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Embryonic or induced pluripotent stem cells, available in mouse and human, have emerged as
powerful tools to address complex questions in neurobiology. This review focuses on major
advances relating to brain development and developmental disorders. Stem cells can differentiate

into many different neuronal subtypes using in vitro models mimicking relevant in vivo develop-

ABBREVIATIONS

ESC  Embryonic stem cell

iPS Induced pluripotent stem cell
SMA  Spinal muscular atrophy

mental processes, and the underlying molecular and cellular mechanisms. Disease—specific
human embryonic stem cells (ESCs) and induced pluripotent stem (iPS) cells are now available
and allow for the study in vitro of the pathophysiology of degenerative and neurodevelopmental
hereditary and sporadic disorders, including in the near future those of the human cortex. Finally,
some recent studies have shown that stem cell-derived neural progenitors and neurons could help

to rebuild damaged brain circuitry, opening the possibility of cell therapy.

Understanding the mechanisms of brain development, espe-
cially in humans, remains one of the most fascinating yet chal-
lenging questions in neurobiology. Neurodevelopmental
disorders are among the most varied and complex conditions,
in terms of both pathophysiological mechanisms and possible
treatments.

In the last 10 years, embryonic stem cells (ESCs) have
emerged as a powerful tool in neurobiology, helping address
longstanding questions in an entirely novel way." More
recently, the availability of human ESCs and induced pluripo-
tent stem (iPS) cells, reprogrammed from adult cells, has pro-
vided a unique opportunity to investigate the mechanisms of
human brain development and its disorders. Stem cells also
hold great promises for brain repair, whether following direct
damage, such as stroke or trauma, or from a developmental or
degenerative disease.

This review focuses on recent advances in the use of stem
cells as a basis for studying brain development and developmen-
tal disorders and discusses some perspectives for cell therapy.

NEURAL DEVELOPMENT FROM PLURIPOTENT STEM
CELLS IN VITRO

Embryonic stem cells harbour the unique features of pluri-
potency, the ability to give rise to any cell type of the organ-
ism, and self-renewability. The mechanisms regulating these
features as well as the subsequent steps of neural induction,
differentiation and specification have been widely studied.”™*
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This knowledge has been transposed in vitro in protocols
designed to generate neural cell types of interest from ESCs
(Fig. 1). Thus, neurons of different parts of the neural tube
were successfully generated, including spinal motoneurons,’
midbrain dopaminergic neurons,® spinal cord interneurons,’
Purkinje and granule cells of the cerebellum,*’ hypo-
thalamus'® and, finally, cortical pyramidal neurons.' 7

In the case of spinal cord motoneurons,” the identity of the
ESC-derived motor neurons was assessed by demonstrating
the expression of specific molecular markers, electrophysio-
logical properties and, once grafted, the ability to integrate
into the spinal cord, extend peripheral axons and form neuro-
muscular junctions. To achieve this differentiaton, ESCs were
exposed to two extracellular cues, Sonic Hedgehog and ret-
noic acid, known to play a major role in the specification of
spinal motor neurons in vivo'* (Fig. 1a,b). This study thus
remarkably demonstrated that neural differentiation from
ESCs could be directed using exogenous molecules identified
in vivo and could lead to a high level of cell specification,
including the ability to grow axons and make synapses.

Conversely, the generation of neural progenitors and
neurons of the most anterior part of the neural tube, such as
cortical pyramidal or hypothalamic neurons, could be achieved
by minimizing the presence of extrinsic cues in the differentia-
tion medium, unveiling an intrinsic trend of ESCs to
spontaneously differentiate into anterior neural tissue.'™'? As
serum-containing differentiation medium inhibits anterior
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neural specification, generation of this cell lineage may also
rely on additional antagonists of posteriorizing signals.'"!’
These studies confirmed the currently accepted ‘default
model’ in which neural cells of anterior identity represent the
default fate of differentiating embryonic cells.*'®

Cortical pyramidal neurons derived from ESCs have been
thoroughly compared with their in vivo counterparts: accord-
ingly, they are glutamatergic, display a typical pyramidal mor-
phology, and express typical molecular markers of the six
cortical layers. Finally, and perhaps most importantly, they
send specific axonal projections to typical cortical targets when
grafted in vivo.'"'?

Somewhat surprisingly, complex temporal and spatial fea-
tures, such as a specific layer and area identity, could be repro-
duced in vitro (Fig. 2). During corticogenesis, neurons of the
six layers are generated in a specific temporal sequence by the
cortical progenitors: deep layer neurons are generated first
and then the more superficial neurons are added in an ‘inside-

What this paper adds

o A comprehensive review of the actual and the possible applications of pluripo-
tent stem cells in the fields of developmental neurobiology and neurodevelop-
mental disorders.

out’ fashion. This sequence seems to be directed by a cell-
intrinsic progressive change in the competence of cortical pro-
genitors. Interestingly, this key feature of corticogenesis is
retained by ESC-derived cortical progenitors in vitro'? and
can be efficiently manipulated to enrich the culture in specific
neuronal subtypes'' (Fig. 2a). In addition, using a system
where ESCs are cultured as bowls of cells differentiating into
cortical-like progenitors,'' they develop into neural structures
that adopt a striking polarized cellular organization, with
neural progenitors occupying deeper layers of the bowls, and
neurons accumulating at their periphery. This follows an
organization highly reminiscent of a nascent cortical primor-
dium (Fig. 2b). These data constitute a first proof that a brain-
like structure can emerge as a self-organizing cytoarchitecture
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Figure 1: Neural induction and regional patterning in embryonic stem cell neurogenesis. (a) Schematic representation of the mechanisms of neural induction

and early patterning of the neural plate/tube. Neural induction is regulated by the coordinated actions of bone morphogenetic proteins (BMP), Wnt and fibro-

blast growth factors/insulin-like growth factors (FGF/IGF) signalling pathways. The neural plate, initially of anterior identity, is then subsequently patterned

by extrinsic morphogens along the rostro-caudal and the dorso-ventral axes into discrete domains. (b) Embryonic stem (ES) cell neural induction and embry-

onic stem-derived neural progenitor specification follows the same cues as in vivo to give rise to well-defined neuronal populations.
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progenitors

neurogenesis. (a) Embryonic stem (ES)-derived cortical progenitors
undergo a sequential shift in competence and successively generate
different subtypes of neurons. (b) Schematic representation of polarized
laminar structures developed embryonic stem-derived cortical progenitors
in floating aggregates and reminiscent of the cytoarchitecture of the
developing cortex.

in vitro, and provide a promising system to decipher some of
the underlying mechanisms of cortical specification, genera-
tion, and patterning.

While in vitro systems of corticogenesis thus display
remarkable similarities with in vivo developmental processes,
they differ in several important aspects. Even if neurons with
all six layer identities are specified in vitro, one never sees the
formation of a six-layered organization. Also, there is an
under-representation of upper-layer neurons, suggesting that
extrinsic factors are lacking in vitro to generate a full cortex.
Interestingly, the ability to form a six-layered structure is a
unique property of the neocortex, the part of the cortex that is
the most recent in evolution, suggesting that in vitro cortical
neurogenesis may display most similarities to a primitive path-
way of corticogenesis corresponding to an ancestral form of
cortex (such as the paleo- and archicortex). This hypothesis is
in part supported by the observation that, despite their rela-
tively broad laminar representation, ESC-derived pyramidal
neurons seem to belong to very specific cortical areas, mainly
visual and limbic, which correspond to the phylogenetically
oldest cortical areas.'”

Despite these shortcomings, models of corticogenesis from
ESCs represent an invaluable tool to study the molecular
mechanisms underlying cortical development. Indeed, in addi-
tion to their pluripotency and self-renewability, ESCs are eas-
ily accessible to genetic and biochemical manipulation,

allowing the design of high-throughput genetic or small mole-
cules functional screens, that would otherwise be very difficult
to achieve in vivo.

Furthermore, the transposition of these approaches to
human ESCs, as recently described with some adjustments,'!
together with the development of new transgenesis tools,'®!?
now offer the exciting opportunity to study human brain
development, compare it with lower mammals and begin to
unravel the specificity of human neurodevelopment.

There are, however, limitations. The availability of human
blastocysts from which ESCs are derived is tightly linked to
ethical and logistical considerations that differ widely between
countries. Biological uncertainties also remain regarding the
variability between the human ESC lines available. Their tran-
scriptional signature in the undifferentiated state and their
ability to differentiate into neural tissue vary significantly,
probably reflecting the heterogeneity in the way they were
generated.”>*! This inconsistency needs to be taken into
account in subsequent studies.

STEM CELL-BASED MODELS OF BRAIN DISEASE

The availability of human ESCs harbouring mutations for
monogenic disorders opens the door to the development of in
vitro models of such diseases. Cell lines have been derived for
Duchenne and Becker muscular dystrophies, Huntington
disease,”? fragile-X syndrome,” adrenoleukodystrophy and
neurofibromatosis-1.2* As these cells are usually obtained from
embryos discarded after pre-implantation genetic diagnosis,
they raise ethical questions which may limit their widespread
use.

Alternative solutions exist and an obvious one would be to
genetically modify human ESCs to harbour the desired muta-
tion. Although new transgenesis methods are being devel-
oped,"®!” it remains a major technical challenge. Furthermore,
the genetic background on which these mutatons will act may
be of importance and modified human ESCs might never
develop a relevant phenotype, akin to the incomplete pene-
trance and variable expressivity of the phenotype of a genetic
disease observed among different patients sharing the same
mutation. Finally, genetic methods to develop models for
polygenic diseases have yet to be discovered.

For all these reasons, iPS cells might represent today’s best
alternative. Induced pluripotent stem cells are adult or embryo-
nic somatic cells that have been genetically reprogrammed to
a stem cell state close to ESCs. Their reprogrammation has
been achieved with several cell types, for example, from an
adult or embryonic mouse,”” and also from human cells.*®
Initial methods to achieve this relied on integrating retrovirus-
es, which carry a risk of insertional mutagenesis. Newer tech-
niques have been developed,”’! however, these are in need of
improvement to become as efficient as retroviral vectors.*”

In addition to wild-type iPS cells, several disease-specific
human iPS cell lines have been generated from patients
suffering from various disorders, such as, amyotrophic lateral
sclerosis,” spinal muscular atrophy (SMA),** familial dys-
autonomia,” Parkinson disease,’®*’ Huntington disease,’”
Down syndrome,’” and Rett syndrome.”” With the exception
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of the dysautonomia and SMA cell lines, little is known about
the effect of the carried mutation in the relevant differendated
cell types.

Cholinergic motor neurons derived from the SMA iPS cell
line exhibited a selective survival deficit which could be
reversed by small chemical compounds known to raise the
level of the protein encoded by the gene mutated in SMA.** A
study of the dysautonomia cell line by Lee et al.”” revealed
multiple molecular cellular defects which could be partally
corrected by a plant hormone known to restore the level of
the normal splice form of the inhibitor of kappa light polypep-
tide gene enhancer in B-cells, kinase complex-associated pro-
tein (IKBKAP), the gene responsible for the disease. These
two examples highlight the opportunities offered by iPS cells
for disease modelling and in vitro drug discovery.

Induced pluripotent stem cells also appear to be well-suited
to the modelling of diseases whose genetic basis is not easily
reproduced in animal models. Examples of such diseases in
child neurology are numerous and include monogenic disor-
ders in which the gene is not present or may be structurally
different in the mouse, such as some cases of non-syndromic
intellectual disability, as well as microdeletion and microdupli-
cation syndromes.

Here there are also limitations, and differentiation of iPS
cells into various neuronal cell types has sdll to be docu-
mented. So far, only differentiation into spinal motor neu-
rons,?**¥* dopaminergic neurons®® and neural crests’ have
been demonstrated. Epigenetic modifications observed in stem
cells and especially after reprogrammation to the iPS state
might interfere with the development of genetic diseases
linked to gene imprinting, such as the Angelman and Prader-
Willi syndromes. Complex diseases caused by the interaction
of multiple genetic defects with poorly determined environ-
mental factors will be difficult to model. The ability to model
disorders due to compromised intercellular connectivity and
signalling depends on the ability to precisely reproduce cellu-
lar networks in vitro. This could also benefit from the genera-
tion of mouse or human chimeric experiments, grafting
human iPS or embryonic stem-derived neurons into the
mouse brain.

Once these limitations are overcome, application of iPS
technology to neurodevelopmental disorders should be pro-
ductive. For instance, Williams syndrome is a multisystemic
neurodevelopmental disorder caused by a hemizygous deletion
on chromosome 7, spanning 28 genes.’” Hemizygosity in sev-
eral of these genes, including genes coding for transcription
factors or proteins involved in cell migration, neurite
outgrowth and synapse formation, has been implicated in the
typical cognitive profile of the affected children.*” However,
the molecular mechanisms involved remain obscure and avail-
able animal models do not fully capture the complexity of this
genomic disorder.*' Induced pluripotent stem cells are a
promising approach to faithfully replicate the genetic defect in
an experimental setting. Once differentiated into cortical

16  Developmental Medicine & Child Neurology 2011, 53: 13-17

progenitors and neurons, they could be used to study altera-
tions in gene expression, neurite formation and synaptic activ-
ity. Furthermore, once abnormalities are revealed in any of
those processes, the simplicity of the in vitro setting could
allow an efficient screen of chemical or genetic treatments able
to restore normal cellular function that could be translated to
clinical trials.

Whereas iPS generation from somatic cell is considered as
dedifferentiadon, transdifferentiation refers to the reprogram-
ming of an adult somatic cell type into another. This has been
recently achieved by reprogramming adult skin fibroblasts into
neurons.” Although the identity of these neurons needs to be
thoroughly characterized, this approach might alleviate the
problem of neural differentiation observed with some iPS cell
lines.’

STEM CELL-BASED THERAPY

It has long been considered that damaged neural connections
in the central nervous system could not be easily regrown.
"This notion was recently challenged in a series of works culmi-
nating in a promising study by Gaillard et al.** In this study,
the authors reported that embryonic cortical neural progeni-
tors and neurons grafted in the lesioned motor cortex of adult
mice could extend axons along cortico-cortical and cortico-
subcortical pathways, including down to the spinal cord.
Remarkably, the growing axons have the ability to make
connections with specific targets and no major overgrowth
was observed, a critical issue in neural repair. Also, the recon-
struction of the damaged networks resulted in a significant
functional improvement.

The next step is to extend these findings to ESCs and iPS
cells. Conclusive evidence is still lacking but preliminary data
are available. In two recent studies of cortical development
from ESCs, grafting experiments were used to demonstrate
cortical neuronal identity.'"'? Both studies reported extensive
but selective axonal growth from the graft to various cortical
targets. Although the grafts were performed in utero or in
neonates, they suggest that ESC-derived grafts might be used
for brain repair in adult damaged brains. Induced pluripotent
stem-derived dopaminergic neurons have been recently shown
to improve behaviour in a rat model of Parkinson disease upon
transplantation into the adult brain.*’

CONCLUSIONS

The availability of ESC-based models offers an entirely new
approach to studying normal cortical development in animal,
but also importantly in human species.

Neurodevelopmental disorders will particularly benefit
from the generation of disease-specific human ESC and iPS
cell lines, in particular for dissecting pathophysiological mech-
anisms, or screening for potendal treatments. In the future,
some of these disorders might also be treated by ESC or iPS
cell-based therapy.
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