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Disorders of neurogenesis and cortical

development

Fabrizia Claudia Guarnieri, PhD; Antoine de Chevigny, PhD;
Antonio Falace, PhD, Carlos Cardoso, PhD

Introduction

he cerebral cortex is a laminar structure in
which neurons are spatially organized in horizontal
layers and vertical columns that reflect a highly precise
map of connectivity. The formation of such a defined
structure is achieved through a coordinated and tightly
The development of the cerebral cortex requires com- | regulated orchestration of neurogenesis, neuronal mi-
plex sequential processes that have to be precisely or- gration, and neuronal wiring. In particular, the neocor-
chestrated. The localization and timing of neuronal | tex —the phylogenetically newest portion of the cortex,
progenitor proliferation and of neuronal migration evolved for executing higher brain functions — is com-
define the identity, laminar positioning, and specific | posed of six layers of defined excitatory and inhibitory
connectivity of each single cortical neuron. Alterations | neuronal subtypes.' Excitatory pyramidal neurons are
at any step of this organized series of events — due to | generated from radial glial cells (Figure I), cortical
genetic mutations or environmental factors — lead to | progenitor cells that constitute the wall of the lateral
defined brain pathologies collectively known as mal- |  ventricles (ie, the ventricular zone, VZ). At the onset of
formations of cortical development (MCDs), which are | neurogenesis, these cells start to divide asymmetrically
now recognized as a leading cause of drug-resistant | and generate either one postmitotic neuron or one in-

epilepsy and intellectual disability. In this heteroge- | termediate progenitor cell, which further divide in the
neous group of disorders, macroscopic alterations of | subventricular zone to generate two postmitotic neu-
brain structure (eg, heterotopic nodules, small or ab- | rons.? Newly born neurons radially migrate along the
sent gyri, double cortex) can be recognized and prob- | radial glia scaffold towards the pial surface, thus popu-

ably subtend a general reorganization of neuronal
circuits. In this review, we p rovide an overview of the Keywords: circuit formation, cortical lamination, neuronal connectivity neuro-
! . . . nal migration; progenitor proliferation
molecular mechanisms that are implicated in the gen-
eration of genetic MCDs associated with aberrations Author affiliations: Aix-Marseille University, INSERM U1249, INMED,
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at various steps of neurogenesis and cortical develop-
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lating the cortical plate and constituting the different
layers in an “inside-out” progression from the deeper
to more superficial ones.*> While migrating, neurons un-
dergo specific morphological changes: newborn bipolar
neurons rapidly move from the ventricular to the sub-
ventricular zone (SVZ), acquire a multipolar morphol-
ogy and pause, then retrogradely migrate towards the
ventricle before becoming bipolar again and moving to
their final destination in cortical plate.? Once in the cor-
rect position, pyramidal neurons start to differentiate,
extending axons and dendrites whose growth, branch-
ing, and pathfinding are strictly directed by a complex
set of chemoattractant and chemorepellant molecules.*
In contrast to excitatory neurons, inhibitory neurons
populating the cortex follow a different development
route, as they originate in subcortical regions (medial
and caudal ganglionic eminences, preoptic area) and
subsequently migrate tangentially to reach the neocor-
tex. A tangential-to-radial migration switch then allows
interneurons to position in the appropriate cortical lay-
ers in a subtype-specific way.’

Aberrations at each of these steps — due to genetic
alterations and/or environmental insults — are at the
basis of diverse pathological conditions. Macroscopic
alterations in brain structure due to defective or exces-
sive neurogenesis, neuronal migration, or differentia-
tion are recognized in the so-called malformations of
cortical development (MCDs), a heterogeneous group
of disorders with variable severity usually associated
with cognitive impairment and drug-resistant epilepsy.®
Still, subtler alterations in neuronal layering, particular-
ly of inhibitory interneurons, and connectivity of spe-
cific circuits may be at the basis of epilepsy and neuro-
psychiatric disorders such as autism and schizophrenia.’

In this review we will provide a summary of the cur-
rent knowledge about the cellular and molecular mech-
anisms leading to MCDs, with some cardinal examples
of genes and pathways whose disruption causes specific
phenotypes. A detailed description of the clinical clas-
sification and of the genetics underlying the disorders
that will be mentioned has been provided elsewhere.®
Our purpose is to provide a step-by-step description of
what can go wrong during brain development, and how
this translates into defined pathologies (Figure I).

Defects of progenitor proliferation
Overproliferation

Intuitively, an increase in neuronal progenitor prolifera-
tion is expected to modify brain size as it directly impacts
on the number of postmitotic neurons that will be gener-
ated. Classical examples of this kind of defect are mega-
lencephaly and hemimegalencephaly, in which brain size
is macroscopically larger than normal in a symmetric
or asymmetric way. This is usually accompanied by im-
portant developmental delay, intellectual disability, and
drug-resistant childhood epilepsy.®* More localized aber-
rations of progenitor proliferation have been postulated
to be also at the basis of focal cortical dysplasia type II,
characterized by localized malformations of the cortex,
lamination defects, and dysmorphic neurons, again ac-
companied by drug-resistant childhood epilepsy.® For
all these diseases, genetic studies have led to the identi-
fication of several germline and brain somatic mutations
that converge on the mTOR (mammalian target of ra-
pamycin) pathway. Indeed, mutations have been found
in MTOR itself and in its upstream regulators, including

Figure 1. (Opposite). Schematic representation of cortical development in normal and pathological conditions. (A) During development, radial
glia cells (in white) divide symmetrically to expand the pool of progenitor cells and asymmetrically to produce postmitotic neurons
(1). Neurons acquire a multipolar morphology and pause in the SVZ (2), before becoming bipolar and starting to migrate along
radial glia fibers (3). Once they reach their final position in the CP, neurons mature and establish precise input and output connec-
tions (4). Genetic or environmental factors can induce defects at each step of this process. (B) Abnormal progenitor proliferation can
be caused by a defective timing of symmetric-to-asymmetric division switch or by defects in the orientation of the mitotic spindle.
These lead to the production of an aberrant number of neurons (eg, an increase in neuronal production, as depicted in the figure),
thus often causing megalencephaly or microcephaly. (C) Alterations in radial glia scaffold (eg, defective radial glia anchoring to the
apical membrane) impair neuronal proliferation and/or migration and can lead to the accumulation of neurons in the VZ and to the
formation of nodular heterotopia. (D) As opposite, defective formation of the basal membrane leads to neuronal overmigration
and accumulation on the pial surface, with the formation of cobblestone malformations. (E) Delayed or aberrant neuronal migra-
tion can arise from cell-autonomous defects (ie, neurons are intrinsically unable to migrate properly to the CP) and lead to cortical
layering alterations as subcortical band heterotopia. (F) Even when early defects in neurogenesis are caught up and do not lead to
macroscopic alterations of brain structure or layering, subtler defects in neurite extension, synaptogenesis, short-term and long-term
connectivity with target cells can also be detected. MZ: marginal zone; CP: cortical plate; IZ: intermediate zone; SVZ: subventricular
zone; VZ: ventricular zone.
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PIK3CA, PIK3R2, AKT1, AKT3, TSC1, TSC2, NPRL2, activation of the mTOR kinase.®>'> mTOR is a crucial
DEPDCS, and STRADA, always leading to a hyper- regulator of cell growth and proliferation, as it controls
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protein synthesis, protein degradation, lipid metabolism,
and cytoskeletal dynamics according to extracellular
stimuli.”® High levels of activation of the AKT-mTOR
pathway have been detected in proliferating radial gli-
al cells in the VZ, suggesting a prominent role in these
cells.'"* In the mouse, deletion of mTOR in neuronal
progenitors results in decreased brain size and thinning
of the cerebral cortex due to a reduced proliferation of
radial glial cells and reduced production of intermediate
progenitor cells.' Functional studies taking advantage of
rodent models are starting to characterize the specific ef-
fects of single human mutations in the mTOR pathway
on cortical development. The use of in utero electro-
poration approaches is particularly suitable to mimic the
low-percentage mosaicism observed for brain somatic
mutations. Increased progenitor proliferation, defective
neuronal migration with heterotopic neurons, aberrant
cortical layering and thickening, and the increased size
of neuronal somata have been variably reported upon
expression of mutant mTOR-related proteins.!121¢18 Tn-
terestingly, the hyperactivation of the mTOR pathway in
animal models — even in a small number of neurons — is
usually sufficient to cause the occurrence of spontaneous
generalized seizures that can be significantly ameliorated
by treatment with mTOR or PI3K inhibitors.!*!”! This
suggests that this mechanism-based therapeutic inter-
vention may be a valuable strategy to be transferred to
clinical practice for the treatment of epilepsy in MCDs.
Along this line, the adjunctive treatment with the mTOR
inhibitor everolimus has proved effective in reducing sei-
zure frequency in tuberous sclerosis complex patients.?
One fascinating question that arises from these genetic
and functional studies is how different mutations in the
same pathway can lead to more or less extensive mal-
formations. Growing evidence points to the fact that so-
matic mutations can differentially affect brain develop-
ment depending on the timing and cell type in which they
occur, meaning that earlier mutations will affect a higher
number of progenitor cells as compared with later-occur-
ring ones, thus causing more severe phenotypes. Indeed,
it was recently suggested that the extent of somatic mo-
saicism of mTOR-related mutations (ie, the number of
cells positive for a somatic mutation in a brain sample,
as assessed through single cell sequencing) directly cor-
relates with the severity of the associated disease.'? In
addition, it is possible that, depending on how upstream
in the pathway is the studied mutation, effectors in path-
ways other than mTOR are also misactivated leading

to additional molecular events that participate to the
pathogenic outcomes. This was exemplified in a recent
study reporting that the expression of a mutant AKT3
associated with hemimegalencephaly in a small number
of cortical cells through in utero electroporation in the
mouse brain causes an heterotopic secretion of reelin
— an extracellular glycoprotein that instructs neuronal
migration and positioning during brain development —
through the aberrant activation of the transcription fac-
tor FOXG1. This in turn drives a non-cell autonomous
migration defect in wild-type neighboring neurons, thus
extending the affected area to a larger population of
neurons than that actually carrying the mutation.'® An-
other possible target of misactivation after mutations
in PI3K-AKT is cyclin D2 (CCDN2), a regulator of cell
cycle progression whose degradation is promoted by
GSK3pB-dependent phosphorylation. De novo germline
mutations in CCND2 have been identified in patients
affected by the megalencephaly-polymicrogyria-poly-
dactyly-hydrocephalus (MPPH) syndrome. These muta-
tions lead to an accumulation of degradation-resistant
cyclin D2 — probably because the mutation induces a
lack of GSK3B-dependent phosphorylation — and to an
expansion of proliferating radial glia and intermediate
progenitor pools.”! The activity of the GSK3p kinase is
negatively regulated by the PI3K-AKT pathway. Indeed,
the accumulation of cyclin D2 has been described in cell
lines derived from megalencephalic patients with gain-
of-function mutations in PI3K or AKT3, thus suggesting
that this may represent a shared molecular mechanism
underlying megalencephaly of various genetic origins.?!

Reduced proliferation

On the opposite side of the coin, reduced proliferation
of neuronal progenitor cells is at the basis of primary
microcephaly, in which patients display a substantial de-
crease in brain size — even though brain structure and
cortical layering is generally preserved — and intellec-
tual disability, with all other organs growing normally.
Primary microcephaly is considered to be a disorder of
neurogenic mitosis.

Several germline mutations have been identified
in genes whose protein product is directly involved in
centrosome maturation and mitotic spindle formation,
such as CDK5RAP2, ASPM, CENPJ, STIL, CEPI35,
CEPI52, CEP63, NDEI1, CDK6, WDR62.2** All of
these proteins are highly expressed in the proliferative
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neuronal progenitors of the VZ/SVZ during brain de-
velopment. Their loss of function leads to various cel-
lular defects depending on the exact function that they
absolve. In some cases, extranumerary centrosomes are
produced, leading to multipolar mitotic spindles, ab-
errant chromosome segregation, random aneuploidy,
mitotic arrest, and neuronal progenitor cell death.??52
In others, aberration of the mitotic spindle orientation
with respect to the neuroepithelial plane leads to pre-
mature symmetric-to-asymmetric switch in cell division,
thus causing a reduced expansion of the progenitor
pool and consequent reduced production of postmitotic
neurons.*

Mutations in genes coding for nuclear proteins have
also been described in microcephalic patients. These
include loss-of-function mutations in MCPHI (micro-
cephalin), ZNF335, and PHCI.***> MCPHI1 has been
described as a protein implicated in DNA repair and
chromosome condensation during mitosis, as well as
in cell-cycle checkpoints. Its ablation leads, through
unclear mechanisms, to misregulation of Checkpoint
kinase 1 (Chk1) expression and recruitment to centro-
somes during mitosis, thus leading to premature mitotic
entry and uncoordinated centrosome maturation, de-
fective mitotic spindle alignment, and consequently in-
creased cell death and preferential asymmetric division
of progenitor cells.*® ZNF335 interacts with a histone
methyltransferase complex and directly regulates the
expression of a variety of genes implicated in cell pro-
liferation and postmitotic differentiation. One of these
target genes is the transcription factor REST/NRSF, a
master repressor of neuronal gene expression in non-
neuronal cells. The ablation of ZNF335 causes a reduc-
tion in the levels of REST, which probably contributes
to premature neuronal fate specification. PHC1 is part
of Polycomb chromatin remodeling complexes and par-
ticipates in histone ubiquitination and transcriptional
repression. The mechanisms through which PHC1 mu-
tations may lead to microcephaly remain to be eluci-
dated, but dysregulation of a number of genes involved
in cell cycle regulation has been reported in patient-de-
rived lymphoblastoid cell lines. This was accompanied
by polyploidy, defective cell cycle progression and de-
fective DNA repair response.®

It is worth noting that in this case all the mentioned
genes are extensively expressed outside the central ner-
vous system and the mutations reported are all germ-
line or zygotic, not somatic. The reasons why patients

display a prevalent effect on brain and not on other tis-
sues’ growth are still not understood.

Heterotopic localization of progenitor cells

A third kind of defect that can affect the neurogenic
phase of cortical development has been outlined by
the identification of mutations in the EMLI gene in
patients presenting subcortical heterotopia, ie, het-
erotopic groups of neurons lying outside the cortical
plate, usually in the subcortical white matter.’ Inter-
estingly, the authors firstly identified EM LI as the mu-
tant gene responsible for cortical heterotopia in the
spontaneous mutant mouse line named HeCo (for
heterotopic cortex), for which a defined genetic cause
was missing, and then successfully identified mutations
in the human ortholog gene in two families with se-
vere bilateral ribbon-like heterotopia. EMLI is a mi-
crotubule-associated protein expressed in progenitor
cells of the VZ during cortical development, as well
as in postmitotic neurons in the cortical plate. Its loss
of function leads to the misplacement of progenitor
cells outside the VZ/SVZ in the intermediate zone and
cortical plate, where proliferation is normally absent.
This causes the production of heterotopic neurons and
the creation of a physical barrier for otherwise nor-
mally migrating neurons produced from non-hetero-
topic progenitors in VZ/SVZ,leading to the formation
of extended heterotopia.* This scenario substantially
differs from classical band heterotopia and periven-
tricular heterotopia that arise from defects in neuro-
nal migration due to cell-autonomous dysfunction or
to aberrations in the radial glia scaffold, as will be de-
scribed in the following section. The exact mechanism
through which heterotopic progenitors are produced
upon EML]I loss-of-function is unclear, but may be
related to altered microtubule-based regulation of
apical-basal attachment of radial glial cells.

Defects of neuronal migration
Alterations in the radial glia scaffold

In addition to their role as neurogenic progenitors, radial
glial cells also support and guide the migration of post-
mitotic neurons from the VZ/SVZ to the cortical plate.
As such, disruption of the radial glia scaffold easily leads
to non-cell autonomous neuronal migration defects. This
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has been described for X-linked periventricular nodular
heterotopia (PNH) caused by loss-of-function mutations
in the filaminA FLNA gene. PNH patients display bilat-
eral nodules of heterotopic neurons protruding in the
lateral ventricles, below an apparently normal cerebral
cortex. Hemizygous males have high prenatal lethality,
while heterozygous females present seizures with vari-
able onset and cardiovascular abnormalities.**> FLNA
is a pleiotropic protein involved in actin cytoskeleton
regulation: it binds and crosslinks actin filaments in or-
thogonal networks, it scaffolds and regulates signaling
molecules involved in cell adhesion and migration (eg,
integrins), and it modulates the activation of small GT-
Pases involved in actin remodeling (eg, Rac1).’ The pro-
tein is highly expressed in the developing cortex, particu-
larly in radial glia cells, but persists also in the adult brain
in postmitotic neurons. In utero electroporation of short
interfering RNAs against FLNA in rat embryos showed
that FLNA depletion leads to a significant delay in ra-
dial neuronal migration and to the formation of hetero-
topic nodules lining the ventricular surface, as observed
in PNH patients. This is associated with a disruption of
the ventricular neuroepithelium — normally composed
of juxtaposed radial glial cell apical endfeet — with ra-
dial glial cells detaching from the ventricular surface,
probably because of a misregulation of Bl-integrin and
cadherin/catenin-mediated anchoring. A similar pheno-
type was observed in brain biopsies from FLNA-mutant
PNH patients, which display clear discontinuity in the
neuroepithelial lining. Even though additional cell-au-
tonomous mechanisms probably occur, it is worth noting
that the ventricular nodules formed upon FLNA silenc-
ing include both electroporated and non-electroporated
neurons, supporting the idea of a non cell-autonomous
mechanism contributing to heterotopia caused by FLNA
deficiency.”’

Cell-autonomous alteration of neuronal migration

Classical examples of disorders caused by intrinsic de-
fects in neuronal migration are lissencephaly (smooth
cortex, characterized by increased thickness and the
production of only 2-4 cortical layers) and subcortical
band heterotopia (or double cortex, with the presence
of a band of gray matter between a pachygyral 6-lay-
ered cortex and the ventricular wall). These two condi-
tions represent the two extremes of a spectrum of disor-
ders, ranging from complete agyria to pachygyria with

subcortical band heterotopia, to double cortex only.
They are generally associated with drug-resistant epi-
lepsy arising in childhood, delayed motor milestones,
and cognitive deficits. The most common genetic cause
of these diseases is represented by germline and somat-
ic heterozygous mutations in LIS7 and DCX genes.*
Both LIS1 and DCX are implicated in the modulation
of the microtubule cytoskeleton in migrating neurons.
LIS1 interacts with the microtubule molecular motor
dynein and with accessory proteins such as dynactin,
thus regulating in a complex way the cargo transport
activity of the motor complex.” DCX (doublecortin)
binds to microtubules and regulates their stability and
dynamics integrating different signaling pathways in mi-
grating cells.*** The two proteins have also been found
to physically interact, suggesting that they crosstalk in
the regulation of microtubule function.* In utero down-
regulation of either protein in rat embryos causes a de-
fective migration of neurons from the VZ to the corti-
cal plate, with an abnormal accumulation of multipolar
neurons in the SVZ or intermediate zone, suggesting
than neurons depleted of LISI or DCX cannot undergo
proper multipolar-bipolar transition and proceed to ra-
dial migration.*# In the case of DCX downregulation,
the formation of subcortical heterotopic bands has also
been observed in postnatal rats, likely due to the stalled
neuronal migration within the intermediate zone.* In-
terestingly, the inhibition or knockdown of calpain — a
protease responsible for LIS degradation — in LisI*"
mouse embryos leads to an accumulation of LIS/ and
rescues the neuronal migration and layering defects,
thus providing evidence for a possible therapeutic strat-
egy for human lissencephaly associated with LIS/ mu-
tations.”” Unfortunately, the use of lissencephalic rodent
models is poorly informative when looking for patho-
genic mechanisms underlying defective gyrification. In-
deed, in gyrencephalic species like humans the forma-
tion of gyri seems to rely on a significant expansion of a
specific type of progenitors called basal radial glial cells,
which are instead scarce in rodents. Similarly to apical
radial glia, basal radial glial cells extend a basal process
that contacts the pial surface, but lack an apical process
connecting to the ventricular lining. In gyrencephalic
species, the abundance of basal radial glia leads to a
thickening of the SVZ, which can thus be further sub-
divided in outer and inner SVZ. Basal radial glial soma
usually lie in the outer SVZ, and their basal projections
multiply the radial structural scaffolding necessary for
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extending the pial surface of the brain while keeping
the ventricular surface limited.* It is possible that lis-
sencephaly in humans arises because of a defect in the
basal radial glia scaffold upon LIS/ or DCX mutation,
an hypothesis that needs to be tested in gyrencephalic
models such as the ferret or the monkey.

Additional mutations in the lissencephalic spectrum
have been identified in genes coding for tubulin sub-
units (TUBAIA, TUBB2B, TUBGI) and molecular
motor proteins (KIF2A, KIF5C, DYNCIH]I), further
highlighting the importance of microtubule-dependent
regulation of neuronal migration in these diseases.®
Similarly, mutations in TUBB2B have been identified
in patients affected by polymicrogyria, a condition in
which an unlayered cerebral cortex folds into very
small gyri, and neuronal migration defects have been
demonstrated upon in utero silencing of this gene.**®

Compound heterozygous and homozygous reces-
sive mutations in 7BCI1 D24 have been identified in sev-
eral epileptic syndromes, such as familial infantile myo-
clonic epilepsy, epileptic encephalopathy and DOORS
syndrome (deafness, onychodystrophy, osteodystrophy,
mental retardation, seizures). Patients usually display
severe drug-resistant epilepsy and intellectual disabil-
ity. An association with sudden unexpected death in
epilepsy has been suggested. Structural abnormalities
identified by brain imaging are highly variable, rang-
ing from normality to cerebral and cerebellar atrophy,
agenesis of corpus callosum, delayed demyelination.>-
In utero downregulation of TBCI D24 expression in rat
embryos causes a delay in radial neuronal migration
that is eventually caught up, with no obvious layering
defects in postnatal animals. This is due to a delay in the
completion of the multipolar-bipolar transition in the
intermediate zone, required for timely progression of
neuronal migration from the VZ to the cortical plate.™
TBC1D24 interacts with the small GTPase ARF6, and
several mutations identified in patients lie in the ARF6
interacting domain of TBCID24. Indeed, the expres-
sion of a constitutively inactive form — but not of a con-
stitutively active form — of ARF6 is able to rescue the
migration delay induced by TBCI1D24 downregulation,
suggesting that TBCI D24 inhibits ARF6 in developing
neurons and that this is required for proper radial mi-
gration.”® Even though the migration defect is not long-
lasting in this case, probably explaining the absence of
defined common cortical malformations in patients, the
precise timing of neuronal integration in the develop-

ing cortical plate is required for establishing appropri-
ate synaptic connections and aberrations in this process
likely lead to abnormal wiring and excitation/inhibition
imbalance.

Defective formation of the pial basement membrane
leading to over-migration

Dystroglycan was originally identified in skeletal mus-
cle as a core component of the dystrophin-glycoprotein
complex, a transmembrane protein complex connecting
the extracellular matrix and the actin cytoskeleton. It
is anyway highly expressed in many other tissues, in-
cluding the brain, where it is required for the correct
deposition and organization of basement membranes.
Dystroglycan is composed of two subunits, the extra-
cellular protein o-dystroglycan tightly associated with
the transmembrane B-dystroglycan. The o subunit is im-
plicated in the interaction of extracellular ligands, such
as laminin, in a glycosylation-dependent manner. The 3
subunit interacts with cytoskeletal and signaling mole-
cules. Several loss-of-function recessive mutations have
been identified in genes coding for proteins implicated
in the glycosylation of o-dystroglycan (ISPD, POMTI,
POMT2, POMGNTI1, LARGEI, FKTN, FKRB) in se-
vere syndromes with muscular dystrophy, eye involve-
ment and brain malformations, such as the Walker-War-
burg syndrome.**® The cause of muscular, ocular, and
brain abnormalities reside in the defective formation of
the basement membrane in these tissues, due to a re-
duced interaction of dystroglycan with the extracellular
matrix proteins. In particular, in the brain the dystro-
glycan expressed in the endfeet of radial glial cells con-
tacts the pial basement membrane, and this interaction
is required to maintain the integrity of the basement
membrane and to form the glia limitans that defines the
brain surface.” A perturbation of this interaction (ie,
upon o-dystroglycan deletion or because of its defec-
tive glycosylation) leads to an impairment of radial glial
basal anchorage and to the formation of breaches in the
pial surface, thus causing aberrant neuronal layering
and lissencephaly, as well as overmigration of neurons
that accumulate in the so-called cobblestone malforma-
tions, neuronal ectopias beyond the glia limitans.’”>

A similar overmigration defect has been described in
cobblestone malformations caused by loss-of-function
mutations in GPR56, coding for an adhesion G-protein
coupled receptor that binds to collagen III produced by
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meningeal fibroblasts.®*! GPR56 is expressed by radial
glial cells as well as by migrating neurons. Binding to
collagen III leads to the activation of Ga,, |, and subse-
quently of the small GTPase RhoA, which has a role in
the modulation of actin cytoskeleton. Interestingly, the
activation of GPR56 inhibits neuronal migration, sug-
gesting that during cortical development it may medi-
ate a stop signal for migrating neurons reaching the pial
surface to impede basement membrane transmigration.
Indeed, mice deleted for either Gpr56 or collagen III
display abnormal cortical lamination and frontal sub-
pial ectopias that include neurons with both deep and
superficial layer identity.®!

Impact of developmental defects on neuronal
maturation and connectivity

As evidenced in the previous sections, modifications of
the correct program of neurogenesis and neuronal de-
velopment lead to a spectrum of disorders that ranges
from macroscopic malformations and more or less se-
vere alterations of cortical layering, to very subtle de-
lays in the timing of neuronal migration resulting in
an apparently normal cortex at the macroscopic level.
Even in the last scenario, the final outcome is probably
an alteration of neuronal wiring, given that the estab-
lishment of proper neuronal circuits requires a precise
regulation of neuronal positioning, dendritogenesis,
axogenesis and input/output synaptic connectivity in
space and time. This is emerging from recent functional
studies, described hereafter, that demonstrate the pres-
ence of defects in neurite outgrowth, synapse forma-
tion, synaptic transmission and long-range connectivity
in models of diseases with variable degrees of cortical
malformation. In addition, more and more information
will probably arise on these aspects thanks to the con-

tinuous development of new technical approaches to
monitor synaptogenesis and connectivity at the single
cell level (Figure 2).

In utero silencing of DCX in rat embryos revealed
that heterotopic neurons stacked in the ventricular white
matter are functionally connected to other brain regions,
but display features of immature neurons at postnatal
stages, impaired dendritic development and impaired
formation of glutamatergic and y-aminobutyric (GABA)
ergic synapses.®>® Interestingly, non-electroporated neu-
rons in the normal-appearing cortex overlying the het-
erotopia have an increase in spontaneous and synchro-
nized activity, as well as an imbalance of glutamatergic
and GABAergic inputs towards increased excitation that
renders them abnormally prone to the generation of epi-
leptiform discharges.®® Accordingly, adult electroporated
rats show spontaneous focal seizures even when they
present very small subcortical heterotopia, indicating
that this is sufficient to drive a larger maladaptive syn-
aptic reorganization of the cortex.* In addition, electro-
physiological characterization of DCX knocked-down
rat slices aimed at localizing the spatial origin of epilep-
tiform activity show that the heterotopia is dispensable
for seizure generation and that the interictal-like activity
originates in the overlying normal-appearing cortex and
only subsequently propagates to heterotopic neurons.®

In the case of TBCID24, no evident cortical mal-
formation is present upon silencing, and knocked-down
neurons eventually reach their final position in the cor-
tical plate, even though with some delay. Still, knocked-
down neurons in the postnatal brain display a signifi-
cant impairment in the maturation of their dendritic
arbor that likely impact on the distribution of their syn-
aptic contacts and on their activity.>

We recently observed that the conditional ablation
of FLNA in a cohort of cortical projection neurons in

Figure 2. (Opposite). Novel approaches for measuring input-output connectivity. (A) Input connectivity with the rabies monsynaptic ap-
proach.®® A1) MCD mouse models are crossed with the rabies TVA-G mouse line, which expresses the avian EnvA receptor TVA as
well as the rabies virus glycoprotein G necessary for rabies retrograde transport downstream of a floxed stop cassette. A2) In utero
electroporation of a Cre-RFP plasmid labels cortical neurons of interest (depending on the mouse age at electroporation) in red and
makes them starter cells, responsive to the modified rabies virus coated with the EnvA ligand. A3) In postnatal mice, stereotaxic
injection of the modified rabies virus expressing GFP (DG-EGFP-RV) determines the infection of red starter cells only, which thus
express both GFP and RFP and appear as yellow. A4) Since starter cells express protein G, the rabies virus can retrogradely pass
one synapse and thus label immediate presynaptic partners of the starter cells in green. (B) Output connectivity with anterograde
AAV-hSyn-Cre serotype-1.7° This virus has intrinsic anterograde properties so that it induces Tomato expression exclusively in direct
post-synaptic partners of infected neurons. B1) MCD mouse models are crossed with the Ai14 reporter line. B2) In postnatal mice,
minute amounts of AAV1-hSyn-CRE virus are co-injected with the Cre-dependent AAV-CAG-FLEX-GFP in the cortical region of
interest. B3) Cre-recombined, starter cells turn red (because Cre removes the stop cassette in Ai14 locus) and green (because Cre
removes stop cassette in co-injected AAV-CAG-FLEX-GFP). Immediate postsynaptic partners receive AAV1-hSyn-CRE by anterograde
transport and thus express tomato only.
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the mouse leads to excessive dendritic growth, with a
consequent disorganization of synaptic contacts and
alterations in synaptic activity in the postnatal cortex.
Interestingly, in this case we found an increase of in-
hibitory transmission in knock-out neurons (Falace et
al, manuscript in preparation). This may seem counter-
intuitive considering that loss-of-function mutations of
FLNA cause epilepsy in humans, but deserves further
exploration as it may give important hints on the spe-
cific mechanisms leading to epilepsy in FLNA mutant
patients and on the antiseizure medications that may be
more suitable in these cases.

Concerning long-range connectivity, a missense mu-
tation in TUBB2B identified in a family affected by
congenital fibrosis of extraocular muscles (CFEOM)
and polymicrogyria led to a reduction of homotopic cal-
losal projections, as assessed with diffusion tensor imag-
ing performed in patients. In utero electroporation of
the mutant TUBB2B in mouse embryos reproduces the
human phenotype, with decreased homotopic connec-
tivity in the corpus callosum and perturbed innervation
of both local and long-range targets in postnatal ani-
mals.® Interestingly, this phenotype was not detected in
patients affected by polymicrogyria without CFEOM,
thus suggesting that the presence of cortical dysplasia is
not sufficient to drive callosal aberrations and underly-
ing the importance of matching genetic diagnosis, brain
imaging and molecular studies for a complete under-
standing of the MCD spectrum.®

Conclusions and future perspectives

We provided a general description of the main possible
defects that may arise during neurogenesis and cortical
development in MCDs, giving some examples that could
be explicative, although not exhaustive. We would like to
emphasize a few concepts that clearly emerge when sur-
veying the literature in the field of cortical malformations
and that we think will need special attention in the near
future: (i) the expanding evidence that many cortical mal-
formations are caused by somatic brain mutations points
to a clear diagnostic limit when analyzing only blood
samples and opens an unexpected level of complexity in
the genetic spectrum of these disorders, as we can now
envisage cases with germline mutations summing to so-
matic brain mutations, as well as cases in which different
somatic brain mutations occur in the same patient but
maybe in different cell types. This complexity will surely

be more and more addressed with advances in single-
cell sequencing approaches, and will probably allow us
to eventually identify and/or better specify the genetic
causes and complex molecular mechanisms of a much
larger number of cases; (ii) a straightforward 1:1 relation
between a specific clinical phenotype and a specific cel-
lular mechanism is clearly an oversimplification. Indeed,
even though a prevalent defect may be recognized, the
coexistence and the consequentiality of different cellular
defects are more often described in many of the diseases
we mentioned; (iii) research efforts in the last 20 years
have led to an explosion of information about the genet-
ics and macroscopic cellular defects, often proliferative
or migratory, that ultimately alter neuronal positioning
and wiring in MCDs. The next step will be to precisely
characterize the final outcomes of these primary defects
in terms of neuronal connectivity and network activity in
the mature brain in order to understand the exact origin
of drug-resistant epilepsy and cognitive impairment in
MCDs. This will be useful for guiding the choice of the
best suitable therapeutic interventions for each type of
malformation, including surgery and pharmacotherapy,
as well as for a rationale development of new approach-
es; (iv) related to the previous point, the most important
question that remains is: can we correct neurodevelop-
mental defects after birth? Recent elegant studies dem-
onstrated that the delivery of the transcription factor
Fezf2 — a master regulator of identity specification for
layer 5 corticofugal neurons — in upper layer postmitotic
neurons in mouse pups was sufficient to convert them to
layer 5 neurons, with a complete reprogramming of their
molecular identity, electrophysiological properties and,
more strikingly, of their input and output connectivity.*’6
This indicates that, at least at early postnatal stages, there
is a high degree of plasticity that can be exploited to re-
direct specific circuits in vivo and opens the fascinating
possibility of applying this concept to correct pathologi-
cal alterations of cortical organization. 4
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