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In mammals, the construction of the cerebral cortex involves the

coordinatedoutput of large populationsofapicalprogenitorcells.

Cortical progenitor cells use intrinsic molecular programs and

complex regulatory mechanisms to generate a large diversity of

excitatory projection neurons in appropriate numbers. In this

review, we summarize recent findings regarding the neurogenic

behavior of cortical progenitors during neurogenesis. We

describe alternative models explaining the generation of

neuronal diversity among excitatory projection neurons and the

role of intrinsic and extrinsic signals in the modulation of the

individual output of apical progenitor cells.
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Introduction
The mammalian neocortex contains an extraordinary

diversity of neuronal types organized in six layers. The

different types of neurons are characterized by distinctive

— although rarely unique — molecular identities, pro-

jection patterns and morphologies [1–5]. The origin of

this diversity is the dynamic and complex neurogenic

behavior of progenitor cells during embryonic develop-

ment. This behavior is under the control of highly sophis-

ticated regulatory mechanisms that orchestrate cortical

neurogenesis and ensure the production of appropriate

numbers of each of the neuronal elements that are

required for the assembly of cortical circuits.

There are two main classes of cortical neurons, glutama-

tergic projection neurons and GABAergic interneurons.
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Both classes of neurons originate from different progeni-

tor regions in the embryo: glutamatergic neurons derive

from progenitor cells in the pallium — the roof — of the

telencephalon, while GABAergic cells derived from dif-

ferent progenitor pools in the subpallium. This review

focuses on recent studies that have contributed to

increase our understanding of the mechanisms regulating

the neurogenesis of glutamatergic projection neurons

(PNs) in the developing neocortex.

Progenitor cells in the developing cortex
During early embryogenesis the pallium consist in a

monolayer of proliferating stem cells in contact with

the lumen of the lateral ventricles known as neuroepithe-

lial cells (NECs). These cells divide first symmetrically

multiple times to expand the progenitor pool. Subse-

quently, NECs experience remarkable phenotypic

changes, acquiring glial features. From this point, these

apical progenitor cells are known as radial glial cells

(RGCs) [6,7]. RGCs exhibit a characteristic bipolar mor-

phology, with an apical process in contact with the ven-

tricle and a basal process that extends to the pial surface

(Figure 1a), and express distinctive transcription factors

such as Pax6, Emx1 and Sox9. The transition from NEC

to RGC identity marks the start of neurogenesis. During

this period, each RGC divides multiple times to generate

PNs while self-renewing. Nascent neurons use the basal

processes of RGCs to migrate towards the pial surface.

This migratory behavior leads to the emergence of an

inside-out pattern of cortical lamination that roughly

correlates with neuronal birthdate: early-born PNs end

up in deep layers of the neocortex, while late-born PNs

occupy progressively more superficial layers [2,3,8–10]. At

the end of neurogenesis, some RGCs become gliogenic

and undergo additional rounds of division to produce

astrocytes.

RGCs self-renew and generate either a post-mitotic neu-

ron or an intermediate progenitor cell (IPC) in each

division. The majority of IPCs express the transcription

factor Tbr2, are multipolar and quickly migrate to a more

basal germinal layer, the subventricular zone (SVZ). Once

there, they typically divide once to generate two post-

mitotic neurons, consequently expanding the neuronal

pool [11–14] (Figure 1a).

Short neural precursors (SNPs) constitute a second pop-

ulation of IPCs which remain in an apical position. These

cells have a distinctive morphology, extending an apical

process in contact with the ventricular surface and a short
www.sciencedirect.com
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Several populations of progenitor cells build the mammalian cerebral cortex. (a) Cortical neurogenesis in lissencephalic mammals. Apical radial

glial cells (RGCs) divide in the embryonic ventricular zone (VZ) to generate short neural precursors (SNP), intermediate progenitor cells (IPCs) and

neurons. SNPs divide few times generating postmitotic neurons. IPCs divide terminally in the embryonic subventricular zone (SVZ) generating two

postmitotic neurons. Few apical RGC divisions generate basal radial glial cells (bRGCs). These cells perform self-renewing divisions in the SVZ

generating large cohorts of neurons. Newborn neurons migrate radially following the basal processes of RGCs to reach the cortical plate (CP). (b)

Cortical neurogenesis in gyrencephalic mammals. These species have an enlarged SVZ, which can be divided into inner and outer regions (iSVZ

and oSVZ, respectively), separated by the inner fiber layer (iFL). The growth of the SVZ correlates with a prominent increase in the number of

bRGCs, which mainly populate the oSVZ. MZ, marginal zone; IZ, intermediate zone. oFL, outer fiber layer.
basal process that does not reach the pia [15] (Figure 1a).

Unlike RGCs, these cells are thought to primarily gener-

ate neurons, thus generating a small neuronal output

[16,17]. Interestingly, SNPs seem to generate neurons

that occupy slightly deeper strata than coetaneous neu-

rons derived from RGCs [16]. SNPs arise from RGCs, and

the molecular mechanisms instructing their fate are just

beginning to be understood [18].

In addition to IPCs, the SVZ contains a second type of basal

progenitor,known asbasal radial glial cells (bRGCs). These

cells have a long basal process that contacts the pial surface,

but lack an apical process in contact with the ventricular

surface [19–21]. Similar to their apical counterparts, bRGCs

have self-renewing capacity and can generate both neurons

and IPCs [22–24]. bRGCs are relatively rare in the rodent

cortex [25,26] but they are very abundant in gyrencephalic

mammals, in which they are thought to be responsible of

the evolutionary expansion of superficial cortical layers. In

these species, the embryonic SVZ has grown so large that

can be divided into superficial (outer) and deep (inner) sub-

laminas, with the outer SVZ containing the highest density

of bRGCs [27–29] (Figure 1b). Interestingly, bRGCs are
www.sciencedirect.com 
particularly abundant in certain regions of the murine

cortex, where they contribute to an increased generation

of superficial layer neurons [30�].

Deterministic and stochastic models of
cortical neurogenesis
Cortical progenitor cells generate many different types of

PNs in a temporally organized manner. Consistently, the

outcome of multiple neurogenic RGCs reflects the entire

diversity of excitatory neurons that populate the adult neo-

cortex in mice [31]. The most commonly held view of this

process postulates that RGCs are multipotent and progress

througha sequence of competence windows as neurogenesis

proceeds. During each of these windows RGCs are compe-

tent to generate a specific type of PC. The strictest inter-

pretation of this mechanism proposes that individual RGCs

would generate a column of radially organized cells contain-

ing all the different types of PNs. This column would

constitute a fundamental building block of cortical cytoarch-

itecture, known as the ‘radial unit’. According to this view,

the construction of cortical circuits would rely on multiple

repeats of the basic ‘radial unit’ [32] (Figure 2a). Consistent

with this idea, fate-mapping experiments in the murine
Current Opinion in Neurobiology 2021, 66:48–56
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Figure 2
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Models of cortical neurogenesis. (a) Deterministic model. Radial glial

cells (RGCs) generate unitary outputs, similar in size and composition.

Cortical circuits are constructed by multiple repeats of these unitary

outputs. (b) Fate restriction model. Different types of RGCs specialize

in generating specific types of neurons. Cortical circuits are
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cortexhaverevealedthatRGCsaremultipotentandproduce

diverse neuronal fates distributed across all cortical layers

containing PNs [33–35]. These observations led to the

conclusion that the neurogenic behavior of RGCs is deter-

ministic, with all RGCs producing ‘unitary outputs’ of

similar size and composition [33].

The temporal progression of RGCs is thought to be driven

by intrinsic molecular programs [36], as observed in multi-

ple invertebrate neural lineages [37]. Consistently, cortical

progenitor cells isolated in vitro seem capable to recapitu-

late the sequence of neuronal identities that are normally

generated in vivo [38,39]. In Drosophila, temporal transcrip-

tion factors are sequentially expressed in embryonic neu-

roblasts and instruct the progression of these stem cells

through different competence windows [37]. Although

similar principles are believed to govern the temporal

transition of RGCs through equivalent competence win-

dows, the identification of specific temporal transcription

factors in these cells has been difficult and is still a matter of

active investigation [40]. A recent study from the Jabaudon

lab has shed light into this issue. Telley et al. used single

cell transcriptomics to identify highly dynamic patterns of

gene expression in both RGCs and early postmitotic neu-

rons, thereby revealing clear molecular signatures of tem-

poral progression in the mammalian cortex [41��]. Work

from the Novitch lab has identified FoxP1 as one of the

transcription factors involved in this process. FoxP1 is

exclusively expressed during early neurogenesis and pro-

motes the genesis of deep layer neurons [42]. Epigenetic

regulation of gene expression has also been implicated

in the temporal progression of cortical progenitor cells

[43–45]. For example, it has been suggested that the

temporally organizedexpressionof certainmiRNAs during

development may contribute to instruct the identity of

nascent neurons [46�]. In addition, recent work from the

Miller lab indicates that translational regulation may be

another mechanism controlling the temporal progression

of RGCs. They observed that RGCs contain mRNAs of

many genes known to specify different neuronal identities.

However, selective translation of some of these transcripts

both in RGCs and newborn neurons directs the specifica-

tion of neuronal identity [47�]. Finally, in addition to

temporally controlled molecular programs, recent evi-

dence indicate that the membrane potential of RGCs also

regulates temporal progression [48�].
constructed by the combination of modules arising from different

pools of progenitor cells. (c) Stochastic model. Most RGCs follow

similar molecular programs, but make stochastic ‘decisions’ along

development and generate diverse outcomes. Cortical circuits are

constructed by collective assembly of the individual output of

progenitor cells. Schemas represent the neurogenic fate of individual

RGCs. Time is represented as the relative progression of individual

RGCs through successive divisions. Hence RGC1 and RGC2 in each

example generate different cohorts of cells in subsequent divisions,

but the divisions of the two RGCs are not necessarily synchronous in

time (i.e. in (b), RGC1 would mostly divide during early neurogenesis,

while RGC2 would mostly divide during late neurogenesis).

www.sciencedirect.com
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In spite of the evidence supporting the multipotency of

cortical progenitors, some studies have suggested the

existence of different pools of progenitors with restricted

potential to generate specific types of PNs [49–51]

(Figure 2b). These observations are, however, compatible

with the temporal progression of RGCs. A recent study

from our lab has provided evidence that may reconcile

both sets of results. Llorca et al. used a combination of

lineage tracing methods to map the neuronal output of

individual RGCs in the mouse cortex. They observed that

individual lineages are extremely heterogeneous: while a

majority of RGCs generate multiple neuronal fates, a

small fraction produce progenies that are restricted to

some cortical layers [52��] (Figure 2c). These findings

suggest that while the behavior of individual progenitors

is highly unpredictable, the net sum of their output

consistently leads to the formation of a relatively invariant

structure. In other words, stochastic — probabilistic —

rules seem to govern cortical neurogenesis, as has been

previously suggested for the mammalian retina [53,54].

Of note, these results also suggest certain constrains in the

fate of RGCs, since universal stochastic rules are able to

explain most but not all the observed RGC outputs. The

regulation of the probabilistic behavior of RGCs by

extrinsic cues may confer an important degree of flexibil-

ity and robustness in the development of the cerebral

cortex [55].

Extrinsic control of cortical progenitor
behavior
Classic transplantation experiments in the ferret first

revealed that extrinsic cues influence the neurogenic fate

of cortical progenitor cells [56]. These studies also led to

the suggestion that the potential of cortical progenitor

cells is progressively reduced over time. However, recent

work in the developing mouse cortex indicates that this

might not be the case for all types of progenitor cells. In

transplantation experiments in which they study the fate

of RGCs and IPCs separately, Oberst et al. found that

transplanted RGCs adapt their neurogenic fate to the

corresponding host age [57��]. In contrast, IPCs are not

prone to be reprogrammed following heterochronic trans-

plantation, and their potential seems to be locked to the

stage in which they are generated. The discrepancy

between these two studies is likely due to the fact that

Desai and McConnell transplants where enriched in

IPCs, although species-specific differences cannot be

ruled out.

It is now well established that cortical progenitor cells are

under the influence of multiple extrinsic factors [58]

(Figure 3a). Consistent with this idea, both progenitor

cells and newborn neurons become progressively more

sensitive to external cues as neurogenesis proceeds [41��].
External signals can interact with cell-autonomous mech-

anisms to modulate multiple aspects of RGC behavior.

For instance, environmental cues may influence intrinsic
www.sciencedirect.com 
molecular pathways to regulate progression through the

temporal sequence of competence states. This could

occur by modulating the length of the different compe-

tence windows, making RGCs more or less likely to

produce certain types of PNs (Figure 3b). Interestingly,

various neuronal fates seem to be simultaneously pro-

duced during early neurogenesis [59�]. Also, RGCs divid-

ing at the same time are able to generate neurons with

different laminar identities [52��]. These observations

suggest a certain degree of asynchrony or heterogeneity

in the intrinsic programs of cortical progenitor cells. Such

heterogeneity may be a landmark of extrinsic regulation,

as extrinsic signals may differentially affect each individ-

ual RGC. Remarkably, the temporal progression of RGCs

is severely impaired in cultured conditions that prevent

contact with nascent progenies [60��]. This suggests a

possible role of feedback signaling in their temporal

progression, as proposed for the retina [61]. Indeed,

contact-mediated activation of notch signaling in RGCs

via different delta-like ligands expressed by nascent

neurons and IPCs has been reported [62]. Several other

cues have also been implicated in this feedback mecha-

nism, including neurotrophins and fibroblast growth fac-

tors (FGFs) [63]. In addition, it has been suggested that

RGCs plasticity relies on their ability to sense dynamic

changes in extracellular Wnt (Oberst et al. [40]). Indeed,

the progressive hyperpolarization of stem cells regulates

temporal progression by modulating their sensitivity to

extrinsic Wnt signaling [48�]. Shh signaling also seems to

influence the molecular progression of RGCs, promoting

the switch from neurogenesis to gliogenesis [64].

The neuronal output of RGCs can also be controlled via

regulation of progenitor cell division. While a common

molecular sequence runs inside progenitor cells, environ-

mental cues may facilitate or prevent their division during

each competence window. The modulation of proliferation

would, therefore, determine the ultimate composition of

individual lineages (Figure 3b). Importantly, the temporal

progression of cortical RGCs seems to be cell cycle inde-

pendent. Consistent with this idea, Okamoto et al. reported

that temporal changes in gene expression can occur in cell

cycle arrested progenitors, so that when progenitors are

released from cell cycle arrest they continue to generate

temporally appropriate neuronal fates [60��].

Interestingly, local regulation of cell cycle kinetics has

been previously linked to the genesis of region-specific

cortical cytoarchitectures [65]. For instance, signals

secreted by Cajal-Retzius cells contribute to neocortical

arealization via region-specific regulation of progenitor

proliferation [66]. Thalamic axons also known to influ-

ence the proliferation of RGCs [21,58]. Moreover, several

diffusive cues regulate RGC division. For example, Wnt7

and secreted frizzed-related protein 1 (Sfrp1) play oppo-

site roles in modulating cortical progenitor proliferation

[67]. Moreover, the cerebrospinal fluid contains multiple
Current Opinion in Neurobiology 2021, 66:48–56
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Figure 3

(a) (b)
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Extrinsic influences modulate the activity of cortical progenitor cells. (a) Multiple adhesive and diffusive signals influence the neurogenic behavior

of radial glial cells (RGCs). (b) These influences modulate the temporal progression, cell cycle speed, and mode of division of cortical progenitor

cells. The modulation of these parameters influences the neurogenic output of individual RGCs, which is, therefore, heterogeneous and largely

unpredictable. CSF, cerebrospinal fluid; EGF, epithelial growth factor; FGF, fibroblast growth factor; IGF, insulin growth factor; IPC, intermediate

progenitor cell; NTF, neurotrophin; PTPRD, protein tyrosine phosphatase receptor delta; RA, retinoic acid; SHH, Sonic hedgehog; Wnt, wingless.
signals known to influence neurogenesis [68,69]. Most of

these signals have been implicated in the regulation of

RGC division, including FGFs [70–72], epithelial growth

factors (EGFs) [70], insulin growth factors (IGFs) [72,73],

and Sonic hedgehog (Shh). Interestingly, some of these

cues, such as IGF1 and IGF2, are synthesized by RGCs

themselves, and therefore function in a paracrine manner

[70,72]. Feedback signaling from newborn neurons has

also been proposed to regulate the division of RGCs.

FGFs and Notch signaling induce the initiation of cal-

cium waves in postmitotic layers of the developing cortex.

Such waves propagate from the basal processes to the cell

bodies of RGCs [74] and influence proliferation [75]. The

neurotransmitters glutamate and GABA, released from

newborn excitatory cells and migrating interneurons

respectively, are also able to influence the cell cycle of

cortical progenitors [76,77].

A final key aspect of neurogenesis that is regulated by

extrinsic signals is the mode of cell division. RGCs
Current Opinion in Neurobiology 2021, 66:48–56 
could be directed to preferentially generate neurons or

IPCs during specific competence windows, ultimately

affecting the organization of individual lineages

(Figure 3b). Indeed, an increase in SVZ mitoses has

been linked to the evolutionary expansion of superficial

cortical layers in some mammals. Several studies have

highlighted the importance of extrinsic signaling in this

process. For instance, Robo signaling through its down-

stream effector delta-like 1 (Dll1) regulates the balance

between direct and indirect neurogenesis in the devel-

oping mouse cortex [68]. This signaling mechanism has

been recently associated with the evolutionary increase

in indirect neurogenesis that characterizes neurogen-

esis in mammals [78��]. Similarly, the protein tyrosine

phosphatase receptor delta (PTPRD), a transmem-

brane receptor involved in the transduction of extracel-

lular signals, regulates the production of IPCs [79].

Retinoic acid is another diffusive signal known to

promote indirect neurogenesis in the developing neo-

cortex [80].
www.sciencedirect.com
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IPCs are able to divide multiple times in gyrencephalic

mammals [81]. This feature has also been observed in

rodents [82,83], although is thought to be rare in these

species [27,84]. Several signaling pathways are thought to

be responsible for the increased proliferative capacities of

IPCs. Notch signaling through the human-specific variant

NOTCH2N seems to promote maintenance of an IPC

fate and leads to increased proliferation [85–87]. Also,

IPCs in the human cortex express a membrane-bound

form of Palmdelphin (PALMD-Caax) that is absent in the

murine cortex. This molecule promotes the growth of

IPC processes, which allows these cells to receive

increased integrin-mediated signaling and promotes their

division [88�]. Finally, bRGC genesis and proliferation in

gyrencephalic species are also prone to modulation via

extrinsic cues such as Shh, FGFs and PDGFs [89].

Conclusions and perspectives
In this review, we provide a brief snapshot of several

models of mammalian cortical neurogenesis and its mul-

tiple modulatory mechanisms, with special emphasis on

recent discoveries. Such mechanisms are extraordinarily

complex and diverse, extending far beyond the limits of

this review and the limits of our current knowledge. The

combination of regulatory mechanisms is critical or the

generation of appropriate neuronal numbers and the

construction of the neuronal circuits underlying cortical

function. Immerse in this complex regulatory logic, corti-

cal progenitor cells likely adapt their neuronal output in

response to mechanisms orchestrating neurogenesis at the

population level. From this perspective it is not entirely

surprising that their individual outcomes exhibit great

levels of variability, including progenies confined to cer-

tain cortical layers in some cases. This view may help to

reconcile previous observations, which provided conflict-

ing results on the fate of RGCs in the developing mam-

malian cortex. The fine modulation of RGC behavior,

driven by the local environment, could indeed be a

critical mechanism for the generation of the region-spe-

cific cellular architectures that characterize different cor-

tical areas. This is an interesting possibility, but new

studies would be required to test this hypothesis. Such

studies should provide a better understanding of how

local differences in modulatory signals may influence the

behavior of progenitor cells in different regions of the

developing cortex.
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Oberst P, Fièvre S, Baumann N, Concetti C, Bartolini G,
Jabaudon D: Temporal plasticity of apical progenitors in the
developing mouse neocortex. Nature 2019, 573:370-374.

This study reports that heterochronic transplantation of radial glial cells in
the mouse cortex is able to reprogram their neurogenic fate. These
observations challenge previous observations obtained in the ferret
cortex and indicates that apical progenitor cells are plastic to return to
previous competence windows after progressing to later ones.

58. Reillo I, de Juan Romero C, Cárdenas A, Clascá F, Martı́nez-
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