1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neurobiol Dis. Author manuscript; available in PMC 2017 August 01.

-, HHS Public Access
«

Published in final edited form as:
Neurobiol Dis. 2016 August ; 92(Pt A): 3—-17. doi:10.1016/j.nbd.2015.07.007.

Cellular and molecular introduction to brain development

Xiangning Jiang! and Jeannette Nardelli234
1Department of Pediatrics, University of California, San Francisco, CA, 94158 USA

2Inserm, U1141, Paris 75019, France
3Université Paris Diderot, Sorbonne Paris Cité, UMRS 1141, Paris 75019, France

Abstract

Advances in the study of brain development over the last decades, especially recent findings
regarding the evolutionary expansion of the human neocortex, and large-scale analyses of the
proteome/transcriptome in the human brain, have offered novel insights into the molecular
mechanisms guiding neural maturation, and the pathophysiology of multiple forms of neurological
disorders. As a preamble to reviews of this issue, we provide an overview of the cellular,
molecular and genetic bases of brain development with an emphasis on the major mechanisms
associated with landmarks of normal neural development in the embryonic stage and early
postnatal life, including neural stem/progenitor cell proliferation, cortical neuronal migration,
evolution and folding of the cerebral cortex, synaptogenesis and neural circuit development,
gliogenesis and myelination. We will only briefly depict developmental disorders that result from
perturbations of these cellular or molecular mechanisms, and the most common perinatal brain
injuries that could disturb normal brain development.
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Introduction

Human brain development starts with neurulation from the ectoderm of the embryo and it
takes, on average, 20 to 25 years to mature. This protracted process is presented as both
physical and experience-based maturation. Building this most complex and highly organized
organ involves the generation of a wide variety of specialized neural and non-neural cell
types that must be produced in the correct numbers, at appropriate locations and with the
right timing. Additionally, accurate connections between neurons and efficient
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communication between distinct cell populations are crucial for the brain to exert centralized
control for behaviour, perception and higher cognitive function.

Brain develops in an intricately orchestrated sequence of stages. Neural tube, the origin of
the entire central nervous system (CNS), is formed at approximately 3—4 weeks of gestation
and followed by massive cell proliferation, migration and brain expansion in size,
complexity and surface area (gyrification). Neurogenesis and formation of the general
architecture of brain regions are largely complete at birth, while maturation of the two
principal glial cells (astrocytes and oligodendrocytes), synaptogenesis and synapse pruning,
and myelination represent postnatal brain growth (Giedd, 1999). Furthermore, brain
constantly changes at the level of connectivity throughout the life span with environmental
influences. At the cellular level, both neurons and astrocytes/oligodendrocytes are derived
from the common multipotent neuroepithelial cells that line the cerebral ventricles (Davis
and Temple, 1994y 1t is now known that neurogenesis precedes gliogenesis, which is the
results of an inherent, exquisitely timed mechanism regulated by complex interactions
between intrinsic factors (for example, gene epigenetic modifications) and extrinsic cues
(secreted or contact-mediated factors) (ROWitch and Kriegstein, 2010y adequate
neurogenesis and timely switch of developmental program of progenitor domains to
gliogenesis are critical for proper neural circuit formation and normal brain function.
Disruptions in any of the mechanisms may lead to disorganization and eventually,
dysfunction of the CNS.

As a preamble to the reviews of this issue, we will provide an overview of the processes that
orchestrate the successive steps of normal cortical brain development, including progenitor
division and production in coordination with appropriate layer neuron production, neuron
migration and maturation, synaptogenesis and at last gliogenesis. We will only briefly
discuss how alterations of such mechanisms can be related to some of the brain development
disorders. Neurodevelopmental diseases will be reviewed in detail in the other articles of this
issue.

Morphogenesis of the cerebral cortex

The cerebral cortex, also called the neocortex in mammals to distinguish it from the more
ancient paleo-cortex and archicortex, differentiates in the dorsal telencephalon, the most
anterior region of the embryonic brain (Rubenstein and Beachy, 1998 T neocortex is the
seat of the higher cognitive functions and has a very complex cytoarchitecture, including
projection neurons born in the same area and interneurons originating in ventral
telencephalic regions (Molyneaux et al., 2007y cortical projection neurons are organized
into six layers that constitute a laminar structure called the cortical plate. Layer neurons are
distinguished by the expression of specific combinations of molecular markers and distinct
axonal projections. Neurons occupying the deep layers (V and V1) are predominantly
composed of corticofugal neurons that project to subcortical areas, such as the thalamus,
brain stem and spinal cord. In contrast, the superficial layers (1V to II) are composed of
intracortical neurons that project locally or to the contralateral hemisphere (Creig etal.,
2013). All these neurons are excitatory glutamatergic neurons and derive from the
germinative zones of the developing neocortex: the ventricular zone (VZ), which lines the

Neurobiol Dis. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jiang and Nardelli

Page 3

ventricle, and the subventricular zone (SVZ), which develops from the VZ and is juxtaposed
to its basal surface (Angevine and Sidman, 1961; Anthony et al., 2004; Molyneaux et al.,
2007, Rakic, 2009). The first phase of neurogenesis occurs in the VVZ and generates pioneer
neurons, including Cajal-Retzius cells that populate the pre-plate (Meyer etal., 1998) A
second phase, resulting in a much more important output of neurons, principally occurs in
the SVZ and gives rise to projection neurons. These primary neurons split the pre-plate into
the marginal zone or layer 1, and the subplate (SUPer et al., 1998. Olson, 2014y 5,
intermediary structure in which neurons receive important informative cues during their
migration to their destination layer (Molnar and Clowry, 2012; Molyneaux et al., 2007,
Sequentially arising projection neurons migrate to the cortical plate in an inside-out manner,
with the youngest upper-layer neurons migrating over deeper neurons born earlier
(Molyneaux et al., 2007, Caviness et al., 2008 \nhile the laminar structure of the cortical
plate has been relatively well conserved, its size has expanded remarkably with respect to
both volume and surface, in particular in humans and other primates, along with the
evolutionary complexification of cognitive function. Because the ventricle has not increased
to a matching extent, this expansion imposes the folding of the cortical plate and the
formation of convolutions or gyri (Fietz etal., 2012; Borrell and Gotz, 2014; Sun and
Hevner, 2014y ‘nany genetic and functional studies in animal models, especially in the
mouse, have provided valuable insights into the cellular and molecular mechanisms that
underlie the complex development of the cerebral cortex (Hansen etal., 2010. Fietz etal,,
2012. Betizeau et al., 2013. Gao et al., 2014. Florio etal., 2015)_ Nonetheless, understanding
how these mechanisms have evolved and adapted to allow this increase in cortical size
remains a major challenge in neurodevelopmental biology.

Neurogenic phases in the developing neocortex

Neurogenic phases and transitions in progenitor subtypes

In the beginning, the neural tube corresponds to a neuroepithelium, made up of highly
polarized cells called neuroepithelial cells (NECs) (Ui etal., 2011. Paridaen et al., 2013y
the developing cortex, NECs extend long process throughout the entire cortical wall. Their
apical and basal end feet are attached at the ventricular surface and the pial lamina,
respectively (Lui etal., 2011; Borrell and Gotz, 2014; Florio and Huttner, 2014). Cadherins
and catenins form adherens junctions that mediate cell-cell adhesion (Elias etal., 2007y
NECs divide symmetrically to self-renew and to generate an adequate pool of founder
progenitors (Figure 1b). This initial proliferative phase affects both lateral and radial

extension and has a significant impact on the final surface area and thickness of the
neocortex (Florio and Huttner, 2014; Sun and Hevner, 2014; Dehay et al., 2015)_

At the onset of neurogenesis, NECs turn into apical radial glial cells (aRGCs) (G0tz and
Huttner, 2005. Kriegstein et al., 2006) arGCs maintain neuroepithelial features with
adherens junctions and apico-basal polarity with long basal process that span the entire
thickness of the cortex (Figure 1b). They can be distinguished by their higher expression of
the transcription factor Pax6 and by the expression of glial markers, such as GLAST and
BLBP (Asami etal., 2011y They can self-renew by symmetric divisions but primarily
undergo asymmetric neurogenic divisions, which produce a new aRGC and either a neuron
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(direct neurogenesis), or an intermediary type of progenitor cell, called IPC that then gives
rise to neurons (indirect neurogenesis) (Hartfuss etal., 2001; Campbell and Gotz, 2002;
Noctor et al., 2004. Kriegstein et al., 2006y yjtimately, during the last stages of neuron
production, aRGCs undergo a terminal symmetric division, giving birth to two neurons
(Noctor et al., 2004y (Eigyre 1b). The prevalence of indirect neurogenic divisions increases
markedly as neurogenesis progresses. Recent data from the mouse have shown that each
aRGC can give rise to 8-9 neurons stochastically distributed throughout the different layers
(Gao etal., 2014y Thjs implies that RGCs are subject to a succession of states,
corresponding to a progressive restriction of competence and to changes in their ability to
generate distinct neuronal subtypes as a function of time and/or cell division, an idea
supported by progenitor transplantation studies (Psai and McConnell, 2000y |pcs are
transiently amplifying progenitors characterized by the expression of the transcription factor
Thbr2 and by a multipolar morphology. They delaminate from the VZ to settle in the SVZ,
where they divide symmetrically to self-renew before undergoing a terminal division that
gives rise to two neurons (Figure 1 b) (Noctor etal., 2004. Sessa et al., 2010)_

To recapitulate, the final neuronal output is sequentially impacted by the size of the initial
pool of founder progenitors (NECs), by the progressive switch from symmetric
autoreplicative to neurogenic divisions, and finally by the duration of the neurogenic phase,
which, interestingly, presents significant variations between species (Borrell and Calegari,
2014; Sun and Hevner, 2014; Dehay et al., 2015). In the mouse, SVZ progenitors,
principally comprising IPCs, undergo at most two rounds of divisions (Noctor et al., 2004y
whereas they undergo significantly more rounds in humans and other primates (Fiétz etal.,
2010, Martinez-Cerdeno et al., 2012. Betizeau et al., 2013. Stahl et al., 2013y Ty js a
major difference observed between lissencephalic species such as rodents, and gyrencephalic
species, such as humans and other large primates. In addition, other features differentiate the
structure and cell content of the SVZ in lissencephalic and gyrencephalic species (Figure 1b
and 1c). First, the primate SVZ is subdivided into two layers by a filamentous structure (the
IFL, for inner fiber layer): the inner SVZ (1ISVZ), which is juxtaposed to the VVZ, and the
more basal or outer SVZ (OSVZ). Second, while the ISVZ contains only TBR2+ IPCs, such
as in the mouse SVZ, the OSVZ contains additional types of progenitors that are similar to
aRGCs, and called bRGCs for basal RGCs; these are distinguished by the presence of only
an apical or a basal process or both (Betizeau etal., 2013; LaMonica et al., 2013) (Figure
1c). bRGC:s are originally generated from aRGCs by asymmetric divisions most frequently
characterized by an horizontal or sometimes by an oblique division plane (Hansen etal.,
2010. Lui et al., 2011. Shitamukai and Matsuzaki, 2012). They can in turn give rise to new
bRGCs and IPCs as well. Contrasting with the scarcity of bRGCs in the mouse (Shitamukai
and Matsuzaki, 2012y e striking expansion of bRGCs, and subsequently of IPCs, is a
major hallmark of the primate OSVZ and is now commonly considered as one of the
predominant events underlying the evolutionary increase in neuronal output and the related
size expansion of the cerebral cortex. In line with this, the different morphotypes of bRGCs
have recently been shown to present different rates of proliferation and changes in their

relative distribution have been correlated to waves of neurogenesis (Bétizeau etal., 2013
Dehay etal., 2015y
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Mechanisms controlling the production of neocortical progenitors

The interkinetic nucleus movement (INM)—The nucleus of the VZ progenitor cells
undergo interkinetic movement, which extends through the entire cytoplasm in NECs, but
spans only the VZ in RGCs. This cell cycle-related nuclear movement, called interkinetic
nuclear movement (INM), creates a pseudo-stratified structure, in which the positions of
asynchronized nuclei are dependent on cell cycle phase: nuclei are located at the basal end
of the cell during S phase, undertake basal to apical migration towards the ventricular
surface during G2, undergo M phase at the ventricular surface and then migrate back to the
basal side during G1 (Taverna and Huttner, 2010; Kosodo et al., 2011) (Figure 1a). The

exquisite coordination between INM and cell cycle phases plays an essential role in the
homoeostasis of the progenitor pool (Schenk etal., 2009; Taverna and Huttner, 2010). The
impairment of this process can lead to the loss of progenitors, due to abnormal abventricular
mitosis and the consequent apoptosis or exit from the cell cycle. Interactions of motor
protein complexes with microtubules play an important role in INM: Dynein, Lis1 and Ndel
are involved in basal to apical migration, while myosin Il is involved in apical to basal
migration. The disruption of Lis1 function indeed results in the accumulation of heterotopic

multipolar progenitors in the VZ of embryonic rat brains, along with a loss of progenitors
(Tsai et al., 2005. Tsai et al., 2007).

Variations in the balance between these progenitor pools have been observed between
species and have been hypothesized to account for the variations in final neuronal output and
the size of the cerebral cortex. These variations imply that mechanisms influencing this

balance have been adjusted during evolution to generate gyrencephalic brains (Dehay etal
2015. Sun and Hevner, 2014).

Symmetric versus asymmetric divisions—The balance between symmetric and
asymmetric divisions also has a high impact on the neuronal output. As previously
discussed, symmetric divisions are important for the production of an adequate pool of
founder progenitors or NECs, whose progeny will ultimately give rise to all cortical
projection neurons. Hence, any alteration of this pool, even moderate, has a significant
impact on the final neuronal output. On the other hand, asymmetric divisions are important
to maintain the proper distribution of the progenitor pools, including aRGCs, bRGCs and

IPCs, in coordination with the sequential generation of neurons populating the six layers of
the cortical plate (-aMonica et al., 2012. Betizeau et al., 2013. Sun and Hevner, 2014

Dehay et al., 2015).

During symmetric NEC divisions, the cleavage plane is oriented vertically and perpendicular
to the ventricular surface. The mitotic spindle is formed horizontally parallel to the
ventricular surface and both sides of the spindle present equivalent volumes. Such a spatial
organization requires 1) proper centrosome (microtubule organizing center) duplication and
assembly; and 2) very well-orchestrated interactions between microtubules and various
factors, such as Planar Cell Polarity (PCP) components, LGN, and Inscuteable (Konno etal.,
2008. Peyre et al., 2011. Postiglione et al., 2011. Delaunay et al., 2014). Alterations in the
centrosome cycle affect spindle positioning, which is detrimental to division symmetry and
can drive cells to prematurely exit the cell cycle and differentiate, or even to undergo
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apoptosis (Kimuraetal., 2013y Another important characteristic of symmetric division s,
by definition, the equal repartition of cell components necessary for the maintenance of
polarity and proliferation, such as Par3/Par6 and proteins that interact with them (COSta et
al., 2008. Bultje et al., 2009y | jkewise, the basal process, necessary for the maintenance of
progenitor fate in the VZ, is equally split between the two daughter cells or rapidly
regenerated in one of them (Kosodo and Huttner, 2009. Hansen et al., 2010)_ Indeed, signals
mediated by the meninges and Cajal-Retzius cells through contacts with the basal membrane
of NECs and RGCs participate in the activation of proliferation (Hartfuss etal., 2003y gycp
activation is also promoted by Notch signalling (Gaiano et al., 2000. Gaiano and Fishell,
2002y which is sustained by high Par3 expression (Bultje etal., 2009) The Notch pathway
activates Hes genes, which in turn repress neurogenic genes, such as neurogenins, and thus
inhibit differentiative divisions. Hence, the unequal repartition of Par3 during asymmetric
divisions results in cell cycle exit and differentiation of the daughter cell inheriting the lower
amount of Par3 (Bultje etal., 2009. Dong et al., 2012y Notch signalling is further modulated
by other pathways induced by factors secreted by the choroid plexus into the cerebrospinal
fluid and known to play an important role in the control of progenitor amplification such as
Igf2 (Lehtinen etal., 2011), FGFs (Yoon etal., 2004. Rash et al., 2013)’ Whnts (Buchman et
al., 2011. Delaunay et al., 2014y 314 Shh, which acts on the primary cilium of NECs and
RGCs (Willaredt et al., 2008y G|ycogen synthetase-kinase 3 (GSK3), which acts as an
inhibitor of neural progenitor proliferation, appears to be a key integrative component at the
centre of the complex interplay between all these signaling pathways, the net effect of which
is to maintain GSK3 in an inactivated state (Kim etal., 2009, Hur and Zhou, 2010y pegpite
the lack of experimental evidence, we can reasonably suppose that changes observed in the
composition of the cerebrospinal fluid during brain development can modulate this interplay
and eventually influence the transition from NECs to RGCs. In addition, the proliferation of

neural progenitors appears to be influenced by extrinsic factors, such as the Vaso-Intestinal-
Peptide (VIP) (Passemard etal., 2011)’ and by miRNAs (Arcila etal., 2014; Ghosh et al.,

2014).

Alterations to these mechanisms controlling cell proliferation induce two main types of
brain pathogenesis, which have been included into the Group | of brain malformations
(Barkovich et al, 2012y 1y picrocephalies, which are underpinned by a loss of progenitors
due to impaired proliferation and/or cell death, are characterized by a decrease in brain size
of at least 3 SD, and are associated with mutations of genes promoting proliferation, such as
MCPH genes; 2) Macrocephalies, which are characterized by a larger brain and are
associated with over proliferation of neural progenitor cells (Table 1).

Neuronal migration

As previously discussed, projection neurons are born in the SVZ and then migrate through
the intermediate zone or subplate to reach their layer of destination in the cortical plate.
Neuronal migration is a multifaceted process and relies on a large variety of cellular
functions intervening in cell shape, polarity and motility. Time-lapse analyses have revealed
several shape transitions in neurons on their way to final position. Newborn neurons leaving
the SVZ transiently adopt a multipolar morphology, and then a bipolar morphology
characterized by leading and trailing processes that neurons maintain during migration
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(Gressens, 2006, Marin et al., 2006y of note, this migration proceeds along the basal
process of RGCs, and thus underpins the formation of radial units of migrating neurons.

This radial organization appears to be a major process for radial extension of the cerebral
cortex (Rakic, 2009)_

All these processes are governed by a sophisticated interplay between intrinsic and extrinsic
instructive cues (Figure 2).

Intrinsic cues

Cytoskeleton components play a major role in the cellular functions required for cell
migration, and most importantly, they are selectively implied in a very highly coordinated
manner during the two main phases of cell movement associated with migration: the
movement of the centrosome in the leading process, followed by the nuclear movement
(nucleokinesis) towards the centrosome (Kriegstein and Noctor, 2004; Tsai and Gleeson,
2005). Of note, nucleokinesis accompanying neuronal migration shares many aspects with
INM in progenitors (Figure 2).

The extension of the leading process results from protrusion forces exerted by actin
polymerization and microtubules growth. In addition, as during INM, microtubules interact
with motor proteins such as Lis1/Ndell/dynein, which play an important role to ensure
coordination between nucleokinesis and centrosome movement (T5ai and Gleeson, 2005.
Heng et al., 2009. Solecki et al., 2009) sjmilarly, proteins involved in cell polarity, such as
Par6 and aPKC, and proteins associated with microtubules, such as APC, Dcx and kinesins,
are essential for proper migration and cortical morphogenesis (Bai €t al., 2003. Reilein and
Nelson, 2005, Tsai et al., 2010y (rjgure 2). Kinesins participate in the directional and
selective transport of cargos, such as vesicles containing neurotrophic factors or presynaptic
neurotransmitters (Falnikar etal., 2011. Falnikar and Baas, 2013. Liuetal, 2012)_ The
interactions between these proteins and microtubules are largely regulated by
posttranslational modification. In particular, the function of Dcx and kinesins appears to be

regulated by phosphorylation by the Cdk5 kinase (Hammond et al., 2004. Nishimura et al.,
2014).

Extrinsic cues

During migration, neurons receive important hints from diverse origins. Cajal-Retzius cells
settled in the marginal zone secrete reelin, which activates signalling cascades after binding
to the VLDLR/ApPOER?2 receptor expressed at the membrane of the RGC basal process
(Cheng etal., 2011y (rigure 2). Reelin signal transduction, which involves DABL, nectins,
affilins, Fyn, and components of the extra-cellular matrix such as cadherins, regulates
cytoskeleton organization, nuclear movement and cell shape and adhesion (Beffert etal.,
2004; Franco et al., 2011; Gil-Sanz et al., 2013; Forster, 2014). In the reelin deficient Reeler

mice, neurons do not reach their prospective final position, which results in a reversed
laminar structure of the cortical plate (Landrieu and Goffinet, 1981. Andersen et al., 2002y

In humans, Reelin mutations can be associated with lissencephaly, as described in the
Norman-Roberts syndrome (Hong et al., 2000. Chang et al., 2007y (Tape 1). Migrating
neurons express Ephrin-B1, which promotes their radial migration while limits their
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tangential dispersion by inhibiting neurite extension (Pimidschstein et al., 2013
Interestingly, more selective informative cues can impact the migration of specific classes of
neurons. In the absence of retinoic acid (RA), migration of prospective layer V-111 neurons
that express the RAR403 receptor is retarded. These neurons fail to maintain their fate and
instead acquire characteristics of layer Il neurons (Choi etal., 2014y This RA effect on the
maintenance of neuronal identity and localization relies on the stabilisation of the beta-
catenin function and the stimulation of the Wnt signalling, which is necessary for migration
process (Ivaniutsin etal., 2009; Morgan-Smith et al., 2014). Furthermore, this effect seems
to be more active in the rostral region of the developing cerebral cortex, suggesting that RA
can also participate in the regional variations of the neuronal subtype output. These data also
indicate that young neurons still possess some plasticity.

Brain malformations linked to impaired neuronal migration

Genetic alterations affecting genes encoding cytoskeleton components, such as tubulins
(Bahi—Buisson etal., 2014; Fallet-Bianco et al., 2014), and proteins of the motor complex,
impair neuronal migration and are responsible for various brain morphogenic disorders, in
particular lissencephalies (Table 1). More specifically, DCX is involved in X-linked brain
disorders, sub-cortical band heterotopia primarily in females and more severe lissencephaly,
usually in males. LIS1 haploinsufficiency causes lissencephaly and is involved in Miller-
Diecker syndrome (Pi|Z etal., 1998; Shuetal., 2004; Tsai et al., 2007)_ DNC1H1 (Dynein)
(Poirier et al., 2014, as well as CDK5 (Magen etal., 2015y ave also recently been related
to lissencephaly). Some types of lissencephalies are associated with microcephalic features
(microlissencephalies), as observed in the context of LI1S1, NDEL1 and WDR62 (MCPH2)
mutations (Fallet-Bianco et al., 2014y Thege disorders can indeed result from the cumulative
effects of impairment of centrosome assembly, coordination of the nucleus and centrosome
movement in progenitors and differentiating post-mitotic neurons, which together cause the
loss of progenitors and alter neuronal migration. Hence, the discrimination between
malformations due to cell proliferation defects or to impaired neuronal migration is not
always clear-cut.

Evolution and folding of the cerebral cortex

The size of the cerebral cortex varies markedly among mammalian species. Its evolutionary
increase corresponds to the enhanced cognitive function and intelligence, and is associated
with the acquisition of folding or gyri, which differentiate primates (gyrencephalic) from
rodents (lissencephalic or smooth-surfaced) cortices. As discussed above, cortical growth
depends on progenitor expansion, in particular in the OSVZ, and varies regionally, in respect
with species cognitive abilities and sensorimotor skills. The mechanisms that underlie this
complex control of progenitor expansion in the OSVZ are far from being understood,
although recent data have evidenced an important role of extra-cellular matrix components
and miRNA (Fietz etal., 2012. Arcila et al., 2014y |, aqdition, variations in TRNP1
expression, a gene expressed at higher levels in self-renewing aRGCs, have been correlated
with regional expansion of the ventricular surface of the foetal human brain (Stahl etal.,
2013). However, genetic manipulations in mice, which led to over-amplification of VZ
progenitors and VVZ over-expansion failed to reproduce gyri with proper cortical
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architectonic (Poschl etal., 2013. Rash et al., 2013y 'ynderstanding how regional differences
in the proliferation rate of VZ progenitors influence gyrogenesis remains a challenging
issue. Gyrogenesis also encompasses further multiple sequential events, including
neurogenesis, cell migration, synaptogenesis and gliogenesis. The fact that mutations in
cytoskeletal genes that are involved in cell migration, in particular Tubulins, cause
lissencephaly illustrates the importance of cell migration processes in gyrus-building; Chang
etal., 2007, Spalice et al., 2009, Liu, 2011y other important cues provided by embryonic
thalamic axons affect cortical development in two ways: i) regulation of neurogenesis by
stimulating the proliferation of progenitors; ii) forces generated by axon tension may
influence gyrogenesis by pulling together interconnected regions of the cortex and may thus
participate in the optimization of cortex wiring. In line with this, early focal ablation of

thalamic afferent axons causes profound abnormalities in sulci development and orientation
(Dehay etal., 1989; Dehay et al., 1996).

Synaptogenesis and neural circuit development

The most remarkable feature of the nervous system is accuracy and efficiency of synaptic
connectivity and neural circuitry, which results from formation and maturation of synapses
to support general brain function, intricate cognition and behaviours. These processes start
with axonal/dendritic outgrowth during or shortly after neuronal migration in the embryo
and continue well into adolescence or young adulthood, in phases which include axon
pathfinding/target recognition; synapse formation/pre-and postsynaptic specializations; and
synapse pruning /stabilization. During foetal life, connections are established and influenced
by endogenous, spontaneous patterned activity (e.g. retinal waves). After birth, synapses and
neuronal connections are subject to activity-dependent changes induced by their interactions
with the environment and by learning, i.e. developmental plasticity.

Axon guidance and pathfinding

At the initial stage, the growth of developing axons depends on intrinsic mechanisms as well
as local or long-range environmental guidance. The guidance forces could be attractive or
repulsive and thereby, pulling or pushing the growth cone (enlargements on a growing
axon’s tip) in the correct direction towards its target (Tessier-Lavigne and Goodman, 1996
The initial axons (pioneering axons) find intermediate targets (guidepost cells) on their way
towards final point and are later joined by other axons to turn into tracts (fasciculation). It is
now known that chemical cues, for example selected cell-surface adhesion molecules, such
as neuronal cell adhesion molecules (NCAM), N-cadherin and integrins, as well as
extracellular matrix (ECM) molecules, are primarily responsible for axon guidance and axon
fasciculation (Pickson, 2002y cjassical guidance proteins include Ephrins, Netrins,
Semaphorins, Slits and their receptors, receptor and non-receptor tyrosine kinases, etc
(Dickson, 2002. Bashaw and Klein, 2010. Raper and Mason, 2010. Kolodkin and Tessier-
Lavigne, 2011y cue-mediated signalling induces reorganization of the cytoskeleton (actin
filaments and microtubules) in growth cones leading to its target-orientated movement.
Classical morphogens, including Shh, TGFp/BMP and Wnt also work in concert as non-
conventional axon guidance cues. They could act either as chemoattractants or
chemorepulsants depending on the axon target and what axonal receptors they bind to
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(Charron and Tessier-Lavigne, 2005. Aviles et al., 2013. Yam and Charron, 2013y

MicroRNA was recently discovered to serve as another level of regulators for these chemical
cues and related signalling pathways (Chiu etal., 2014. Iyer etal., 2014y 'axon guidance
crossing CNS midline in developing spinal cord, the cortico-spinal tract (CST) and the

corpus callosum is guided mainly by short-range cues derived from the midline structure and
the neighbouring pioneer axons (Kaprielian etal., 2000; Nishikimi et al., 2013).

Pre-and postsynaptic specializations

Once reaching its final target, the growth cone transforms into a presynaptic axon terminal,
on which a nascent presynaptic site forms and is further specialized into functional
presynaptic structures for depolarization-evoked neurotransmission. Presynaptic
compartments are characterized by the presence of neurotransmitter-filled synaptic vesicles
(SV) and the active zones (AZ), patch of plasma membrane where SV dock, fuse and release
neurotransmitter triggered by Ca2* influx through voltage-gated calcium channels. The
electro-dense cytomatrix at the AZ membrane (CAZ) is composed of AZ structural
molecules (Synapsins, Bassoon and Piccolo, Rim binding protein, etc.) and proteins
involved in SV docking, fusion (SNARE complex, Munc18-1, Munc13, Rim, etc) and
recycling machinery (Ziv and Garner, 2004. Owald and Sigrist, 2009. Sigrist and Schmitz,
2011). In the excitatory synapses, CAZ align precisely with a similar electron-dense
thickening at the postsynaptic membrane, the postsynaptic density (PSD), where the
neurotransmitter receptors are enriched. The assembly of CAZ and PSD, as well as the
trans-synaptic molecular bridging (cell adhesion molecules, such as N-cadherin, Neurexin/
Neuroligin complex, Ephrin-B/EphB complex) is tightly coordinated and developmentally
regulated (Fletcher etal., 1994. Li and Sheng, 2003 stryctural maturation of presynaptic
boutons is represented by the accumulation of SV with consequent formation of SV reserve
pool and the increased complexity of CAZ. Functional presynaptic maturation includes
changes in the types and subunit composition of voltage-gated calcium channels mediating
synaptic neurotransmitter release, increased Ca2* sensitivity, and changes in the probability
of neurotransmitter release (£1v and Garner, 2004y

In order for efficient reception of presynaptic neurotransmitter signal, the corresponding
receptors on the postsynaptic membrane are clustered at sites opposite the presynaptic AZ,
the PSD in the case of glutamatergic synapses that reside on dendritic spines and use
glutamate as the neurotransmitter. Inhibitory GABAergic synapses are established on
dendritic shafts and are formed earlier than excitatory synapses in hippocampal CA1
pyramidal neurons during neuronal development (TYZi0 etal., 1999. Khazipov et al., 2001y
Similar to CAZ, the PSDs undergo structural and functional maturation over time (Ethell
and Pasquale, 2005y The core PSD components are scaffold (Homer/Shank complex and
PSD-95 proteins) and cytoskeleton proteins, glutamate receptors and their interacting
proteins, protein kinases/phosphotases, and other signalling complexes (Yamauchi, 2002.
Okabe, 2007. Sheng and Kim, 2011y The two major classes of glutamate receptors in the
synapses are the ionotropic glutamate receptors (NMDA, AMPA and kainate receptors) and
metabotropic glutamate receptors. NMDA receptors (NMDARS) are recruited more rapidly
and earlier than the AMPA receptors (AMPARS) and kainate receptors, therefore, immature
synapses could contain only NMDARs but not AMPARs (silent synapses). During
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development, synapses become functional and strengthened by activity-dependent insertion
of AMPARs. NMDARs are assemblies of obligatory NR1 and modulatory NR2 subunits
(NR2A-2D), and sometimes the NR3 subunit. AMPAR channels comprise heterotetramers
of subunits GluR1-4. The importance of glutamate receptors in synaptic and neuronal
plasticity during development makes them special targets in the pathogenesis of neonatal
encephalopathy. The developing brain is associated with enhanced excitability and
susceptibility to seizures and epilepsy than the adult brain possibly due to the following
findings from studies of developing rat brain: 1). The numbers of brain NMDARs and
AMPARSs are overshooting during neonatal life (NMDARSs peak late in the first postnatal
week in many forebrain regions, while AMPARS peak around P10-12) (Jensen, 2002,
Jantzie et al., 2015y 2y | the immature brain, neuronal NMDARSs contain high levels of the
NR2B subunit, which results in longer current decay times and also high levels of NR2D
and NR3A that are associated with low magnesium sensitivity of the NMDARs (Cull-Candy
etal., 2001; Haberny et al., 2002; Ritter et al., 2002)_ 3). Ca2*-permeable AMPARSs that lack
a GIuR2 subunit are more abundant in immature brain, and are highly expressed on white
matter cells in the first week and cortical neurons during the second week (Pellegrini-
Giampietro et al., 1992; Talos etal., 2006a. Talos et al., 20060y Therefore, age-dependent
patterns of neurotransmitter receptor expression correlate with temporal and regional
vulnerability to excitotoxic brain damage such as occurs with hypoxia and hypoxia-ischemia
(HI) in the perinatal period. Recent studies with human foetal and autopsy tissue have
demonstrated similar patterns of AMPAR and NMDAR subunit composition and expression
in human brain during the window of vulnerability to white matter or/and grey matter injury
in both term and preterm neonates (12108 et al., 2006b. Jantzie et al., 2015y Excitatory
synapses are overshooting during development, especially from birth to early childhood, a
critical period when activity-dependent synaptogenesis and plasticity is at its peak, while
inhibition takes a long time to develop.

A growing body of evidence suggest that an imbalance of excitation/inhibition during neural
circuit development is implicated in neonatal hypoxic-ischemic encephalopathy (HIE),
seizure and associated later-life epilepsy, and a range of cognitive disorders such as autism,
Fragile X syndrome, Rett syndrome, schizophrenia and major depression (Gatto and
Broadie, 2010y The molecular mechanisms for establishing and maintaining balanced
excitation and inhibition have been the attention of enormous studies and likely involve the
synchronized efforts of presynaptic, trans-synaptic, and postsynaptic molecular regulators at
genetic, transcriptional, translational and posttranslational levels.

Synapse pruning /stabilization

Until approximately 2 years of age, there is an overproduction of neurons and synapses,
particularly in the cortex, which will be eliminated later to allow for strengthening of more
productive connections and more efficient neural networks. The pruning of unused or weak
synapses continues until late adolescence (about 15 years old) by which time nearly 50% of
the synapses are eliminated. Synapse elimination and rearrangement result in the fine-tuning
of neuronal circuitry and synapse strengthening in the nervous system. Pruning is influenced
by environmental factors and is associated with learning (use it or lose it). Synapse
elimination is due to axon pruning with mechanisms of axon degeneration, axon retraction,
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and axon shedding. On the molecular levels, pruning process is mainly regulated by axon
quidance receptors, TGF receptors, and death receptors (Vanderhaeghen and Cheng, 2010.
Schuldiner and Yaron, 2015y |t js interesting that microglia play a major role in synaptic
pruning by phagocytosing weak synapses during development and injury to decrease
synapse numbers (Paolicelli etal., 2011; Kettenmann et al., 2013; Zhanetal., 2014).
According to the most recent studies, deficits in microglia function (lack the chemokine
receptor Cx3cr 1) (£han etal., 2014y or gecrease in spine pruning (impaired mTOR-
autophagy mechanism) (Tang etal., 2014y requt in excess synapses left in the brain, which
may link to autism pathophysiology in human. It is not known whether these two events are
associated and whether gene mutations found in autism are involved in regulation of these
signalling pathways. In addition, astrocytes also play pivotal roles in synapse formation,
maturation and elimination (see below).

The establishment of appropriate neural circuit and plasticity of synaptic transmission
depend upon not only pre- and post-synaptic neuronal mechanisms, but also the active
involvement of perisynaptic glial cells. Any events that perturb their partnership may impact
normal brain development and lead to severe neurological consequences.

Gliogenesis and myelination

Glia constitute the majority of the brain cells (make up at least 50% of the cells in the human
brain). It is increasingly recognized that they are not only indispensable for maintaining
homeostasis of mature brain function, but are also essential for normal brain development.
The two principal macroglial cells, astrocytes and oligodendrocytes (OLGSs), originate from
the neuroepithelium at the VZ and are produced by the common multipotent progenitors that
give rise to neurons before switching developmental programs to gliogenesis (ROWitCh’
2004, Rowitch and Kriegstein, 2010y Therefore, glial cell generation starts late in
embryonic stage, for example, in mice, cortical neurogenesis begins at about E12, while
astrocytes are first detected around E16 and OLGs around birth. Regulation of neuron to glia
switch involves complex neuron-glial interactions as well as spatiotemporal interplay of both
cell-intrinsic factors and extracellular signals, for example, down regulation of proneural
factors/ anti-astrogenesis growth factors and activation of pro-glial transcriptional programs
(Rowitch, 2004; Rowitch and Kriegstein, 2010; Bayraktar et al., 2014). Proliferation of both
cell types peaks during the first postnatal month in rodents and their mitotic activity is
preserved in later life once under deleterious conditions. In human brain, gliogenesis starts
around 24 post conception weeks (PCW) and develop till early childhood.

Oligodendrocyte development and myelination

Mouse fate mapping studies demonstrate that oligodendrocyte precursor cells (OPCs) of the
forebrain are produced in three successive waves initiating primarily in ventral ventricular
regions (medial ganglionic eminence, MGE) at E11.5-12.5 in the embryonic stage. The
second and third waves of OPCs production occur in more dorsal regions in lateral
ganglionic eminence (LGE) starting at E15.5 and in the cortex at birth or early postnatal
stage (Kessaris etal., 2006y p|x-positive neural stem cells at MGE and LGE preferentially
generate GABAergic neurons and OPCs (He etal., 2001; Marshall and Goldman, 2002)_ As

Neurobiol Dis. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jiang and Nardelli

Page 13

brain matures, OPCs proliferate, migrate dorsally and populate the forebrain before
differentiating into premyelinating oligodendrocytes (preOLs, starting E16.5). At their last
destination in fiber tracts, the preOLs undergo late proliferation and mature into myelinating
oligodendrocytes where they associate with axons and produce myelin sheaths wrapping
around the fibers (Figure 3). Myelination provides a salutatory, smooth and fast flow of
neural impulses throughout the CNS and allows for more complex brain processes. In
humans, OPCs generation starts at gestational age (GA) 13 weeks and perOLs at GA 17-20
weeks (Jakoveevski etal., 2009y | contrast to a highly transient stage of preOLs in the
mouse, a minor population of preOLs are present in human cerebral white matter for at least
3 months before further maturation (Back etal., 2001 Back et al., 2002) ‘nyelinating OLGs
are one of the last cells to be developed and myelination persists from 32 PCW to adulthood
with the peak activity occurring at 61 month to 2 years old. In the postnatal brain, the
myelination progresses from dorsal to ventral and from caudal to cephalad with the
prefrontal cortex being myelinated last. Oligodendrocyte lineage progression is accompanied
by the changes in morphology, motility and a gradual shift of expression of different cell
surface antigens that are used as markers for OLG stage-specific maturation. OPCs are
simple, often bipolar and express PDGFRa, Olig 1/2, Sox10 and NG2. PreOLs show a more
complex form with multiple processes and acquire the O4 or O1 antigens (Figure 3). Mature
myelinating OLGs have perpendicular processes as well as long parallel processes following
the axonal tracts, and they express myelin basic protein (MBP), APC and myelin proteolipid
protein (PLP) (Rowitch and Kriegstein, 2010. Silbereis et al., 2010)_ OLG specification,
proliferation, survival, migration, differentiation and myelination represent independent but

intimately related steps in OLG maturation and are regulated by distinct mechanisms
(Emery, 2010. Mitew et al., 2014)_

Signalling molecules that regulate oligodendrocyte specification—Intensive
studies have demonstrated that Shh, Wnt, BMP, Notch and FGF2 signalling pathways are
implicated in OLG lineage specification in the embryonic forebrain. In the ventral domains
of the forebrain, Shh is required for early phase of OPCs development. In the middle
embryonic stage, it is most concentrated in the MGE of the ventral midline of the
diencephalon, where OPCs are originated. Molecular mechanisms of Shh induction of OPCs
are not very clear. Shh may regulate OPC fate specification by controlling expression of
transcription factors, such as Nkx2 and Gsh2, Olig 1/2 and Mash 1, which are important for
OPCs development in the forebrain (Alberta etal., 2001; Tekki-Kessaris et al., 2001; Ortega

etal., 2013) (Figure 3).

On the other hand, the dorsally located BMP and Wnt/B-catenin pathways antagonize Shh
effect and negatively regulate OLG induction. BMP4 is a member of the TGFf super family
of ligands, which promotes astroglial lineage determination at the expense of
oligodendrogliogenesis (50mes et al., 2003. Wu et al., 2012 \wnt/B-catenin pathway
components regulate OLG development in a stage-dependent manner where -catenin

activity inhibits OPC generation in mice at early stage and promotes OLG differentiation
later on (Dai etal., 2014)_

Notch is a transmembrane receptor and generally mediates cell fate decision through
interactions between neighbouring cells in a contact-dependent manner. Both loss- and gain-
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of-function studies have suggested that Notch signalling inhibits neuronal and
oligodendrocyte differentiation, while promotes astrocyte differentiation. Expression of
Jagged 1, one of the Notch ligands, in neuron-committed intermediate progenitor (IP) cells
initially prevents neighbour OPC differentiation through activation of Notch1 receptor and
its downstream Hes1/Hes5 protein; and later in development when axons reach their targets

and establish synaptic contacts, decline in neuronal agged 1 allows OPC differentiation and
maturation (Wang et al., 1998. Louvi and Artavanis-Tsakonas, 2006y (Figyre 3).

Signals regulating oligodendrocyte proliferation and differentiation—OPCs are
actively proliferating during migration before differentiation into myelinating OLG. Most
pro-mitotic signals that promote OPCs proliferation are also pro-survival, but anti-
differentiation. Among these, PDGF-A, acting through its receptor PDGFRa associating
with members of integrin receptors on OPCs, is one of the most important. OPCs receive
PDGF-A secreted from neurons or astrocytes, and once they start to differentiate, they
rapidly lose PDGF receptors (Calver etal., 1998, Fruttiger et al., 1999) other proteins that
control OLG proliferation include FGF family members, neurotrophin-3, insulin and insulin-
like growth factors. Additionally, communication between OLG and astrocytes (astrocyte-
derived chemokine CXC), between OLG and the axons that they ensheath (neuregulin
growth factors) also regulate their proliferation and survival to ensure a sufficient number of
OLGs are generated to produce myelin (Mitew etal., 2014y

The transition of OPCs proliferation to differentiation seems to be controlled mainly by cell-
intrinsic factors while thyroid hormone T3 may serve as an extrinsic co-signal by regulating
p53 or p21¢iPL (cell cycle inhibitor protein) pathway from results of in vitro experiments
(Barres etal., 1994; Tokumoto et al., 2001; Zezulaetal., 2001)' Although OLG and their
progenitors express T3 receptors, the mechanisms for systemic T3 in regulating OLG
differentiation remain to be explored in vivo. It is also not clear about the mechanisms
responsible for initiating differentiation in vivo. Other proposed positive regulators for OLG
differentiation include transcription factors (Olig1/2, Sox10, Nkx2.2, Myrf, Sipl, Mash1,
etc), whereas leucine-rich repeat and immunoglobulin domain-containingl (LINGOZ1), the
G-protein-coupled receptor 17 (GPR17), Hes5 and 1d2/1d4 are major negative regulators
(Rosenberg etal., 2007; Emery, 2010; Mitew et al., 2014) (Figure 3). It was recently
reported that epigenetic factors, such as miRNA (miR-219 and miR-338), noncoding RNAs
and chromatin remodeling molecules (histone deacetylases HDACs, DNA methyltransferase

Dnmt3a and SWI/SNF enzyme Amarca4/Brgl) are also involved in regulating OLG
differentiation (Zuchero and Barres, 2013,

Molecular regulators of myelination—Initiation, progression and repair of myelination
are regulated by both intrinsic and extrinsic factors. Fyn, a member of Src family kinases,
plays unique roles in CNS myelination (Kramer-Albers and White, 2011y 'y null mice
have decreased MBP expression, significantly less myelin and OLGs in forebrain, but not in
the cervical spinal cord, at all developing ages (Umemori et al., 1994. Sperber et al., 2001y
Fyn regulates OLG maturation and myelination by four pathways: 1) inhibition of RhoA
GTPase activity, to promote OPC survival and process extension (L1angd et al., 2004y. 5
association with a-tubulin and Tau to regulate OLG microtubule assembly (Klein etal.,
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2002y: 3y through FAK/laminin a2 pathway to drive preOL process outgrowth (Hoshina et
al,, 2007); 4) Fyn phosphorylation of RNA binding protein hnRNP A2, which stimulates
transport and translation of MBP mRNA (White et al., 2008

Environmental cues, especially the axonal influences play important roles for OLG survival,
differentiation, and myelin protein synthesis. Axon contact, axon diameter and axon-derived
cell adhesion molecules (for example polysialic acid-neural cell adhesion molecule, PSA-
NCAM), and neurotrophins are known to regulate myelination (Rosenberg etal., 2007.
Mitew et al., 2014y 1 addition, electrical activity of neurons, for instance, excitatory
neuronal activity may affect OLG development through forming functional synapses with
OPCs or preOLs and releasing glutamate or ATP acting on their AMPA receptors or
purinergic receptors (Bergles etal., 2000; Wake et al., 2011; Zonouzi et al., 2011). In fact, in
the developing brain, axon-OPC synapses are highly vulnerable to white matter injury
(WMLI), the predominant form of brain injury and the major antecedent to cerebral palsy in
preterm infants (Shen etal., 2012y At premature stage (25-37 PCW), white matter preOLs
transiently express Ca2*-permeable GluR2-lacking AMPA receptors, which render them
selectively susceptible to excitotoxicity under hypoxia-ischemia (Talos et al., 2006).
Furthermore, preOLs show greater sensibility to oxidative stress and inflammation, which
often go along with H1 and infections (Silbereis etal., 2010 preo s death and failure of

maturation of regenerated preOLs are responsible for myelination insufficiency of cerebral
white matter in preterm brains (Buser etal., 2012. Back and Miller, 2014y

Taken together, appropriate axonal myelination involves a protracted but constantly fine-
tuned process of OPCs specification, proliferation, migration and differentiation during
development. Understanding the genetic mechanisms, extracellular signalling and the
intracellular pathways regulating these processes will not only unveil the normal functions of
OLG but also inform the development of novel therapeutics for regeneration and repair in
immature brain and adult demyelinating diseases as well.

Astrocyte development and function

Many studies have established the functions of astrocytes in the mature brain, which include:
provide mechanical and metabolic support; regulate chemical and ionic environment;
maintain the blood brain barrier and modulate synaptic transmission. In the setting of brain
injury, these cells respond actively by acting as phagocytes or forming scar tissue. Much less
is known, however, about their developmental origins and heterogeneity, roles in brain
development, and contribution to neurodevelopmental disorders. This is due to a lack of
definitive markers to identify neural progenitor cells that give rise to astrocytes and to trace
their maturation stages. One consensus is that GFAP cannot serve as a valuable marker for
this purpose because GFAP-positive radial glia generate neurons and OLG, and it is
increasingly recognized that astrocytes are not one homogenous population.

Astrocyte development—It has been reported that astrocytes and OLGs have different
precursor ancestors and originate in mutually exclusive domains of forebrain and spinal
cord. Astrogenesis takes place after neurogenesis. The early stage astrocytes are produced by
radial glia in the ventricular zone, as the final way out for radial glia, and at later stages by
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migratory progenitors in SVZ (Rowitch, 2004; Rowitch and Kriegstein, 2010; Bayraktar et

al,, 2014). In the first three weeks after birth in rodents, cortical astrocytes are mainly
generated by division of local differentiated astrocytes, and these cells can integrate
functionally into the existing glial network as mature astrocytes and interact properly with
synapses and blood vessels (Ge etal., 2012). Spatially, astrocytes are predominantly induced
in the dorsal telencephalon regions that normally express Neurogenin 2 (Ngn2) including the

cortex where the excitatory pyramidal neurons arise (ROWitch, 2004. Rowitch and
Kriegstein, 2010)_

Similar to OLG specification, astrocyte cell fate acquisition is controlled by the integrated
and well-programmed effects of cell intrinsic and extrinsic signals. Gliogenesis is repressed
during neurogenesis, however, at the end of neurogenesis, down-regulation of proneural
factors (Ngn1, etc.) and anti-astrogenesis growth factors, for example ERBB2, a member of
EGF receptor family, facilitates astrocyte production (ROWitch and Kriegstein, 2010y g
described in Figure 4, astrocyte-specific gene transcription is restrained during neurogenesis
by epigenetic mechanisms; for example, DNA methyltransferase DNMT1-mediated CpG
methylation of the STAT3-binding element in the GFAP promoter prevents STAT3, a direct
GFAP transcriptional activator, from binding to its target DNA sequence (Fan, Martinowich
etal. 2005). In the meantime, methyl CpG binding proteins, such as MeCP2, coupled with
other repressor complexes including histone deacetylase HDAC1, may bind to the promoter
leading to chromatin condensation and transcription silencing (Cheng. Lin etal. 2011y
During this period, the proneural bHLH transcription factor Ngn1 binds to p300/CBP
complex promoting neurogenesis while inhibiting astrocyte differentiation (Sun. Nadal-
Vicens et al. 2001y At Jate-gestation stage, astrogenesis is promoted mainly by three
signalling pathways: Notch, BMPs, and the I1L-6 family cytokines, which act independently
or converge to activate the JAK-STAT3 pathway.

Astrogenic role of Notch is in part mediated by the canonical CSL (CBF1/RBPjk/Suppressor
of Hairless/[LAG1)-dependent Notch pathway via direct binding of Notch intracellular
domain (NICD) with CSL, activating astrocyte gene transcription (€ €t al., 2002y e
endogenous CSL is involved in the initiation of astrocyte differentiation. Another study has
shown that committed neuronal precursors and young neurons promote astrocyte generation
from the neighbouring radial glia by activating Notch signalling, through its target the
nuclear factor 1a (NFIA), which results in dissociation of DNMT1 from GFAP promoter
allowing for STAT3 binding and upregulation of astrocyte-specific genes (GFAP and
S100pB). CSL may function upstream of NF1A because it binds to NF1A and NF1A
expression is reduced significantly in NPCs from CSL-deficient mouse embryonic stem cells
(Figure 4) (Namihiraetal., 2009) There js crosstalk between Notch and JAK-STAT
signalling whereby Notch effector Hes1 associates with STAT3 and facilitates JAK2-
mediated STAT3 phosphorylation in mouse cortical NPCs (Kamakura etal., 2004y ¢ js not
clear whether this interplay is implicated in Notch-induced astrocyte differentiation.

BMPs promote astrocyte development at different levels (Figure 4). First of all, they play a
role in specification of astrocytes from NPCs during late embryonic development (ROWitCh
and Kriegstein, 2010y gnp2 can redirect cultured NPC cells from neurogenesis to
astrocytogenesis by triggering the expression of negative HLH genes (Ids and Hes5),
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resulting in the inhibition of proneural bHLHSs genes Mash1 and NGN2 (Nakashimaetal.,
2001). BMP4 directs radial glia cells in vivo to commit to the astrocytic rather than the
oligodendroglial lineage (G0mes etal., 2003y secondly, BMP induces a transcriptional
repressor, RE1 silencer of transcription (REST)/neuron-restrictive silencer factor (NRSF),
which restricts neuronal differentiation, while helps establish and maintain astrocytic
identity from NPCs (Kohyama et al., 2010y The transcriptional up-regulation of REST/
NRSF by BMP signaling is mediated by a direct interaction between Notch effector Smadl
and REST/NRSF. Thirdly, BMP2 and the cytokine leukemia inhibitory factor (LIF) were
found to act in synergy on fetal neural progenitor cells to induce astrocytes through
formation of a ternary complex of STAT3/ p300/Smad1, which leads to transcriptional
activation of the GFAP promoter (Nakashimaetal., 1999 | astly. according to a recent
study, BMP signalling promotes survival and maturation of immature astrocytes isolated
from P7 rat cortices through phosphorylation of smads1/5/8 pathway, but limits their
proliferation, suggesting its role in postnatal astrocyte development (Scholze etal., 2014y

In addition, neuron-derived cytokines, for example, the IL-6 family members LIF,
cardiotriphin-1 (CT1) and ciliary neurotrophic factor (CNTF) promote astrocyte
differentiation in vitro and in vivo via their receptor (LIFR and gp130 subunits)-activated

JAK-STAT signalling pathway (Figure 4) (Bonni etal., 1997. Nakashima et al., 1999.
Barnabe-Heider et al., 2005y

Roles of astrocytes in brain development and developmental disorders—
Astrocytes play a critical role in shaping neural development. In addition to their
contribution to neuronal survival/migration and axon guidance, their most important
function is participation in synapse formation/maturation/pruning and neural circuit
development. By releasing different molecular signals, and through contact-mediated
signals, astrocytes have the capacity to control the development of both excitatory and
inhibitory synaptogenesis, and probably fine-tune the balance of neuronal excitation and
inhibition (Clarke and Barres, 2013) Recent studies with mouse and human glial
transcriptomes also suggested the similar function of astrocytes in human brain development
(Preuss et al., 2004, Miller et al., 2010y pefects in astrogenesis have been implicated in
some forms of neurodevelopmental and psychiatric disorders that are associated with
impairment in synapse development and function, such as Rett syndrome, Fragile X
syndrome, Down syndrome and autism. Increased astrocyte numbers are seen in Down
syndrome, while decreased astrocyte numbers are seen in deeper cortical layers in
schizophrenia. Alterations in astrocyte morphology, along with abnormal expression of

astrocyte markers (GFAP, AQP4 and CX43) are observed in autistic patients (Molofsky et
al., 2012; Sloan and Barres, 2014).

In summary, the advent of new genetic, biochemical and imaging techniques has added
further power to address more detailed mechanistic questions, these include, but are not
limited to: 1) regional and functional heterogeneity of astrocytes and oligodendrocytes with
their developmental origins; 2) the intricate interplay and relative plasticity of neuron/glial
cells in normal development and in response to injury or disease; 3) differences across
species in glial biology to gain insight into their contribution to human developmental
disorders. These questions also apply to microglia, the other group of glia with
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haematopoietic origin (Kettenmann etal., 2013) bt might enter into the brain in early
embryonic stage. With increasing studies on microglia development, their functions in the
developing brain, such as mediating programmed neuronal death and developmental axon/
synapse pruning, are increasingly recognized (Eyo and Dailey, 2013; Bilimoria and Stevens,
2014). However, this raises another level of complexity and more questions regarding how
these “main architects” perform and interact tactfully in the big project of building a
“perfect” brain model. For example, both astrocytes and microglia have been reported to
participate in synapse elimination and subsequent circuit refinement with some shared
mechanisms (via complement system) (Corty and Freeman, 2013. Kettenmann et al., 2013),
whether they coordinate in these processes with different timing or have individual specific
roles, and how neuronal activity regulate their team work or vis-versa, await further
exploration. More specific and reliable markers for developing astrocyte and microglia are
needed to advance these studies. Overall, these investigations will open new avenues to
develop safe and effective therapies specifically for damaged immature brain.
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Figure 1. Neural progenitor subtypes and neurogenic phases during cerebral cortex development
in mice and humans

a) Interkinetic nucleus movement (INM) in progenitor cells of the ventricular zone (VZ) is
coordinated with the cell cycle phases; b) Schematic presentation of the sequential steps of
neurogenesis in the mouse: neuroepithelial cells (NECs, grey) self-renew by symmetric
division, then turn into apical radial glial cells (aRGCs, pink) that divide either
symmetrically to self-renew, or asymmetrically to give rise first to primary neurons
including Cajal-Retzius cells (dark green) (direct neurogenesis) which migrate to the cortical
surface to form the marginal zone (MZ), and to intermediate progenitor cells (IPC) at E12.5
and onwards; IPCs populate the sub-ventricular zone (SVZ) and generate cortical layer
neurons (dark to light blue), which migrate along the basal process of aRGCs through the
intermediate zone or subplate(1Z/SP) towards their destined layer. At later stages, aRGCs
can undergo final symmetric divisions generating two neurons, ¢) schematic presentation of
the human foetal cortex at a developmental stage close to 15 PCW; the major differences
with the mouse embryonic developing cortex are 1) the SVZ is split into inner (ISVZ) and
outer (OSVZ) regions by the inner fiber layer (IFL); 2) the remarkable expansion of the
1Z/SP, where migrating cortical layer neurons receive input from thalamic afferent axons and
interneurons (light green) originating from sub-cortical structures. Of note, the OSVZ
comprises IPCs and further progenitor subtypes with characteristics of radial glial cells and
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named basal RGCs (bRGCs). Four bRGCs subtypes are distinguished according to their cell
processes: b-RGC basal-P (yellow) with a basal process attached to the basal lamina, b-RGC
apical-P (purple) with an apical process, b-RGC both-P (color?) with an apical process and a
basal process attached to the basal lamina; toRGC (color?), a transient bRGC with short
apical and basal processes.
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Figure 2. Steps in neuronal migration and molecules involved
Extracellular cues, mediated by components of the extra-cellular matrix, such as cadherins,

or by membrane receptor activation by Reelin, Ephrins, Wnts and RA promote the various
steps involved in neuronal migration. a) Polarized extension of the leading process: RhoA
inhibition by PI3K enhances leading process outgrowth, microtubules plus ends (yellow) are
recruited by cortical actins (purple); in the intermediate segment of the leading process,
microtubules are remodelled and extended (purple arrow) upon Dabl and Cdk5 signalling.
b) Forward movement of the centrosome (red rods) requires Par6/PKC and GSK3 activity. c)
Nucleokinesis, which pulls the nucleus towards the trailing process, and retraction of the cell
rear process rely on the motor protein complex (green) formed by dynein and interacting
proteins, Lis1, Ndell, Discl and Dcx, as well on Mysosin Il interactions with actin
cytoskeleton in front and at the rear of the nucleus. Yellow arrows indicate pulling forces at
the cell front and rear.
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Figure 3. Major developmental phases of oligodendrocyte with the related regulatory

mechanisms

Schematic representation of oligodendrocyte lineage progression from oligodendrocyte
precursor cells (OPC) to premyelinating oligodendrocyte (preOL) and myelinating
oligodendrocyte (OLG). The characteristic markers of each phase are shown on top of the
cells. The mechanisms regulating each step of OLG development are summarized in the left
table. PreOLs are selectively vulnerable to oxidative stress, excitotoxicity and inflammation.
PreOL cell death and failure of maturation of regenerated preOLs are responsible for focal
or diffuse white matter injury (WMI) associated with brain hypoxia-ischemia and infections
in preterm and term infants. IGF: insulin-like growth factors; Myrf: myelin regulatory factor;
Sipl: Smad interacting protein-1; LINGOL: leucine-rich repeat and immunoglobulin domain

containingl; GPR17: G-protein-coupled receptor 17.
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Figure 4. Molecular mechanisms that are important for the switch of neural progenitor cell
development from neurogenesis to astrogenesis

GFAP transcription is inhibited during neurogenesis by epigenetic mechanisms. DNA
methyltransferase DNMT1- mediated CpG methylation of the STAT3-binding element in the
GFAP promoter prevents STAT3 from binding to its target DNA sequence. Meanwhile,
methyl CpG binding protein MeCP2, coupled with other repressor complexes including
histone deacetylase HDAC1, may bind to the promoter leading to chromatin condensation
and transcription silencing. The proneural bHLH transcription factor Ngn1 binds to CBP/
p300 complex promoting neurogenesis while inhibiting astrocyte differentiation. At the
onset of astrogenesis, signals from Notch, BMPs, and the IL-6 family cytokines could act
independently or converge to activate the JAK-STAT3 pathway to facilitate astrocyte
production. Notch receptor is cleaved upon ligand activation and Notch intracellular domain
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(NICD) is released and translocated into the nucleus, where it binds to CSL and/or NF1A
leading to dissociation of DNMT1 from GFAP promoter, allowing for STAT3 binding and
GFAP expression. IL-6 family cytokines (CT1, LIF and CNTF) promote astrocyte
differentiation via their receptor LIFRJ and gp130-activated JAK2-STAT3 pathway. BMP2,
through its receptor (BMPR) and downstream effector Smad1, inhibits neuronal
differentiation by upregulation of negative HLH genes (ID1, ID3 and Hes5), or
transcriptional repressor REST/NRSF. Additionally, BMP2 and LIF have synergistic effect
to activate GFAP promoter through formation of a ternary complex of STAT3/p300/SmadL.
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