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This review accompanies a 2016 SFN mini-symposium presenting examples of current studies that address a central question: How do
neural stem cells (NSCs) divide in different ways to produce heterogeneous daughter types at the right time and in proper numbers to
build a cerebral cortex with the appropriate size and structure? We will focus on four aspects of corticogenesis: cytokinesis events that
follow apical mitoses of NSCs; coordinating abscission with delamination from the apical membrane; timing of neurogenesis and its
indirect regulation through emergence of intermediate progenitors; and capacity of single NSCs to generate the correct number and
laminar fate of cortical neurons. Defects in these mechanisms can cause microcephaly and other brain malformations, and understanding them is critical to designing diagnostic tools and preventive and corrective therapies.
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Introduction
The cerebral cortex is essential for the complex sensory and behavioral capacity of the human species. The neocortex, the sixlayered portion of the dorsal telencephalon, is the most recently
evolved part of the cortex in mammals. How this structure with
billions of neurons builds itself from a spherical sheet of neuroepithelium is one of the most fascinating mysteries in neuroscience. Much of what we know about this astounding process
comes from experiments in rodents, and this review focuses on
studies in mice with references to other species where relevant.
Corticogenesis in mice begins between embryonic days 9 and 10,
following specification of the telencephalon at the rostral pole of the
neural tube (Fig. 1). The early cortical neural stem cells (NSCs), also
called apical progenitors (APs) reside in a polarized epithelium with
its apical surface forming the lumen of the tube (future ventricles).
APs transition through the cell cycle while their nuclei migrate up
and down within the ventricular zone (VZ) of the cortex, a process
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called interkinetic nuclear migration, resulting in the appearance of a
pseudostratified epithelium (Fig. 1, left). The nuclei migrate to the
basal end of the cell for DNA replication in S-phase, and then to the
apical end for mitosis and cytokinesis where the APs are joined by
adhesive cell junctions. These cells initially undergo rounds of symmetric divisions to expand their population concomitant with increasing the surface area of the VZ within the two cerebral
hemispheres. Symmetric divisions result in both daughter cells retaining a multipotent AP fate with a highly polarized morphology.
The number of successful symmetric divisions determines the initial
size of the NSC pool, which is crucial for making a cortex of the
proper size.
After their early expansion through symmetric divisions, APs
begin to divide asymmetrically at ⬃E11 in mice, such that one
daughter cell retains its AP identity, whereas the other becomes a
neuron (Fig. 1). This is the start of cortical neurogenesis (Fig. 1,
Neurogenesis onset). Concurrently, APs begin to express glial
markers but maintain their polarized, radial morphology with
apical endfoot in, and the tip of their basal process out; hence
their alternative name radial glial cells (RGCs). Cell divisions still
occur at the VZ surface; however, the neuronal daughters detach
or “delaminate” from the apical membrane to migrate out of the
VZ to form the first neuronal layer, the preplate (Miyata et al.,
2001; Haubensak et al., 2004). Beginning a few days later, some of
the daughters of asymmetric divisions adopt an intermediate
progenitor (IP) identity. These delaminate, migrate to the subventricular zone (SVZ), and divide symmetrically once or twice
to produce 2– 4 neurons (Noctor et al., 2004; Sessa et al., 2008;
Tyler et al., 2015). As such, IPs “amplify” the number of neuronal
progeny produced per AP division. Mammals also have progen-
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Figure 1. Spatiotemporal development of the cerebral cortex in mice. This review focuses on the following mechanisms: (1) progenitor cell divisions, including cytokinesis and delamination; (2)
induction of neurogenesis and IP generation; and (3) clonal principles that specify the number of neurons and layer fates produced by progenitor divisions. The green and orange neuronal lineages
are simplified and do not reflect true numbers of divisions or relative contributions of IPs to deep- versus upper- layer neurons. Blue arrows indicate direction of midbody release or inheritance, with
unknown modes indicated by question marks. Distribution of adhesion molecules in IPs is currently unknown (red question mark).

itors in the outer SVZ that have a radial morphology but lack
attachments to the apical membrane; these “outer RGCs” may
further amplify the AP output and contribute to expansion and
gyration of the cortex in larger-brain species (Dehay et al., 2015).
Newborn cortical projection neurons often migrate along the
basal processes of APs that are anchored to the basement membrane on the pial surface. Early-born neurons form the deep
layers of the cortical plate (layers 5 and 6), and later-born neurons
migrate outward past the deep layers to establish the superficial
or upper layers (layers 2– 4) (Angevine and Sidman, 1961; Rakic,
1972). The temporal sequence of waves of neuronal birth at the
ventricle and outward migration to form six successive neuronal
layers is referred to as the “inside-out” development of the cortex.
These neurons differentiate into glutamatergic pyramidal neurons whose axons form the primary excitatory projections of the
cortex. Inhibitory interneurons of the cortex are born in the subcortical ganglionic eminences and migrate in tangentially as the
excitatory layers are forming (Anderson et al., 1997; for review,
see Chu and Anderson, 2015). Remarkably, as the cortex expands
in thickness, the basal processes of APs grow ever taller to span
this thickness, always maintaining both their apical and basal
contacts. Around the time of birth, cortical neurogenesis dwindles and gliogenesis begins (Gallo and Deneen, 2014).
Cell intrinsic and extrinsic factors are in place for cortical
progenitors to produce large numbers of neurons and glia within
a short window of development, especially in smaller mammalian
species where this process occurs in a matter of a few days. Mechanisms have evolved for precise spatiotemporal control of fate
and structure, but at the cost of placing high demand on the cell
division machinery (Florio and Huttner, 2014; Homem et al.,
2015; Fernández et al., 2016). Indeed, progenitor proliferation

and cortical growth are especially vulnerable to environmental or
genetic insults. For example, human mutations in mitosis and
DNA repair genes can cause microcephaly while sparing most
other tissues (Faheem et al., 2015). Cytokinesis, which follows
mitosis but is regulated separately, also plays crucial roles in
building the cortex, and mutations in cytokinesis genes can
also cause malformations, such as microcephaly and microlissencephaly (Harding et al., 2016; Li et al., 2016). While studies of
cytokinesis during cortical development have barely begun, tools
to study it are rapidly evolving.
Regulation of cytokinesis and control of cortical development
The mother cell’s organelles and membrane components are partitioned into two daughter cells during cytokinesis. Because the
cellular contents are essential for the survival of the daughter cells
and perhaps for their final fates, segregation of cellular material
must be coordinated with cytokinesis (Jongsma et al., 2015; Knoblach and Rachubinski, 2015). First, the dividing cell is cleaved in
two by a contractile furrow, forming an intercellular bridge,
which is ultimately severed in a process called abscission. Furrowing is regulated by the central spindle, and abscission appears to
be controlled at least in part by the midbody (for review, see
Green et al., 2012; Mierzwa and Gerlich, 2014). Most studies of
cytokinesis have been performed in single-cell models, such as
cell lines or zygotes. Cortical APs face unique challenges for coordinating cytokinesis with interkinetic nuclear migration while
maintaining their apicobasal polarity. Moreover, because APs divide either symmetrically or asymmetrically, they must segregate
fate determinants accordingly. In addition, abscission at the apical membrane must allow some daughters to delaminate without
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disrupting epithelial integrity. Thus, cytokinesis processes are intimately involved with all the key progenitor behaviors.
The polarized form of cytokinesis that occurs in cortical APs is
not well understood. The cleavage furrow ingresses from the
basal side toward the apical membrane. The furrow may split the
basal process in two (Kosodo et al., 2008), or form next to it,
segregating it to one daughter cell (Miyata et al., 2001). Cleavage
is often approximately perpendicular to the apical membrane
(Noctor et al., 2008). A prevailing hypothesis holds that asymmetric neurogenic divisions result from unequal inheritance of
apical membrane or junctions due to unequal cleavage of the
apical membrane (Kosodo et al., 2004; Marthiens and ffrenchConstant, 2009). This is analogous to Drosophila neuroblasts,
where a 90-degree change in cleavage angle determines whether
one or both daughters inherit the apical membrane (Rhyu et al.,
1994; Chenn and McConnell, 1995). If this model is correct, then
a truly symmetric division requires exquisite coordination of
spindle orientation, furrow ingression, and abscission with distribution of apical domain components. The model was revised
when cleavage angle failed to always predict daughter fate (Noctor et al., 2008), and mutations that cause irregular cleavage angles affect cortical thickness in some mutants (Postiglione et al.,
2011), but not others (Konno et al., 2008). Interestingly, oblique
cleavages that segregate the apical endfoot to only one daughter
may serve to expand outer RGCs in the primate cortex (LaMonica et al., 2013). Overall, a direct relationship between cleavage
orientation and fate determination remains unclear. Moreover,
inheritance of additional asymmetric factors aside from the apical membrane, such as the mother centrosome (Wang et al., 2009;
Paridaen et al., 2013), the basal process (Tsunekawa et al., 2012),
or the midbody (Ettinger et al., 2011; Kuo et al., 2011) have been
reported to influence fate specification.
Cytokinetic abscission in cortical progenitors has been
studied even less than cleavage furrow ingression. As the furrow
ingresses toward the apical membrane, it compacts the microtubules of the central spindle into the midbody, which forms within
a cytoplasmic bridge connecting the cleaving cells’ apical endfeet.
The mammalian midbody contains ⬎150 proteins (Skop et al.,
2004) and lipids (Arai et al., 2015; Atilla-Gokcumen et al., 2014).
Abscission occurs through orderly recruitment of proteins, such
as motor proteins, Aurora B kinase, spastin, and the ESCRT III
complex; these components promote midbody organization and
regulate microtubule breakdown and plasma membrane scission
at a constriction point on the flank of the midbody (Hu et al.,
2012; Mierzwa and Gerlich, 2014). Thus, abscission will occur
near the ventricular surface and apical cell junctions, and may
arise on one or both sides of the midbody. Accordingly, either one
daughter inherits the midbody, or it is released into the extracellular space (Elia et al., 2011; Ettinger et al., 2011). Clearly, the
spatiotemporal regulation of abscission is important for determining not only the inheritance of apical components, but also if
or when delamination occurs.
As the midbody is the last cytoplasmic link between the
mother and daughter cells, it may be a critical final regulator of
cell fate or polarity of the daughter. This idea is well supported in
yeast, worms, and flies (Salzmann et al., 2014; Singh and Pohl,
2014; Lenhart and DiNardo, 2015; Bernabé-Rubio et al., 2016). In
Drosophila sensory progenitors, the point where abscission occurred became the site of first neurite emergence from the daughter neuron (Pollarolo et al., 2011). Apical cilium formation in
epithelial cells appears to be influenced by the midbody remnant
(Bernabé-Rubio et al., 2016). In mammalian cell lines, midbody
inheritance is associated with mother centrosome inheritance
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(Kuo et al., 2011), and mother centrosomes may promote cortical
progenitor fate (Wang et al., 2009). If the midbody is expelled, it
can be engulfed by one of the daughter cells or an unrelated cell
(Chai et al., 2012). An inherited midbody remnant may remain
stable for some time or be degraded. One group observed that
embryonic stem and cancer cell lines accumulated midbody remnants (Kuo et al., 2011). However, another group found that cell
lines derived from the nervous system had a tendency to release
midbodies and that experimentally increasing midbody retention
promoted differentiation (Ettinger et al., 2011). Alternatively, the
midbody may bind to cell surface receptors and activate signaling
pathways (Crowell et al., 2014). In vivo, early cortical APs appear
to release midbodies into the ventricle, and it was hypothesized
that this is necessary for both daughters to maintain stemness
(Dubreuil et al., 2007). It remains to be confirmed whether midbody inheritance follows stereotyped patterns in different types
of cortical progenitor divisions, and whether or not the midbody
itself contains fate determinants.
Midbody morphology and abscission are disrupted in the developing cortices of mice mutated in the gene encoding Kinesin-6
family member Kif20b. These mice show apparent microcephaly
by E10. The cortex grows and forms layers in proper order, but all
are thinner than normal (Dwyer et al., 2011; Janisch et al., 2013).
Interestingly, apoptosis is increased in mutant brains, especially
at early stages when symmetric divisions are prevalent. In contrast to several other models of microcephaly, cortical progenitor
mitosis does not appear to be disrupted in Kif20b mutants. Cytokinetic furrows and cleavage angles also appear normal. However, midbodies of dividing APs show increased misalignment
with the apical membrane, and those that are properly aligned
tend to be wider than normal (Janisch et al., 2013; Janisch and
Dwyer, 2016). These data suggest that Kif20b is important for
midbody structure or maturation, and midbody adhesion to the
apical membrane. In the mutant brain, delayed or failed abscissions may cause a subset of apical progenitors to undergo apoptosis, depleting the progenitor pool. Consequently, fewer IPs
and neurons are made, and the cortex is small. The precise molecular role of Kif20b in abscission is not yet known. Kif20b protein localizes to the outer flanks of midbodies in dividing apical
progenitors (Janisch et al., 2013). Kif20b can slide and bundle
microtubules, and knockdown of it in cell lines increases the rate
of abscission failure and apoptosis (Abaza et al., 2003). Interestingly, in Kif20b mutant brains, a subset of thalamocortical axons
are misrouted, supporting additional roles for this kinesin in regulating neuron growth (Dwyer et al., 2011; Sapir et al., 2013;
Noelle Dwyer, unpublished data).
How abscission and midbody inheritance is coordinated with
apical junction inheritance is unclear; however, transcriptional
regulators are well poised to coordinate such multipronged
mechanisms. Inheritance of apical adhesions is undoubtedly critical to determining which mitotically derived sibling remains anchored to the surface of the VZ and which cell delaminates. As
reviewed thus far, delamination involves loss of apical cell– cell
junctions, concomitant with gain of capacity to migrate out of the
ventricular zone, in contrast to symmetric divisions where both
sibling cells maintain their epithelial and stem cell identity (Heng
et al., 2010; Asami et al., 2011; Paolini et al., 2015). The extent and
nature of these transitions, although postulated, have not been
clearly described or mechanistically delineated. Conditional deletion of the transcription factor Specificity Protein 2 (Sp2) disrupts the cell cycle in cortical NSCs and perturbs neurogenesis
(Liang et al., 2013), which may be due to defects in the critical
balance between symmetric and asymmetric divisions. Recent
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results indicate that Sp2-dependent transcription drives the induction of asymmetric divisions in cortical NSCs by modulating
cytokinesis and delamination (Troy Ghashghaei, unpublished
data). Sp2 appears to coordinate these functions through regulation of gene products that can modify the interactions between
the midbodies and adhesion machinery of APs.
In summary, regulation of cytokinetic abscission, in addition
to mitosis and cleavage, plays an important role in building a
cortex of the proper size and structure. The spatial coordination
of abscission events and midbody inheritance or release will influence the structure of the neuroepithelium and the size of the
progenitor pool, as well as daughter cell fates, delamination, and
cell polarity. Defects in cytokinesis may be an unappreciated
cause of many developmental brain phenotypes; new methodologies may help uncover these (Janisch and Dwyer, 2016). A better
understanding of cytokinetic mechanisms in cortical progenitors
will provide insights into the control of cortical size and structure,
stem cell renewal, and cortical malformations.
Timing of neurogenesis and its indirect regulation via
intermediate progenitors
The onset of cortical neurogenesis correlates with the appearance
of asymmetric divisions in APs. Lhx2, a LIM homeodomain transcription factor, is an important regulator for timing the onset of
cortical neurogenesis. Lhx2 is expressed by APs throughout cortical neurogenesis, and analysis of its expression gradients in the
cortical VZ suggested it may repress neurogenesis until the correct time (Suter et al., 2007). Conditional Lhx2 deletion in mice
(Lhx2-cKO) leads to a significantly smaller neocortex due to precocious induction of neurogenesis (Chou and O’Leary, 2013; Hsu
et al., 2015). Despite this earlier start, sequential generation of
each cortical layer remains intact, although they are less dense
(especially the upper layers) likely due to depletion of progenitors
over time. These results support the model that, once neurogenesis initiates, cortical progenitors follow an intrinsic clock to sequentially generate the different neuronal layers (Shen et al.,
2006; Gaspard et al., 2008).
How does Lhx2 prevent premature neurogenesis? The most
compelling clue has come from identification of Lhx2 as a regulator of ␤-catenin activity (Hsu et al., 2015). Consequently, disruptions of genes encoding key components of ␤-catenin
signaling, such as Wnt or Notch, lead to defects in corticogenesis
due to apparent mistiming of neurogenesis induction (Pierfelice
et al., 2011; Tiberi et al., 2012; Bielen and Houart, 2014). For
example, defective Wnt signaling caused by deletion of ␤-catenin
transcriptional activity leads to a phenotype similar to that described in Lhx2-cKO cortices: premature neurogenesis, a small
cortex, and fewer neurons in both deep and upper cortical layers
(Draganova et al., 2015). Conversely, the hyperactivity of canonical Wnt signaling by overexpressing the stabilized form of
␤-catenin delays neurogenesis, causing overproliferation of APs
through excessive symmetric divisions. This results in a cortex
with increased surface area but decreased thickness (Chenn and
Walsh, 2002, 2003). Interestingly, in the absence of Lhx2, the
activation of ␤-catenin could no longer induce progenitor proliferation (Hsu et al., 2015). Further studies are needed to understand how these regulatory pathways are coordinated to control
the timing of neurogenesis onset, and how their dysregulation
produces cortical malformations.
Induction of neurogenesis involves the transition of APs from
symmetric proliferative divisions to not only production of neurons directly through asymmetric divisions, but also indirectly
through generation of IPs (Haubensak et al., 2004; Noctor et al.,
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2004; Englund et al., 2005). As development proceeds, APs are
more likely to produce an IP daughter than a neuronal daughter
from their asymmetric divisions (Haubensak et al., 2004). IPs
generally divide in the SVZ and have limited cell division potential (Noctor et al., 2004; Wu et al., 2005). They divide symmetrically to generate two postmitotic neurons or, more rarely, two IPs
(Noctor et al., 2004; Sessa et al., 2008). Another type of neurogenic progenitor that may constitute a unique IP population was
described in rodents as “short neural precursors” with short radial morphology within the VZ (Gal et al., 2006). These cells
divide at the apical surface and express markers of neurogenic
fate. Distinctions between APs and IPs can also be found in exhibition of different spindle microtubule behaviors during cytokinesis (Mora-Bermudez et al., 2014).
IPs have also emerged as key distinguishing factors in the development and evolution of cortical surface area and gyration in
many mammalian species (Kriegstein et al., 2006; Borrell and
Götz, 2014), as well as area-specific laminar patterns (Pontious et
al., 2008). Despite our understanding of the lineage relationship
between APs and IPs, the molecular mechanisms that control the
transition of APs to generating IPs and their unique division
behaviors remain elusive (Laguesse et al., 2015b). Interestingly,
loss of inscutable in the mouse cortex impairs the generation of
IPs, apparently by altering spindle orientation and therefore
cleavage furrow angles of APs (Postiglione et al., 2011). This supports the notion that IP fate may be inhibited by inheritance of
apical components. A key regulator of IPs is the transcription
factor Tbr2 (Kowalczyk et al., 2009; Mihalas et al., 2016), which is
expressed in IPs when they start to appear ⬃E11.5 in mice. Recently, Sox4 was identified as expressed in the cortical IP population, functioning as an upstream regulator of Tbr2 (C. Chen et
al., 2015). Characterization of Sox4 mutants revealed its requirement in IP specification and maintenance in the cerebral cortex
where it partners with the proneural gene Neurogenin 2 to activate Tbr2 for maintenance of an IP fate.
A novel regulatory mechanism for the generation of IPs has
recently come to light. The Elongator complex, a histone acetyltransferase complex that associates directly with RNA polymerase II during transcriptional elongation, is required for proper
generation of IPs in the developing cerebral cortex. Elongator is a
macromolecular complex (Elp1-Elp6) expressed in the developing nervous system (Creppe et al., 2009) and mutations that
decrease its function are associated with neurodegenerative diseases, such as ALS and familial dysautonomia (Anderson et al.,
2001; Slaugenhaupt et al., 2001; Simpson et al., 2009) as well as
intellectual disability and autism (Addis et al., 2015; Cohen et al.,
2015). A role for this complex in the control of projection neuron
migration and differentiation was through its acetylation of
␣-tubulin (Creppe et al., 2009). Subsequently, a conditional
knock-out model for Elp3 (Elp3-cKO) was generated to abolish
its activity in APs (Laguesse et al., 2015a). Newborn Elp3-cKO
mice suffer from severe microcephaly due to an increase in direct
neurogenesis and concomitant decrease in indirect neurogenesis.
Fewer IPs are generated, so even though APs divide at a normal
rate, and divide asymmetrically, they make neuron daughters
instead of IPs, resulting in a reduced number of projection neurons in all cortical layers. Additionally, a reduction in neurogenic
potential of induced pluripotent stem cells derived from skin
fibroblasts of patients suffering from familial dysautonomia was
observed, correlating with reduced Elongator expression in these
cells (Laguesse et al., 2015a). In mice, loss of Elp3 activity impaired translation speed, which triggered endoplasmic reticulum
stress and the Unfolded Protein Response (UPR). More specifi-
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cally, a dynamic regulation of UPR is required for proper cortical
neurogenesis, and a gradual suppression of the basal UPR promotes the switch in AP behavior from direct to indirect neurogenesis (Laguesse et al., 2015a). These findings revealed the
existence of a signaling pathway downstream of the UPR to control cell fate acquisition of AP daughters and finely tune the balance of direct and indirect neurogenesis during mammalian
cortical development (Godin et al., 2016). How exactly the level
of UPR signaling causes an asymmetric division to result in a
neuronal daughter versus an IP daughter, remains to be understood. Clues may come from findings that various UPR components regulate neuronal differentiation and process outgrowth
(Favero et al., 2013; Godin et al., 2016). Continued efforts will be
critical in better understanding molecular and cellular mechanisms that regulate the transition of APs to generate IPs at the
correct time and in proper numbers to build a cortex of the
proper size and structure.
Capacity of single NSCs to generate the correct number and
laminar fate of cortical neurons
The progeny of cortical APs and IPs consist of a diverse population of excitatory projection neurons and glia that occupy the
different cortical layers. These neurons are highly heterogeneous
with diverse axonal projections, dendritic morphologies, and
gene expression profiles. The laminar positions of cortical projection neurons are correlated with their birthdates, with deeplayer neurons (neurons in layers 5 and 6) generated earlier than
upper-layer neurons (neurons in layers 2– 4). For example, corticothalamic neurons, located in layer 6, arise early from the cortical progenitors and project axons into the thalamus, whereas
subcerebral projection neurons, residing in layer 5, are born
slightly later and project axons into midbrain, hindbrain, and
spinal cord. Corticothalamic and subcerebral projection neurons
are collectively referred to as corticofugal neurons. Corticocortical projection neurons, sending axons to other cortical areas, are
distributed through all cortical layers; those in the upper cortical
layer are generated last during cortical neurogenesis. The relationship between progenitors giving rise to deep-layer versus
upper-layer neurons has long attracted research interest, and is
still controversial.
Pioneering work using cell transplantation approaches in the
developing ferret cortex suggested a progressive lineage restriction model of cortical progenitors (McConnell, 1985; McConnell
and Kaznowski, 1991; Desai and McConnell, 2000). Accordingly,
early APs are multipotent and can sequentially generate both
deep- and upper-layer neurons, as well as cortical glia. As development proceeds, APs become progressively lineage-restricted to
generate later-born cell types. Lineage analysis of individual APs
in culture (Shen et al., 2006) and differentiation of cultured embryonic stem cell-derived cortical progenitors (Eiraku et al.,
2008; Gaspard et al., 2008) have provided support for this model.
Further testing of the progressive lineage restriction model
was done by genetic lineage tracing in vivo. The transcription
factor Fezf2 is expressed in both APs and deep-layer projection
neurons, and is necessary to specify the identity of these neurons
(B. Chen et al., 2005; J.G. Chen et al., 2005; Molyneaux et al.,
2005). In Fezf2⫺/⫺ cortices, subcerebral projection neurons are
never generated, and mutant neurons in layer 5 switch identity
and become corticothalamic or callosal projection neurons (B.
Chen et al., 2005, 2008; J.G. Chen et al., 2005; Molyneaux et al.,
2005; McKenna et al., 2011). Conversely, ectopic expression of
Fezf2 in late cortical progenitors or immature neurons redirects
these cells to generate subcerebral neurons (B. Chen et al., 2005,
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2008; J.G. Chen et al., 2005; De la Rossa et al., 2013; Rouaux and
Arlotta, 2013). These results suggested that Fezf2⫹ APs may constitute deep-layer restricted progenitors. To address this possibility, inducible mouse lines suitable for in vivo lineage tracing were
used to compare Fezf2⫹ and progenitors expressing another transcription factor, Cux2. It turned out that both lineages appeared
to be multipotent (i.e., they sequentially generate different subtypes of cortical projection neurons and glia) (Guo et al., 2013).
To further determine whether the Fezf2⫹ and the Cux2⫹ AP populations contain any intrinsically lineage-restricted early progenitors, lineage analysis of individual APs was performed, and again
both Fezf2⫹ APs and individual early Cux2⫹ APs generated deepand upper-layer neurons, as well as glia (Eckler et al., 2015).
Despite the view that APs are gradually fate-restricted as corticogenesis proceeds, some experiments indicated that early
(E10.5) Cux2⫹ APs produce restricted lineages. Using Cux2Cre
and Cux2CreER alleles and Cre-dependent lineage analyses, Franco
et al. reported that the Cux2⫹ APs only produce upper-layer
neurons (Franco et al., 2012; Gil-Sanz et al., 2015). This result
suggested an intrinsic lineage restriction model (rather than progressive lineage restriction), which posits that upper-layer neurons are generated by early Cux2⫹ APs, and deep-layer neurons
are born from a different population of APs that mostly lack
Cux2. Whether or not intrinsically restricted progenitors are also
found in other AP populations remains to be determined.
An advantageous approach to test lineage-restricted or multipotent models of progenitor neurogenic potential is through
high-resolution single-cell lineage tracing. Ideally, APs or IPs
need to be genetically marked in a sparse but permanent manner
to quantitatively measure progenitor behavior and progeny output. To this end, the Mosaic Analysis with Double Markers
(MADMs) reporters provide an unprecedented genetic approach
for in vivo lineage tracing in the mouse (Zong et al., 2005; Hippenmeyer et al., 2010; Hippenmeyer, 2013). Analysis of rare
MADM-based mitotic recombination events, when controlled by
the inducible cre-lox system, reveals the division mode of the first
labeled progenitor division (symmetric or asymmetric) and its
proliferation and differentiation potential (Espinosa and Luo,
2008; Hippenmeyer et al., 2010). An added MADM feature is the
possible linkage of gene mutations on the same chromosome as
the MADM cassette to enable genetic mosaic analysis. A single
MADM clone will have two-color labeling such that the wild-type
and homozygous mutant daughter cells of a heterozygous progenitor are marked by different colors. To gain insight into the
precise final output patterns of neuronal and glial progeny
generated by AP divisions in the cortex, MADM-based quantitative clonal analyses were recently performed (Gao et al., 2014).
These findings suggest that the behaviors of APs in the cerebral
cortices are remarkably coherent and predictable across all developmental stages. Importantly, MADM analyses of cortical clones
revealed that APs labeled during the neurogenic phase do not
undergo terminal differentiation in a stochastic manner but
rather follow a defined nonrandom program of cell cycle exit,
resulting in a unitary output of ⬃8 –9 neurons per individual AP,
distributed in both deep and superficial layers, supporting the
progressive lineage model. Upon completion of neurogenesis, a
defined fraction of individual cortical clones proceed to gliogenesis whereby approximately one-sixth of neurogenic APs proceed
to produce macroglia, indicating a coupling between gliogenesis
and neurogenesis at a predictable ratio (Gao et al., 2014). Future
experiments will establish a precise quantitative framework of
lineage progression in the cortex and degree of symmetric and
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asymmetric expansion of neurons and glia at various time points,
which may be translated to other brain regions.
In conclusion, development of the cerebral cortex is highly
dependent on temporal changes in the balance of types of divisions, and the ratios of proliferation versus differentiation and
cell death. The ultimate outcome of the cellular and molecular
events that regulate cell division and migration is the number and
diversity of neurons and glia that occupy the layered mature cortex. Disruption of this process can lead to microcephaly, a disease
recently put in the spotlight by the Zika virus outbreak. Beyond
the regulation of their divisions, APs must also give rise to layerspecific neurons in proper sequence. Fate mapping studies and
clonal lineage analyses support the idea that APs are gradually
restricted in the fates they can produce, such that at later ages
more upper-layer neurons are created. Together, the mechanisms highlighted here and in our SFN mini-symposium are potential entry points for future design of preventive and possibly
corrective therapeutics that may help improve the life of patients
suffering from neurodevelopmental conditions.
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Kosodo Y, Röper K, Haubensak W, Marzesco AM, Corbeil D, Huttner WB
(2004) Asymmetric distribution of the apical plasma membrane during
neurogenic divisions of mammalian neuroepithelial cells. EMBO J 23:
2314 –2324. CrossRef Medline
Kosodo Y, Toida K, Dubreuil V, Alexandre P, Schenk J, Kiyokage E, Attardo
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