4 mm) and poorly delineated from
the white matter which is markedly reduced, leading to an inverted
proportion between the white matter and the cortical ribbon [53].
On microscopic examination, the CP exhibits a characteristic four-
layered pattern. The molecular layer I contains Cajal–Retzius cells
located close to the pia. Layer II is composed of densely packed
pyramidal neurons which are mainly observed in its upper part,
and underlined by an irregular sheet of granular cells. Layer III
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elements. Layer IV is particularly poorly delineated from the under-
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with misoriented pyramidal neurons. The reduced white matter
contains multiple arrested post-mitotic neurons. The remaining

subependymal cell layer is also poorly delineated from the deep
white matter and sometimes contains PVHs. Moreover, anomalies
of infratentorial structures and cortico-spinal tracts are also fre-
quently observed, but these are typically less severe than found in
cases of lissencephaly with cerebellar hypoplasia [54].

2.2.1.1. a. LIS1 (Platelet activating factor acetylhydrolase 1b regula-
tory subunit 1, PAFAH1B1). The first gene identified to be causative
of lissencephaly was LIS1, localized on chromosome 17p13.3. LIS1
belongs to the non-catalytic alpha subunit of the intracellular Ib
isoform of platelet-activating factor acteylhydrolase, which is a het-
erotrimeric enzyme that specifically catalyzes the removal of the
acetyl group at the SN-2 position of platelet-activating factor (iden-
tified as 1-O-alkyl-2-acetyl-sn-glyceryl-3-phosphorylcholine) [55].
LIS1 also associates with microtubules (MTs) [56] (see below).
This gene was found deleted in MDS patients [57], a contiguous
gene deletion resulting from deletions of 17p13.3 including LIS1
[58–60]. cLIS can also occur as isolated forms due to other LIS1
mutations (isolated lissencephaly sequence or ILS, isolated SBH).
MDS is more severe deleting LIS1 and adjacent genes, in par-
ticular 14-3-3! (YWHAE, tyrosine 3- monooxygenase/tryptophan
5-monooxygenase activation protein, epsilon) [57]. The 14-3-3!
protein binds to phospho-serine containing proteins and mediates
intracellular signal transduction. Approximately 80% of individ-
uals with MDS have a de novo deletion and approximately 20%
have inherited a deletion from one of the parents who presents
a balanced chromosome rearrangement [61]. Heterozygous LIS1
mutations show an equal frequency in males and females, as
expected from an autosomal disorder. Gene dosage is clearly very



Heterogeneity of neuronal migration disorders at the genetic, cellular and clinical levels

Buchsbaum & Cappello, 2019



Radial-directed cortical neuronal migration

E10.5

From J. Gleeson, 2004

Early-born neurons
(lower layers)

Late-born neurons
(upper layers)

Somal translocation Glia-guided locomotion



Somal translocation Glia-guided cell migration







Molecular control of radial-glial fiber-dependent migration  



Molecular control of radial-glial fiber-dependent migration  



Reelin signalling pathway in neuronal migration  



Defects in neuronal migration lead to altered lamination 

Goffinet, 2001





How do we study cell migration in experimental models?



In utero electroporation

organotypic culture
of brain slices
(up to 4 days)

normal pregnancy
and birth

Acute (somatic) manipulation of cell identity and cell behavior

Cell migration
Cell morphology
Cell specification
Genetic interactions
Single cell recording
Connectivity



Radial migration and morphological transition

bipolar

bipolar

multipolar



Accumulation of multipolar-shaped cells in the IZ

Electroporation of a GFP-expressing vector at E14.5 + 4 DIV in culture



Restored cell migration rescues axonal elongation



Restored cell migration rescues neuronal maturation



The appearance of glia-guided migration, unique to 
mammals, is linked to axonal growth and maturation of 

late-born pyramidal neocortical neurons.  



Tubulinopathies affect multiple processes in cortical development 
and cause heterogeneous MCDs

Jurik-Sekhar & Hevner et al., 2019
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Figure 4
Tubulinopathies affect multiple processes in cortical development and cause heterogeneous MCDs. Boxes represent the expression,
functions, and MCDs associated with TUBA1A, TUBA8, TUBB2A, TUBB2B, TUBB3, TUBB4A, TUBB5, and TUBG1. Cajal-Retzius
neurons in the MZ appear in yellow. Abbreviations: CFEOM3, congenital fibrosis of extraocular muscles type 3; CP, cortical plate;
H-ABC, hypomyelination with atrophy of the basal ganglia and cerebellum; IZ, intermediate zone; LIS, lissencephaly; LIS-CH,
lissencephaly with cerebellar hypoplasia; MCD, malformation of cortical development; MIC, congenital microcephaly; MLIS,
microlissencephaly; MTOCs, microtubule organizing centers; MZ, marginal zone; PAC, pachygyria; PMG, polymicrogyria;
PMG-ONH, polymicrogyria with optic nerve hypoplasia; SBH, subcortical band heterotopia; SGP, simplified gyral pattern; SVZ,
subventricular zone; VZ, ventricular zone.

TUBA1A, encoding tubulin α-1A, were the first to be associated with LIS (93). Approximately 1%
of patients with classic LIS have a recurrent mutation in the TUBA1A gene, and 30% of patients
with LIS and cerebellar hypoplasia also present TUBA1A mutations (94). In addition, other iso-
forms of α-, β-, and γ-tubulin, and various kinesin and dynein isoforms, have been associated with
LIS and with related MCDs including microcephaly, pachygyria, SBH, and polymicrogyria-like
cobblestone malformations (6, 22, 94, 95). Microtubules are involved in mitosis, centrosome for-
mation, organization of intracellular structure, axon pathfinding, and protein transport, account-
ing for the diverse MCDs caused by tubulinopathies. Abnormal brain development in at least
some tubulinopathies is caused by a dominant negative effect of heterozygous missense mutations
(95).
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TUBA1A-R402C/H mutants dominantly disrupt neuronal migration in the mouse cortex

Aiken et al., 2019



Abnormal cell migration and neuronal heterotopia in mice and humans

DCHS1 &FAT4: protocadherins act as planar cell polarity genes

LETTERSNATURE MEDICINE

expense of ventricular zone signatures (Fig. 2b,d and Extended 
Data 3o). This finding supports the observed morphological 
changes in mutant progenitors, which prematurely delaminate, 
typical of more-differentiated basally located progenitors (Fig. 
1f–o, Extended Data 2l–lʹʹʹ and Extended Data 4). Consistent with 
these findings, more differentiated neurons were found in mutant 
organoids compared with control organoids in each experiment 
(Fig. 2b and Extended Data 3p). We further validated these results 
by analyzing the proportion of proliferating and differentiated cells 
in patient-derived cerebral organoids by means of FACS analysis 

(KI67, cycling progenitors; DCX, newborn neurons) from whole 
organoids (Extended Data 3q–s).

We also aimed at specifically characterizing the migration abili-
ties of neurons with defective DCHS1 or FAT4. To this end, we 
electroporated control organoids with specific miRNAs targeting 
DCHS1 or FAT4. 7 d later, we tracked the migratory behavior of the 
electroporated neurons via time-lapse imaging in 300-μm-thick 
slices of the organoids with preserved 3D structure (Fig.3a–c). We 
measured speed of migration (velocity), time neurons spend with-
out moving (resting time points) and ability to move in a straight 
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expense of ventricular zone signatures (Fig. 2b,d and Extended 
Data 3o). This finding supports the observed morphological 
changes in mutant progenitors, which prematurely delaminate, 
typical of more-differentiated basally located progenitors (Fig. 
1f–o, Extended Data 2l–lʹʹʹ and Extended Data 4). Consistent with 
these findings, more differentiated neurons were found in mutant 
organoids compared with control organoids in each experiment 
(Fig. 2b and Extended Data 3p). We further validated these results 
by analyzing the proportion of proliferating and differentiated cells 
in patient-derived cerebral organoids by means of FACS analysis 

(KI67, cycling progenitors; DCX, newborn neurons) from whole 
organoids (Extended Data 3q–s).

We also aimed at specifically characterizing the migration abili-
ties of neurons with defective DCHS1 or FAT4. To this end, we 
electroporated control organoids with specific miRNAs targeting 
DCHS1 or FAT4. 7 d later, we tracked the migratory behavior of the 
electroporated neurons via time-lapse imaging in 300-μm-thick 
slices of the organoids with preserved 3D structure (Fig.3a–c). We 
measured speed of migration (velocity), time neurons spend with-
out moving (resting time points) and ability to move in a straight 
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Cellular mechanisms of abnormal cortical development leading to malformations

Manzini & Walsh, 2011

One gene — one malformation? Clinical
variability in cortical malformations
a-Dystroglycanopathies, a group of congenital muscular
dystrophies associated with brain malformations (also
reviewed in this issue), were among the first examples
of mutations in the same gene [15] and sometimes the
same mutation [16,17] resulting in a varied spectrum of
brain phenotypes ranging from cobblestone lissencephaly
or pachygyria to polymicrogyria, to no brain defects at all
[18,19] and blurring the boundary between disorders of
neuronal migration and cortical organization.

In the past year, studies on microcephaly cohorts revealed
that the border between disorders of proliferation and

migration is also not as sharp as previously thought. The
very recent identification of the WDR62 gene as the
second most common known genetic cause of microce-
phaly [11!!,12!!,13!!], 11 years after the mapping of the
genetic locus [20], revealed that the malformations associ-
ated with mutations in this gene are extremely variable,
including pachygyria, lissencephaly, polymicrogyria, schi-
zencephaly, hippocampal and cerebellar abnormalities.
Patients with WDR62 mutations can even show consider-
able hemispheric asymmetry in the findings within a
given brain [12!!]. Such clinical heterogeneity contribu-
ted to the long delay in the identification of WDR62, since
many cases would not have been grouped together for
linkage studies. However, even ASPM mutations, the
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Figure 1

Pia
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Stages of normal cortical development

Cortical laminationNeuronal migration
Progenitor pool expansion

and neurogenesis

Progenitor cell
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Centrosome

Mitotic spindle

Abnormal spindle

Reduced progenitor
proliferation,

early neurogenesis

Reduced neuronal
number

Disrupted
migration

Thick, dysplastic
cortex

Disrupted basal lamina,
misoriented radial flia

Cortical dysplasia,
overmigration

Current Opinion in Genetics & Development

Examples of abnormal cortical development leading to malformations. (a) Normal cortical development results from a balance of progenitor cell
proliferation, neurogenesis and neuronal migration, leading to normal cortical lamination. Progenitor cells are in yellow and neurons are in blue, for
simplicity only one of the cortical layers is shown here. Abbreviations: CP, cortical plate, VZ, ventricular zone. (b) Centrosomal defects can lead to
different malformations: microcephaly (i), where progenitor proliferation is reduced, sometimes due to the formation of abnormal mitotic spindles, and
neurogenesis is anticipated; or lissencephaly (ii), where a thickened, disorganized cortical plate is generated following migration defects, reduced cell
motility, disrupted leading process formation, uncoupling of the centrosome and nucleus during nucleokinesis. (c) Disruptions in the orientation of the
radial glial scaffold, such as observed in cobblestone lissencephaly and some forms of polymicrogyria, lead to cortical dysplasia and neuronal
overmigration through the basal lamina on the pial surface.

Current Opinion in Genetics & Development 2011, 21 :333–339 www.sciencedirect.com
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2.3. Detection of Cortical Malformations
Some MCDs, such as lissencephaly (LIS), polymicrogyria, and large heterotopia (e.g., subependy-
mal nodules in TSC), can be detected in utero by fetal ultrasound or MRI (16). However, many
MCDs are detected postnatally or during the first year of life, depending on the severity of the
malformation (2). Although neuroimaging is the clinical cornerstone of MCD detection, cytoge-
netic and genetic studies, including next-generation (deep) sequencing, as well as neuropathology,
represent essential tools for the modern diagnosis of these disorders.

2.4. Classification of Cortical Malformations
Since MCDs are complex disorders involving multiple etiologies and neurodevelopmental pro-
cesses, classification has always been challenging and, to some degree, incomplete. Traditionally,
MCDs have been classified into disorders of neuronal and glial proliferation or apoptosis; disor-
ders of cell migration; disorders of postmigrational development; and malformations caused by
metabolic disorders, peroxisomal disorders, or sublobar dysplasia (12, 17) (Table 1). However,
classifications continue to evolve with the identification of new types of MCDs and causative genes
and with ongoing advances in the understanding of brain development (6, 18, 19).

Table 1 Simplified classification of genetic MCDs

MCD group MCD type Morphologies Related pathways
Disorders of
proliferation,
apoptosis, and/or
differentiation

Microcephalies Microcephaly,
microlissencephaly

Alobar, lobar, and variant
holoprosencephaly

Tubulinopathies, microtubule-associated proteins
Decreased RTK → PI3K → AKT → mTOR
signaling

Sonic hedgehog pathway
Midline differentiation

Cortical overgrowth
disorders (focal and
diffuse)

Megalencephaly,
hemimegalencephaly,
polymicrogyria, FCD-II

Overactive RTK → PI3K → AKT → mTOR
signaling

Disorders of
neuronal migration

Classic lissencephaly
spectrum

Smooth lissencephaly,
microlissencephaly,
subcortical band heterotopia

Tubulinopathies, microtubule-associated proteins
Variant lissencephalies (noncytoskeletal)

Cobblestone
malformations

Rough lissencephaly,
polymicrogyria,
leptomeningeal glioneuronal
heterotopia

Dystroglycanopathies
Other basement membrane–glia limitans
interaction disorders

Periventricular
heterotopia

Nodular or linear
periventricular heterotopia

Microtubule-associated proteins

Dyslamination
without cytologic
dysplasia or growth
abnormality

FCD-I Overactive RTK → PI3K → AKT → mTOR
signaling

Other rare forms (e.g., variant Rett syndrome)

Disorders of axon
pathway formation

Isolated callosal
defects

Agenesis, hypogenesis,
dysgenesis of corpus
callosum

Axon growth and guidance
Midline differentiation

Other isolated axon
defects (putative)

Unknown Axon growth and guidance

Abbreviations: FCD-I, focal cortical dysplasia type I; FCD-II, focal cortical dysplasia type II; MCD, malformation of cortical development.
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Different categories of Malformations of Cortical Develeopment (MCD)



Corpus Callosum



Cortical commissures - axonal connections between the two hemispheres

# Vertebrate evolution resulted in increased brain complexity;

# additional commissures to provide interhemispheric connections between pallial territories; 
# increase in cortical volume is positively correlated with increase in CC area and number of callosal fibers

Suarez et al., 2014



Agenesis of the corpus callosum in humans

• Single gene MENDELIAN mutation, sporadic mutations 

and complex genetics.
• Environmental factors: fetal alcohol syndrome (FAS).

• 75% of the cases with complete AgCC have recognizable

genetic syndromes 

• Behavioural and cognitive impairments:

# deficiency in bimanually coordinated motor activity;
# deficits in cognitive processing time, arithmetic, 

abstract reasoning and short-term memory;

# Social and language deficits.



Postmitotic specification of callosal projection neurons

Fishell & Hanashima, 2008
Britanova et al., 2008
Alcamo et al., 2008



Corpus callosum development in the mouse 



Postnatal neuron activity is essential for connecting the two halves of the brain

Balanced activity between the 2 hemispheres establish contralateral connectivity 

Suarez et al., 2014

Cux1 controls contralateral innervation by regulating callosal intrinsic excitability  

Rodriguez-Tournos et al., 2016



#CC present in placental mammals; 
#largest fiber tract in the brain, connecting the two cerebral 
hemispheres;
#facilitates the integration of motor and sensory information from 
the two sides of the body;
# influences higher cognition associated with executive function, 
social interaction and language. 

Function

#Pioneers of the CC originate reach the midline around E15; 
#neocortical callosal axons grow along the pathway defined by the 
pioneers by E17; 
#midline cellular populations and extracellular cues assist in the 
turning and channeling of callosal axons across the midline;
#proper contralateral innervation is a postnatal activity-dependent 
process.

Development



Cortical Projection neurons (PNs) and Interneurons (INs) are born from
different D/V regions of the telencephalon

Dorsal
(pallium)

Ventral
(subpallium)

GABAergic cortical interneurons

Glutamatergic projection neurons



Excitation and Inhibition

The cerebral cortex is controlled by a delicate balance of:

Pyramidal projection neurons
80% Glutamate

Inhibitory interneurons
20% GABA

altered balance between excitation and inhibition 
leads to epilepsy, autism or schizophrenia



cortex

striatum

Morphological features (axon, soma, dendrite properties):

Petilla Interneuron Nomenclature (2008)

Neurochemical features 
(Ca-binding proteins, neuropeptides):

Parvalbumin (PV)
Calretinin (CR)
Somatostatin (SST)
Neuropeptide Y (NPY)
Vasointestinal Peptide (VIP)
Cholecystokinin (CCK)

Physiological features
(action potential, firing pattern, 
postsynaptic responses).



Subpallial origin of different subtypes of cortical interneurons

From Brandau et al., 2015 



Adapted from O. Marin

Adapted from Yokota Y.et al., 2007

Tangential and radial migration of GE-derived interneurons

Marin et al., 2013 



Self-organized organoids versus directed spheroids 

Birey et al., Nature, 2017



interneuron morphologies (DeFelipe et al., 2013), but each type
of interneuron systematically adopts a relatively consistent
morphology. Similarly, the different types of interneurons estab-
lish stereotyped connections and express specific combinations
of channels that endow them with unique electrophysiological
properties (Ascoli et al., 2008). It is therefore conceivable that
each defining set of features is acquired through dedicated tran-
scriptional programs. For example, recent work has identified
transcriptional signatures defining the synaptic communication
patterns of different classes of cortical interneurons (Paul et al.,
2017), and it is likely that parallel transcriptional programs under-
lie the acquisition of other defining properties. In this conceptual

Figure 1. Milestones in the Development of
Cortical Interneurons
(A) Timeline of the development of cortical in-
terneurons in the mouse. The main events have
been highlighted in corresponding temporal pe-
riods: neurogenesis, tangential migration, laminar
allocation (which involves radial migration), wiring
(dendritic and axonal morphogenesis and estab-
lishment of synapses), programmed cell death, and
circuit refinement. Interneuron identity is likely
specified at neuronal birth, but it unfolds over a
protracted period of time through which the final
characteristics of each type of interneuron are ac-
quired.
(B) The development of layer 2/3 SST+ Martinotti
cells is used here as an example to illustrate the
main developmental milestones in the generation
of cortical interneurons in mice. At least a popula-
tion of SST+ Martinotti cells is generated from
progenitor cells in the dorsal aspect of the MGE.
SST+ Martinotti cells preferentially migrate to the
embryonic cortex through the marginal zone (MZ)
stream. During radial migration into the cortical
plate (CP), SST+ Martinotti cells leave their trailing
neurite in theMZ, which will eventually develop into
a characteristic axonal arborization in layer 1. By
the end of the first postnatal week, about 30% of
interneurons undergo program cell death, including
SST+Martinotti cells. This process depends on the
integration of these cells into cortical circuits. The
surviving SST+ Martinotti cells remodel their syn-
aptic connections during the second and third
week of postnatal development. For example, layer
2/3 SST+ Martinotti cells end up establishing
preferential connections with the apical dendrites
of pyramidal cells also located in layer 2/3. The
yellow thunderbolt symbol indicates processes
that strongly depend on neuronal activity.
MGE,medial ganglionic eminence; NCx, neocortex;
SVZ, subventricular zone; VZ, ventricular zone.

framework, interneuron diversity can be
understood as the outcome of the combi-
natorial selection of different transcrip-
tional modules during development (Fig-
ures 2B and 2C).
Transcriptional analysis of individual

cells from different regions of the brain
suggests that neuronal diversity is orga-
nized hierarchically, which has led to the
suggestion that the relationships that exist
among different neuronal types can be
considered, in practical terms, analogous

to those of species (Zeng and Sanes, 2017). From that perspec-
tive, it might be logical to consider the diversification of cortical
interneurons as the result of the variation in the transcriptional
programs that underlie their fundamental properties. Consistent
with this idea, recent work has revealed that the reptilian cortex
contains interneurons that exhibit transcriptional similarities with
the major classes of cortical interneurons described in mammals
(Tosches et al., 2018), which suggest that at least these types of
interneurons existed in the ancestor of reptiles and mammals.
However, there is no evidence for further diversification among
GABAergic interneurons in the reptilian cortex (Tosches et al.,
2018), which indicates that the generation of new types of
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Milestones in the Development of Cortical Interneurons

Lim et al., Neuron, 2018

Activity-dependent events



GE-specific molecular codes to specify distinct interneuron subtypes 

From Cauli et al., 2014
Lim et al., Neuron, 2018

organization of progenitor cells in the generation of cortical
interneurons.
Temporal Specification of Interneuron Progenitor Cells
Each progenitor domain in the MGE generates multiple types of
cortical interneuron (Flames et al., 2007; Fogarty et al., 2007; He
et al., 2016; Inan et al., 2012;Wonders et al., 2008), and this is not
just due to the existence of a heterogenous pool of progenitor
cells within each domain. Indeed, clonal studies have shown
that individual progenitor cells in the MGE generate both SST+
and PV+ interneurons (Brown et al., 2011; Ciceri et al., 2013; Har-
well et al., 2015; Mayer et al., 2015). Consistently, genetic fate
mapping studies indicate that seemingly homogeneous pools
of progenitor cells generate distinct types of interneuron at
different developmental stages. For example, Nkx6-2+ progeni-
tor cells produce several types of SST+ neurons along with some
PV+ basket cells and chandelier cells, and a mixed progeny of
interneurons from the SST+ and PV+ classes has also been
described for Etv1+ progenitor cells (He et al., 2016). These
observations suggest that most (perhaps all) progenitor cells in
the VZ of the MGE have the potential to generate distinct types
of interneuron—within the limits imposed by the molecular spec-

Figure 4. Developmental Origin of Cortical
Interneurons
(A) Regional organization of the embryonic sub-
pallium. The schematic on the left depicts a telen-
cephalic hemisphere viewed from the midline and
from which medial structures have been removed.
The drawings on the right illustrate the organization
of the subpallium in three coronal sections through
the telencephalon. The medial ganglionic eminence
(MGE) consists of several progenitor domains
(numbered 1 to 5) as described by Flames et al.
(2007) and can be broadly subdivided in dorsal
(dMGE), intermediate (iMGE), and caudoventral
(cvMGE) regions.
(B) Regional origin of the main types of cortical in-
terneurons. The preoptic region (PO) comprises two
progenitor domains, the preoptic area (POA) and
the preoptic-hypothalamic (POH) border domain.
The precise origin of neurogliaform and multipolar
cells within these domains remains uncertain.
The origin of interstitial Meis2+ cells also remains
unclear.
CGE, caudal ganglionic eminence; LGE, lateral
ganglionic eminence; NCx, neocortex, PO, preoptic
region.

ification of this region—implying a tempo-
ral control of interneuron cell fate that is still
poorly understood (Figure 5B).

Temporally restricted fate mapping ex-
periments suggest that MGE progenitors
generate most SST+ interneurons during
the first half of the neurogenic period,
whereas PV+ interneurons are produced
at an almost constant rate throughout neu-
rogenesis (Inan et al., 2012; Miyoshi et al.,
2007). This is consistent with the observa-
tion that MGE-derived interneurons adopt
their laminar distribution following an ‘‘in-
side-out’’ sequence that correlates with

their birthdate, similar to pyramidal cells (Fairén et al., 1986;
Miller, 1985; Pla et al., 2006; Rymar and Sadikot, 2007; Valcanis
and Tan, 2003). Accordingly, SST+ interneurons are more abun-
dant in infragranular than in supragranular layers of the
neocortex, while PV+ basket cells, which constitute the majority
of PV+ interneurons, are found throughout all layers, with the
exception of layer 1. Interestingly, chandelier cells are most
frequent in layers 2 and 6 of neocortex, although they are prefer-
entially generated toward the end of neurogenesis (Inan et al.,
2012; Taniguchi et al., 2013). This indicates that the laminar allo-
cation of cortical interneurons might not be entirely dictated by
the time of neurogenesis.
There are several additional aspects related to the temporal

segregation of progenitor cells in theMGE that are worth consid-
ering. First, not all MGE lineages generate cortical interneurons
simultaneously. For instance, VZ progenitor cells in the dorsal
MGE are already generating supragranular interneurons at em-
bryonic day (E)13.5, while at the same stage lineages in the inter-
mediate MGE are producing infragranular layer interneurons (He
et al., 2016). Second, individual MGE lineages seem to be biased
toward generating infra- or supragranular interneurons. Indeed,
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Early and Late Development of Cortical Interneurons



Inhibitory control of cortical pyramidal neurons by GABAergic interneurons

Excitation

dendrites

soma

AIS





Balancing Neuronal Excitation and Inhibition for Functional Behavior



Balance of Neuronal Excitation and Inhibition for Proper Behavior



Changes in circuit excitability due to shifts in excitation/inhibition (E/I) balance



Can we reproduce E/I imbalance in cerebral organoids?



THANK YOU


