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Abstract

Recent discoveries concerning the architecture and cellular dynamics of the developing human
brain are revealing new differences between mouse and human cortical development. In mice,
neurons are produced by ventricular radial glial (RG) cells, or subventricular zone intermediate
progenitor (IP) cells. In the human cortex, both ventricular RG and highly motile outer RG cells
generate IP cells, which likely undergo multiple rounds of transit amplification in the outer
subventricular zone before producing neurons. This creates a more complex environment for
neurogenesis and neuronal migration, adding new arenas in which neurodevelopmental disease
gene mutation could disrupt corticogenesis. A more complete understanding of disease
mechanisms will involve use of emerging model systems with developmental programs more
similar to that of the human neocortex.

Introduction

Our knowledge of the cellular basis of human neocortical development and the spatial
organization of the developing neocortex has recently expanded considerably [1-8]. This
challenges our basic assumptions about neurogenesis and, importantly, neurodevelopmental
disease. What we have learned from model systems about the molecular mechanisms of
disorders of the developing nervous system can now be reexamined from this perspective.
Here we discuss some of the known mechanisms of neurodevelopmental disorders, what has
changed in our understanding of primate neocortical development, and the implications of
this new knowledge for understanding diseases of the developing human brain. We will
concentrate on excitatory neurogenesis and related disorders in the dorsal cortex, a region
where much recent work has been focused.
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Neural progenitors in the rodent neocortex

During embryonic development, excitatory neurons of the mammalian neocortex originate
from a proliferative epithelium of radial glial (RG) cells that line the cerebral ventricles [9]
(Fig. 1a). Much of our understanding of the events intervening between RG cell proliferation
and neuronal production is based on rodent studies, where RG cells are primarily restricted
to the ventricular zone (VZ) and undergo multiple rounds of asymmetric divisions to
produce intermediate progenitor (IP) cells. While RG cells display the apical-basal polarity
typical of a neuroepithelium, IP cells appear to lack apical-basal polarity. IP cells
subsequently occupy the subventricular zone (SVZ) and divide symmetrically to generate
neurons that migrate along RG fibers towards the pia, populating the cortical plate (CP)
[10]. Because RG cells primarily undergo asymmetric self-renewing divisions, and IP cells
primarily undergo only one round of transit-amplifying division to produce two neurons,
neurogenesis in the rodent involves a stable-sized population of progenitor cells bordering
the lateral ventricles.

In order for these events to unfold, a number of important cell movements must be properly
regulated. First, RG cells exhibit a highly stereotyped behavior known as interkinetic
nuclear migration (INM), where the cell body shuttles up and down in the VZ in
coordination with its cell cycle phase. The nucleus ascends to the upper VZ during G1
phase, and after passing through S phase descends during G2 to undergo M phase at the
ventricular surface [11]. RG cells also control their cleavage plane such that the self-
renewed cell retains both apical and basal compartments, whereas the daughter cell
delaminates from the epithelial structure to become an IP cell. Finally, once neurons are
born in the SVZ, they must be able to migrate long distances in the radial direction [12].

Current molecular understanding of neurodevelopmental diseases

Much of our current understanding of human disease comes from combining knowledge of
human genetics with mouse models. Cell cycle regulation, neurogenesis, and the origin of
human developmental diseases were linked by the identification of genes associated with
cortical malformations such as microcephaly and lissencephaly [13]. Many of these genes
encode centrosomal and microtubule-related proteins important for cell division
(neurogenesis) and/or cell dynamics including cell cycle related motion such as INM, and
neuronal migration. Therefore, we will begin with a brief discussion of centrosome and
microtubule functions in INM, mitosis, and neuronal migration in the developing neocortex.

INM precedes mitosis in RG cells and involves the centrosome and microtubule-based
motors, as well as the actomyosin system [11] (Fig. 2a,b). During the G1 phase of INM,
apical-to-basal nuclear movement is directed away from the centrosome, which is located at
the base of the primary cilium and protrudes into the cerebral ventricle. Microtubules are
oriented parallel to the apical-basal axis with the minus ends closer to the ventricle, and
plus-end microtubule associated motor proteins (kinesins) such as Kifla are involved in
pulling the nucleus in a basal direction [11, 14]. The actomyosin motor system is also
involved in basal-to-apical INM, as myosin Il inhibition selectively retards this phase of
INM in mouse cortex [15]. During the G2 phase of INM, basal-to-apical nuclear movement
is directed toward the centrosome. The minus-end microtubule associated motor protein
dynein, and the dynein-interacting protein Lis1 control apical-to-basal nuclear movements
during INM [14, 16], and the microtubule-associated protein Tpx2 moves into the apical
process from the nucleus during this phase, further modulating microtubule dynamics [17].
Recent studies examining the role of the actomyosin motor system in basal-to-apical INM
have shown that this behavior is specifically affected due to inhibition of the small GTPase
Rac in developing mouse brain [18], or due to myosin Il inhibition in zebrafish retina [19].
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These findings suggest that the degree to which actomyosin motors contribute to apical-to-
basal INM is not completely clear and may be species-specific. As M phase proceeds, the
centrosome continues to play important roles as both the location of checkpoint proteins and
a physical organizer of cell division (Fig. 2c). The G2 to M transition involves centrosome-
mediated microtubule nucleation [20]. The centrosome during metaphase organizes the
spindle and microtubule attachment to kinetochores, and the centrosome further functions in
cytokinesis and mitotic exit [21]. Differential inheritance of mother and daughter
centrosomes suggests that these organelles also play a role in asymmetric inheritance of
cellular components and subsequent determination of daughter cell fates [22, 23]. After RG
cells divide at the VZ, newborn cortical neurons migrate to the CP along RG fibers (Fig. 2d).
The two main dynamic events during neuronal locomotion are leading process growth and
nucleokinesis. Centrosome movement into the leading process precedes nucleokinesis, and a
microtubule lattice originating from the centrosome surrounds the nucleus and forms a cage
the functions to pull the nucleus up into the leading process [24]. The dynein complex,
including the regulatory protein Lis1, controls centrosome movement into the leading
process, and coupling of centrosomal and nuclear movements [16]. Doublecortin (dcx),
another microtubule-binding protein, has also been implicated in radial neuronal migration
[25, 26].

A clear indication that mutation of centrosomal proteins can cause defects in neurogenesis
comes from the genes responsible for autosomal recessive primary microcephaly (MCPH) in
humans. Five of the eight known MCPH genes encode proteins that localize to the
centrosome during all or part of the cell cycle: microcephalin (MCPH1) [27, 28],
centromere-associated protein J (Cenpj) [29, 30], abnormal spindle-like microcephaly-
associated protein (Aspm) [31-33], cyclin-dependent kinase 5 regulatory-associated protein
2 (Cdk5rap?2) [29, 34], and the pericentriolar gene STIL [35]. This disease is characterized
by a decrease in brain volume with normal brain architecture, and patients can display
various neurological and psychiatric features including seizures (most common), mental
retardation, delayed motor and speech function, hyperactivity and attention deficit, and
balance and coordination difficulties [36]. Mouse models have indicated that ASPM is
involved in maintaining symmetric divisions of RG cells, and may be involved in
completion of cytokinesis [37-39]. In the mouse brain, Cdk5rap2 is highly expressed in the
neural progenitor pool, and its loss results in a depletion of RG cells and increased cell-cycle
exit leading to premature neuronal differentiation [40]. This protein has also recently been
shown to stimulate microtubule nucleation [41] and regulate centriole replication [42].
Cdk5rap2 function was linked to the pericentriolar protein, pericentrin, as depletion of
pericentrin in neural progenitor cells phenocopies the effects of Cdk5rap2 knockdown and
results in decreased recruitment of Cdk5rap?2 to the centrosome [43]. Similar to MCPH
genes, pericentrin mutation in human patients causes reduced brain and body size [44].
Microdeletions encompassing human NDEZ1, also a centrosomal gene, are risk factors for
microcephaly, mental retardation, and epilepsy [45]. Mutations in NDEZ1 can also result in a
condition called microlissencephaly, characterized by extreme microcephaly and grossly
simplified cortical gyral structure [46]. Following knockout of Ndel in mice, dramatic
defects in mitotic progression, mitotic orientation, and mitotic chromosome localization in
RG were observed, as well as altered neuronal cell fates. Mutated NDE1 proteins were
found to be unstable, incapable of binding cytoplasmic dynein, and had aberrant
centrosomal localization [46—48]. Other centrosome-associated proteins implicated in
neurodevelopmental disease include WDR62, which causes microcephaly with simplified
gyri and abnormal cortical architecture [49], and CEP152, the putative mammalian ortholog
of Drosophila asterless which affects mitosis in the fly and results in primary microcephaly
in humans [50].

Curr Opin Neurobiol. Author manuscript; available in PMC 2013 October 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

LaMonica et al.

Page 4

Defects in microtubules and associated proteins have primarily been hypothesized to affect
dynamic cellular processes such as INM and neuronal migration. Mutation of Lis1 causes
lissencephaly in the human brain, while knockdown of Lis1 in rodents causes arrest of
centrosomal and nuclear movements during neuronal migration, and disruption of basal-to-
apical INM [16]. Furthermore, knockout of Lis1 in neural progenitors disrupts regulation of
RG cleavage plane angle, leading to widespread apoptosis of neuroepithelial cells and
culling of the progenitor pool [51]. This phenotype is due to an inability of astral
microtubules to be captured by the cell cortex, resulting in a failure of cell division. Tubulin-
related disorders likely affect similar cellular processes; for example, mutations in alpha and
beta tubulins, commonly in domains necessary for microtubule polymerization of
association with motor proteins, can cause severe lissencephaly and microcephaly in human
patients, among other malformations [52]. In a mouse model of tubulin diseases, a mutation
in 7ubal affecting tubulin heterodimer formation was shown to cause defective cortical
lamination and neuronal migration in mice [53]. It is thought that neuronal migration is
similarly disrupted in humans with tubulin mutations.

The increased cellular complexity of human neocortical development

Recent studies have indicated that neurogenesis in humans occurs in a greater number of
germinal zones and involves a larger number of cell types and behaviors than in mice [1, 2,
54] (Fig. 1b). We must consider these differences when applying knowledge of the
molecular mechanisms of disease in mice to our understanding of disease mutations in
humans. The human neocortex, like the mouse and rat, also begins its development from an
epithelium of RG cells. However, the lineage relationship between human RG cells and
neurons is much more protracted than in the mouse, containing a diversity of progenitor cell
types, and resulting in an accumulation of progenitor cells before neuronal differentiation.
Most notably, there is an expanded proliferative region termed the outer SVZ (OSVZ) in the
developing human neocortex that contains the majority of progenitor cells during peak
periods of neurogenesis [1, 2].

Unlike the rodent SVZ, which contains primarily IP cells, the human OSVZ contains a
highly heterogeneous population of progenitor cells [1]. In particular, recent studies have
focused on a novel class of neural stem cell found in the OSVZ, termed outer radial glia
(oRG). Timelapse imaging and fate analysis in human show that oRG cells divide
asymmetrically to self-renew, and give rise to an extended lineage of transit amplifying cells
[1]. Unlike RG cells, oRG cells are located far from the ventricle, with no apical contact to
the luminal surface, but they possess a long basal fiber that often extends to the pial surface.
Similar but less numerous oRG and oRG-like cells have recently been characterized in other
species, including mouse [7, 8], ferret [2, 55, 56] and marmoset [4, 5]. These cells may
represent an avenue for inquiry into the function and fate of oRG cells that is technically
difficult using human tissue. For instance, the oRG cells in mice were shown to be the
progeny of ventricular RG cells [7, 8], and to undergo similar mitotic movements [8]. A
similar lineage relationship may exist in the human.

While RG cells in the VZ undergo INM during mitosis, oRG cells undergo mitotic somal
translocation (MST), a distinctive behavior where the cell soma rapidly ascends along its
own radial fiber toward the CP a distance of several cell diameters during the hour before
cytokinesis [1, 8]. The MST of oRG cells contrasts with the INM of RG cells, in which the
nucleus moves apically and mitosis occurs at the ventricular surface [11]. However, the
direction of nuclear movement just prior to cytokinesis is towards the centrosome in INM
[11], and recent evidence in the mouse has shown that the centrosome moves into the
leading process prior to nuclear translocation during MST [8]. It is therefore likely that the
two behaviors involve conserved gene function (Fig. 2e). oRG cells use multiple rounds of
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cell division involving MST to simultaneously amplify neuron number and extend the
boundary of the OSVZ outwards [54]. Both INM and MST differ from the far less dynamic
IP cell mitosis, where the cell divides in place without nuclear translocation [10].

The OSVZ and oRG cells in human disease

We are now in a position to begin applying our expanded knowledge of human brain
development to insights about disease mechanisms gleaned from animal models and from
patients with genetic mutations. This will involve formulating new hypotheses concerning
the effect of disease mutations on the developing human brain, and ultimately testing these
hypotheses in emerging model systems or in the human neocortex itself. For example, it is
possible that diseases of cell motility and neuronal migration may have partially or entirely
different manifestations in rodent and human. Neurons not only have to navigate a vastly
greater distance to reach the CP in the developing human cortex, but they are also born in
two distinct locations, with OSVZ-born neurons arising at a distance from the ventricle and
already closer to their final destination. Furthermore, the basal processes of oRG cells both
increase the number of glial guides for neuronal migration and modify the structure of the
radial migration scaffold by providing non-continuous radial fibers [54, 56]. We must also
consider the possibility that disease mutations that disrupt cell motility could affect not just
INM and neuronal migration, but also MST and possibly other unidentified novel behaviors
required for OSVZ growth. Evidence for this comes from recent findings showing that
centrosomal behaviors during MST mirror those during neuronal migration [8]. Possibly, the
modest microcephalic phenotype found in Tubal mutant mice (discussed above) could be
partially due to defects in oRG cell MST in addition to neuronal migration. We currently do
not have a clear understanding of the molecular machinery involved in MST, but
conservation of gene function and the similarity of MST to neuronal migration suggest that
MST also involves tubulin. Double cortex syndrome in humans, which involves a
subcortical band of misplaced neurons, is thought to be due to disrupted neuronal migration
caused by a mutation in the microtubule-binding protein Dcx [25, 57, 58]. However, the
displaced neurons could be due in part to a defect in MST, or could involve neurons that
arise in the OSVZ and are arrested in migration. Clearly, abnormal MST could play a role in
diseases involving disrupted neuronal layering, and new experimental systems could be
utilized to explore this possibility.

An increase in the diversity of neural progenitor types between mice and humans similarly
invites a re-exploration of diseases of neurogenesis. Proteins important for mitosis, such as
the centrosome-associated primary microcephaly genes described above, could be involved
in cell division of many different progenitor types. A defect in mitosis of RG cells suggests
the possibility of a similar defect in IP and/or oRG cells; conversely, lack of a phenotype in
one progenitor cell type does not preclude a mitosis-related role in a different progenitor cell

type.

OSVZ evolution and emerging model systems

The mouse has provided us with a good foundation to formulate specific hypotheses
concerning the molecular and cellular biology of development and developmental disease in
the human brain. However, we may need new experimental systems that more fully
recapitulate human development and disease. Following the recent characterization of the
human OSVZ, a number of studies have extended these analyses to other species that share
features of human cortical development and may represent potential model systems for
exploring disease mechanisms [2-5, 8, 55, 56].

The human OSVZ contains the largest proportion of progenitor cells of the species
examined so far, but oRG cells are present during development in many species throughout

Curr Opin Neurobiol. Author manuscript; available in PMC 2013 October 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

LaMonica et al.

Page 6

the evolutionary tree [54]. The amount of OSVZ proliferation appears to correlate with brain
size and degree of folding. The lissencephalic brain of mice represents one extreme with no
identifiable OSVZ, though recent evidence suggests that the developing rat cortex contains
some OSVZ cytoarchitectural features [3]. The ferret brain constitutes an intermediate level
of gyrencephaly and OSVZ size, while the highly folded human cortex sits at the other
extreme with a notably developed OSVZ [54]. This is only a trend and not a rule, however,
as the marmoset, a lissencephalic primate, exhibits a large OSVZ containing oRG cells, but
may have lost its ancestral gyrencephaly [4, 5]. These findings suggest that oRG cells may
be necessary, but not sufficient for developing a large folded brain.

Conclusion

The appreciation that OSVZ progenitor cells could be responsible for generating the
majority of cortical neurons invites a re-interpretation of the mechanisms behind a wide
range of neurodevelopmental diseases, especially those that broadly affect neuronal number
and brain size such as lissencephaly and microcephaly. In the context of the human
neocortex, the function of disease genes could extend to the OSVZ and specifically to oRG
cells, since their MST, division, and derivation from ventricular RG cells are all processes
likely to utilize related centrosome, actomyosin, and microtubule-based mechanisms [11,
21]. Pursuing a cell biological understanding of oRG cell behavior will be an exciting future
direction that may reveal unexpected links to other neurodevelopmental disorders where
cortex is affected, such as autism and schizophrenia.
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Figure 1. Increased spatial and cellular complexity of the developing human cortex

(A) Current model of mouse neocortical development. Primary zones of neurogenesis (blue)
are the VZ and SVZ, where RG cells and IP cells reside, respectively. Neurons born in the
VZ or SVZ migrate along the RG radial fiber scaffold found in the intermediate zone (12),
the primary zone of neuronal migration (orange) in the mouse, to reach the CP. oRG cells
are infrequent and not located in a distinct progenitor zone. (B) Expanded model of human
neocortical development. RG cells, IP cells, and oRG cells are found in neurogenic zones
(blue), which are the VZ, the inner SVZ (iSVZ), and the outer SVZ (0SVZ). Neurons
migrate through the 0SVVZ and 1Z/subplate (zones of neuronal migration, orange) to populate
the CP. Neurons must navigate a larger distance than in the mouse, and a radial fiber
scaffold of increased complexity, to reach the CP.
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Figure 2. Molecular mechanisms of centrosome and microtubule-related cell behaviorsin the
developing neocortex

(A) An RG cell is depicted undergoing apical-to-basal INM during the G1 phase of the cell
cycle. The basal direction is up, apical is down, and the centrosome (red) is located at the
ventricular surface at the base of the primary cilium (not shown). Kinesin and actomyosin
motors control nuclear movement, which is ab-centrosomal and toward the microtubule plus
ends. (B) RG cell undergoing basal-to-apical INM during the G2 phase of the cell cycle.
Nuclear movement is ad-centrosomal and towards microtubule minus ends. The process is
controlled by dynein and associated proteins such as Lis1, and possibly by actomyosin
motors. The centrosome has already replicated at this time. (C) RG cell division at the
ventricular surface. The centrosomes move to opposite poles of the cell and function
throughout mitosis in microtubule nucleation, spindle and microtubule attachment to
kinetochores, cytokinesis, and mitotic exit. The centrosome also plays a role in asymmetric
inheritance of cell fate components in daughter cells. (D) Radial neuronal migration along
an RG fiber. The centrosome moves into the leading process prior to nucleokinesis, and a
microtubule lattice originating from the centrosome forms a cage around the nucleus.
Dynein and associated proteins function to pull the nucleus into the leading process. (E)
oRG cell mitotic somal translocation (MST) is depicted with possible molecular
mechanisms for controlling this cell behavior. Analogous to neuronal migration, movement
of the centrosome precedes the nucleus into the basal process; therefore MST likely involves
nuclear movement toward microtubule minus ends. MST may utilize minus-end directed
motors such as dynein, and/or actomyosin motors.
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