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During the development of the central nervous system,

progenitors successively generate distinct types of neurons

which assemble into the circuits that underlie our ability to

interact with the environment. Spatial and temporal patterning

mechanisms are partially evolutionarily conserved processes

that allow generation of neuronal diversity from a limited set of

progenitors. Here, we review examples of temporal patterning

in neuronal progenitors in the Drosophila ventral nerve cord and

in the mammalian cerebral cortex. We discuss cell-

autonomous mechanisms and environmental influences on the

temporal transitions of neuronal progenitors. Identifying the

principles controlling the temporal specification of progenitors

across species, as highlighted here, may help understand the

evolutionary constraints over brain circuit design and function.
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Introduction
Neurons are the building blocks of the circuits of the

central nervous system (CNS). As such, initial neuronal

diversity sets the frame for the diversity of circuits that

can be built, and hence for an animal’s behavioral reper-

toire. The last few years have provided us with an

increasingly detailed census of the distinct neuronal cell

types that populate the CNS, and particularly the cerebral

cortex, thanks in particular to the advent of high-through-

put single-cell technologies (reviewed in Ref. [1]).

Despite this expanded cellular taxonomy, the origins of

neuronal diversity remain poorly understood.
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Two main processes have been involved in the develop-

mental generation of diverse types of cells of the CNS:

spatial patterning and temporal patterning. The pattern-

ing of molecularly distinct progenitors and daughter cells

into separate spatial domains (‘spatial patterning’) is

widespread throughout the CNS, including in the retina

[2], spinal cord [3], cerebellum [4], and ventral pallium

[5]. In addition to this process, however, in many cases,

neuronal diversity also emerges from ‘temporal

patterning’, that is, in the successive emergence of pro-

genitors and neurons with distinct molecular properties

within confined brain regions. In this review, we will focus

on this latter process and highlight select aspects of

temporal progression in neural progenitor identity and

their ability to sequentially generate diverse neuronal

subtypes in the developing Drosophila ventral nerve cord

(VNC) and mouse neocortex. Our review is focused on

select examples of temporal patterning in both of these

species, and interested readers can refer to previous

reviews addressing other aspects of nervous system pat-

terning (in particular spatial patterning) [6–9].

Temporal patterning in Drosophila
neuroblasts
Much of our understanding of the mechanisms control-

ling neuronal specification by temporal patterning comes

from studies performed in the common fruit fly Drosophila
melanogaster. Temporal patterning in Drosophila occurs

throughout the developing CNS (comprising the central

brain, the optic lobes, and the VNC) during both embry-

onic and larval stages. Here, we review select examples of

temporal patterning in the embryonic VNC, since

exhaustive reviews on the temporal specification in the

Drosophila CNS across developmental stages have

recently been published [10–12].

Neurons and glial cells of the Drosophila VNC are gener-

ated by neural stem cells called neuroblasts. Each neuro-

blast has a unique spatial identity (resulting in around

100 unique neuroblasts in each lobe of the central brain,

and around 30 unique neuroblasts in each hemisegment

of the VNC (reviewed in Ref. [6]) and produces a stereo-

typed series of progeny over time [13]. Drosophila neu-

rogenesis occurs in two sequential waves; a first wave

occurs during embryogenesis (contributing to around 10%

of adult neurons), which is followed by a longer second

wave spanning larval and pupal stages, during which the

vast majority of neurons and glia of the adult CNS is

generated [14,15] (Figure 1a).
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Neural development and temporal patterning in Drosophila.

(a) Neuroblasts delaminate from the neuroepithelium early in embryogenesis and pass through sequential temporal states to generate different

types of neurons before entering quiescence at the end of embryogenesis. During larval stages, neuroblasts re-enter the cell cycle and pass

through additional temporal states to generate distinct types of neurons. Terminal cell cycle exit occurs during pupal stages. (b) Embryonic VNC

neuroblasts transition through a neuroblast-intrinsic tTF cascade and give rise to distinct neurons during each temporal window. In the NB7-1 and

NB3-1 lineages, neuroblasts first generate five distinct motorneurons and then switch to producing interneurons. Competence to generate

motorneurons is lost at the transition to interneuron generation through epigenetic silencing of developmental genes, here exemplified by the

silencing of the hb locus in the absence of the neuroblast nuclear protein Dan. (c) Division modes of neuroblasts in the larval central brain. Type I

neuroblasts divide asymmetrically and produce a GMC at each division, which divides once more to generate a pair of neurons or glia. Type II

neuroblasts give rise to INPs, which progress through their own temporal series and divide several times to give rise to distinct GMCs at each

division, generating an additional layer of neuronal diversity.

Abbreviations: GMC, ganglion mother cell; Hb, Hunchback; INP, intermediate neural progenitor; NB, neuroblast; tTF, temporal transcription factor;

VNC, ventral nerve cord.
Temporal patterning has been first and best described in

Drosophila embryonic VNC [16–18]. The VNC contains

type I neuroblasts, which have short lineages and divide a

total of about five times, within a single day. Type I

neuroblasts generate a neuroblast and a ganglion mother

cell (GMC) at each division; the latter divides once more

to produce a pair of neurons or glial cells. Early-born

progeny are displaced by later-born progeny, resulting

in a laminar organization of the VNC reflecting birth

order: early-born neurons are located in deep layers
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and late-born neurons in more superficial layers [2], as

is the case in the mammalian cerebral cortex [19,20].

Each neuroblast in the embryonic VNC sequentially

expresses a series of temporal transcription factors (tTFs),

that is, transcription factors which specify the temporal

identity of neurons born during their time window of

expression. Hunchback (Hb) is expressed first, followed

by Kruppel (Kr), POU domain proteins 1 and 2 (Pdm),

Castor and Grainy head [16–18] (Figure 1b). tTF
www.sciencedirect.com
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expression progression occurs at approximately each neu-

roblast division and the same series of tTFs is active in

different neuroblast lineages, in each of which it specifies

distinct neuronal fates. Thus, the same tTF can specify

an interneuron in one lineage, and a motor neuron in

another [2,17]. As will be discussed below, some Drosoph-
ila tTF have mammalian orthologs (e.g. Hunchback –

Ikzf1 (Ikaros) and Castor – Casz1), which appear to also be

involved in the progression of temporal identity in retinal

and cortical progenitors [21–23]. Interestingly, daughter

neurons continue to express the tTF that their mother

cell was expressing, although the role of this expression is

unknown [2].

Of note, the Drosophila central brain contains an addi-

tional, less abundant type of neuroblast (type II neuro-

blasts), which gives rise to transit amplifying intermediate

neural progenitors (INPs) with a limited proliferative

capacity [24,25]. INPs progress through their own series

of tTFs (Dichaete ! Grainy head ! Eyeless) and specify

distinct cell types during each temporal window. Thus, in

the Drosophila central brain, the two parallel axes of

temporal progression in type II neuroblasts and INPs

combinatorially specify cell identities and increase neu-

ronal diversity [26] (Figure 1c).

Control of temporal transitions

How is the successive expression of tTFs regulated?

Studies in embryonic VNC neuroblasts suggest that tran-

scriptional cross-regulation between tTFs together with

additional independent mechanisms act to regulate tem-

poral transitions [2,16–18,27]. Prolonged expression of the

early-onset tTFs Hb or Kr blocks the progression of

neuroblast neurogenic competence and results in the

excessive production of early-born neurons at the

expense of later-born ones [17,27]. Hb and Kr promote

expression of the following tTF in the series and repress

the next-plus-one factor [17], but removal of Hb or Kr

leads to loss of only one temporal identity window,

without affecting subsequent temporal transitions

[2,17]. This suggests that tTFs do not alone account

for temporal transitions, but that other factors, possibly

including extrinsic signaling as occurs in other parts of the

nervous system (see below), are at play. Transition from

Hb to Kr expression requires repression of Hb through

the orphan nuclear receptor Svp. Translation of Svp

protein is coupled to cytokinesis, and thus the transition

from Hb to Kr requires cell division [27–30]. Interest-

ingly, the mammalian Svp homologs COUP-TF1/2

(Nr2f1 and Nr2f2) act in mammalian cortical progenitors

to promote the switch from early-born to late-born neuron

production, and from neurogenesis to gliogenesis [31],

suggesting an evolutionarily conserved role in regulating

temporal transitions. All other transitions examined, how-

ever, have been shown to occur even in G2-arrested

neuroblasts [27], as also seems to be the case for cell-

cycle arrested mammalian cortical progenitors [32��], such
www.sciencedirect.com 
that ‘counting’ of cell divisions does not seem to be an

obligatory process for temporal progression in identity.

Finally, clonally cultured VNC neuroblasts progress nor-

mally through the temporal TF cascade, suggesting that

lineage-intrinsic cues are sufficient to mediate temporal

progression [16,27], although feedback cues from neural

progeny might play a role. Of note, extrinsic factors have

been implicated in the temporal progression of larval

central brain type II neuroblasts: for example, ecdysone

signaling via the EcR-B1 receptor initiates a major early-

to-late gene expression transition, and lack of this signal-

ing leads to maintained expression of early temporal

factors [33��,34].

Temporal plasticity of Drosophila neuroblast

competence

The competence of neuroblasts to successively produce

distinct neuronal types at successive stages of their lineage

has been best studied using ectopic (i.e. heterochronic)

expression of tTFs [35,36]. Ectopic expression of the early

tTF Hb at later stages in the NB7-1 neuroblast lineage

induces the generation of early-born neuronal types that are

normally specified during the Hb expression window

[35,36]. However, competence to respond to ectopic Hb

is lost after the fifth division of this neuroblast, at a time

point when daughter cell fate switches from motor neurons

to interneurons. This loss of competence to respond toHb is

thought to be due to a repositioning of Hb target genes close

to the nuclear lamina, which renders them inaccessible, as

exemplified by the silencing of Hb itself through such a

process [37] (Figure 1b). This genomic reorganization

occurs in near synchrony within the entire neuroblast pop-

ulation, suggestingthatanextrinsicglobal signalmay trigger

this process [2,37]. Similarly, in the NB7-1 and NB3-1

lineages, Kr specifies third-born U3 motor neurons and

its mis-expression between the third and fifth neuroblast

division induces the generation of such motor neurons [36],

but the competence to respond to Kr is lost when the

neuroblast transits to generating interneurons. Polycomb

repressivecomplexes (PRCs), whichare multi-protein com-

plexes that inhibit transcription via epigenetic silencing,

restrict the competence of NB7-1 and NB3-1 neuroblasts to

respond to Kr, such that decreased PRC activity extends the

competence window for motor neuron generation [38].

PRCs are also found in mammalian neural progenitors,

where they regulate progenitor identity and control the

switch from neurogenesis to gliogenesis [39,40]. Finally,

progressive restriction in the competence to respond to

specific signals is not limited to neuroblasts but has also

been observed in intermediate progenitors, which lose

competence to respond to Notch-signaling as they age [41].

Temporal patterning in the mammalian
cerebral cortex
As is the case in Drosophila, at least some neural progeni-

tors in vertebrates also generate distinct neuronal sub-

types over time, and this process has been particularly
Current Opinion in Neurobiology 2019, 56:185–193
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well studied in the mouse neocortex. The neocortex is

organized in six layers, each enriched in specific subtypes

of neurons with distinct molecular identities, morpholo-

gies, and connectivity [19,20]. In the developing neocor-

tex, excitatory neurons are generated from apical pro-

genitors (APs) located in a deep germinal zone adjacent to

the lateral ventricles (ventricular zone, VZ). From E11.5

to E16.5, APs divide to self-renew and to produce daugh-

ter neurons and daughter intermediate progenitors (IPs,

also called basal progenitors). The latter cells move away

from the ventricular zone to form a second germinal zone

(subventricular zone, SVZ) and undergo only a few

rounds of neurogenic divisions. Cortical neurons can thus

be born directly from APs or indirectly from IPs, and

laminarly distinct subtypes of neurons are sequentially

generated from these cells, with deep-layer neurons being

born first and superficial layer neurons last, as is the case

in Drosophila VNC [2] (Figure 2a). Toward the end of the

neurogenic period, around E17.5, APs undergo terminal

divisions to generate glial cells [19,42]. The competence

of APs to generate temporally defined daughter cell types

results from the interplay of both cell-autonomous mech-

anisms and local and long-range environmental cues. The

transcriptional, environmental, and epigenetic influences

on APs temporal patterning are described in the following

sections.

AP neurogenic competence across neurogenesis

Clonal analysis of E12.5 APs using the Mosaic Analysis

with Double Markers (MADM) technology has shown

that the majority of APs produce approximately 8–9

neurons (range from 3 to 16) that settle in both deep

and superficial layers [42]. This indicates that as is the

case for Drosophila neuroblasts, APs progressively acquire

competence to generate distinct neuronal subtypes. Sup-

porting these observations, in vivo genetic fate mapping

of early APs expressing the deep layer marker FEZF2

showed that these progenitors exist throughout cortico-

genesis and sequentially generate deep then superficial

layer projection neurons [43]. Subsets of fate-restricted

progenitors may, however, exist, since CUX2-expressing

progenitors have been proposed to exclusively produce

superficial layer neurons. These cells were found in the

ventricular zone as early as E12.5, and would undergo

several rounds of proliferative divisions before undergo-

ing neurogenic divisions at the time of superficial layer

neuron generation [44]. Such fate-restricted progenitors,

if present at all, are probably rare, however, since they

have not yet conclusively been identified in single-cell

RNA sequencing datasets [45,46].

Cortical progenitors cultured in vitro recapitulate the

normal course of corticogenesis and produce early-born

deep layer neurons before generating late-born superficial

layer neurons [47]. However, several studies have
Current Opinion in Neurobiology 2019, 56:185–193 
reported an underrepresentation of late-born superficial

layer neurons in in vitro systems [47,48], and the propor-

tion of early-born to late-born fates is influenced by

culture conditions [32��,49]. Supporting these findings,

gene expression studies have shown that while progeni-

tors cultured as aggregates or organoids are progressively

changing their temporal gene expression profile over

time, isolated progenitors where cell–cell contacts are

prevented show only limited progression of temporal

gene expression [32��,49]. Similarly, while only a limited

number of late-born neurons was detected in an in vitro
system using human embryonic stem cell-derived cortical

progenitor cells, transplantation into a neonatal mouse

significantly increased the production of late-born super-

ficial layer neurons [48]. Together, these findings suggest

that temporal progression of cortical progenitors may

require additional cell-extrinsic cues to express their

competence to generate superficial layer neurons.

An important question is whether fate progression of

cortical progenitors necessarily implies fate restriction.

Spatially parcellated progenitors belong to distinct

lineages and are thus relatively independent in their fate

progression. Temporal parcellation instead requires a

mechanism to repress past competences and induce

new ones, but whether this mechanism is reversible or

not has not been systematically examined with modern

analytic tools. Seminal work in the ferret has investigated

the plasticity in the neurogenic competence of cortical

progenitors at different developmental stages using het-

erochronic transplantations. These studies revealed that

early progenitors transplanted into a late environment are

able to produce late-born superficial layer neurons, sug-

gesting that early progenitors are multipotent and

respond to cues present in a later environment [50,51].

In contrast, late progenitors transplanted into younger

hosts did not reset their neurogenic competence and

invariably gave rise to superficial layer neurons [52],

suggesting that progenitors at late stages of corticogenesis

become fate-restricted. A different interpretation, how-

ever, is that at late stages of corticogenesis, and particu-

larly in the ferret, transplanted progenitors consist mostly

of transit amplifying cells, including IPs, rather than APs.

Thus, as suggested by a recent preprint from our labora-

tory, the lack of plasticity in neurogenic competence upon

transplantation into younger hosts may reflect cell-type

specific differences in AP and IP competence rather than

a progressive restriction in the competence of APs [53].

Control of temporal transitions in APs

In contrast to the well-characterized temporal sequence

of tTFs in Drosophila, the temporal transcriptional

dynamics in mammalian cortical progenitors are still

relatively poorly described with only few genes identified

so far. Cortical progenitors express the transcription factor
www.sciencedirect.com
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Figure 2
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Overview of the mammalian cortical development.

(a) In the developing dorsal pallium, excitatory glutamatergic neurons born directly from APs or indirectly from IPs are generated in sequential

waves that organize one above the other and form six distinct neuronal layers in the adult neocortex. At late corticogenesis, APs undergo self-

consuming symmetric division to generate glial cells. (b) Cross-talk between a core transcription factor network regulating deep versus superficial

layer identity. Ctip2 and Fezf2 instruct deep layer identity and are expressed at early corticogenesis. Later in development, Satb2 expression is

triggered and instruct superficial layer neuron identity. (c) Illustration of intrinsic and extrinsic influences on the temporal transitions of APs.

Signaling factors from postmitotic neurons feedback to APs and instruct the transition from deep layer to superficial layer genesis. Progressive

hyperpolarization of APs membrane potential constitutes an additional mechanism of temporal regulation. Finally, dynamic changes in the

composition of the CSF could modulate APs behavior throughout corticogenesis.

Abbreviations: AP, apical progenitors; CSF, cerebrospinal fluid; IP, intermediate progenitors; LV, lateral ventricles; SVZ, subventricular zone; VZ,

ventricular zone.
FOXG1 during early stages of corticogenesis, as they

transit from Cajal Retzius cell production to deep layer

neuron production. Loss of FOXG1 at mid stages of

corticogenesis leads to heterochronic generation of Cajal

Retzius neurons, thus suggesting that continued FOXG1

expression is necessary to suppress Cajal Retzius produc-

tion [54]. A core transcriptional network of layer-enriched

transcription factors including FEZF2, CTIP2, TBR1

and SATB2 has been identified over recent years [55].

These factors cross-regulate each other’s expression,

which is thought to allow the sequential acquisition of

deep then superficial layer identities in newborn neurons

(Figure 2b). However, none of these transcription factors

are clearly temporally regulated and some of them (e.g.

CTIP2) are expressed in post-mitotic neurons but not in

APs [56–59]. Interestingly, late-born neurons initially

express a combination of lamina-specific markers, and

only later their identity is refined to include only superfi-

cial neuron markers. This process, which has been termed

‘transcriptional priming’ and which is also found in the
www.sciencedirect.com 
hematopoietic system, suggests that final neuronal iden-

tity is progressively acquired in the course of develop-

ment [46,60�,61].

Despite the lack of unequivocal tTFs in the neocortex, the

mammalian homolog of Hunchback Ikaros (Ikzf1) provides

a potential example of evolutionary functional conserva-

tion, as it is highly expressed in APs during early cortico-

genesis and promotes early-born deep layer fates [22].

Induction of Ikaros expression in late cortical progenitors

(where it is normally downregulated) is not, however,

sufficient to induce ectopic generation of deep layer neu-

rons. This suggests that competence to respond to Ikaros is

lost over time, reminiscent of the progressive loss of com-

petence to respond to Hunchback and Kruppel in Drosoph-
ila neuroblasts [35–38]. FEZF2, which is expressed by

early-born, deep-layer neurons is able to give rise to such

neurons when overexpressed later in corticogenesis, but

cannot per se be called a tTF, since the progeny of FEZF2

expressing APs are found in all cortical layers [43,57].
Current Opinion in Neurobiology 2019, 56:185–193
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Beyond individual tTF candidates, recent studies have

used single-cell transcriptomics to investigate the tempo-

ral diversity and transcriptional dynamics of APs across

neurogenesis [32��,45,46]. In a recent study [46], we

found that type-specific neuronal identity emerges from

the apposition of generic differentiation programs onto

ground state, embryonic age-dependent temporal identi-

ties. The coincidence between the initially shared tem-

poral identity between newborn neurons and their

mother progenitor is similar to how the progeny of Dro-
sophila neuroblasts are temporally patterned by their

mother cells (see Refs. [2,17]), with the difference that

in the mammalian brain, interactions between multiple

transcriptional programs rather than single tTFs appear to

be at play.

Epigenetic regulation plays a critical role in the progres-

sion of neocortical progenitor identity. This has been the

topic of a detailed recent review [62] and will only be

briefly discussed here. A recent study analyzing the DNA

methylation status of progenitors at different stages of

corticogenesis reported that APs are regulated by three

successive waves of demethylation, coinciding with the

period of neurogenesis, astrogenesis and oligodendrogen-

esis [63�]. In line with this, in neurogenic APs the pro-

moters of core astrocytic genes are hypermethylated,

preventing APs to respond to gliogenic extracellular cues

that are already present early in corticogenesis [64–66].

Similarly, in late APs, the Polycomb group complex

(which is also involved in identity progression in Drosoph-
ila, see Ref. [38] and discussion above) has been reported

to repress the promoter of proneural genes such as Ngn1,
thus favoring the transition to gliogenesis [67].

Non-cell autonomous controls over AP temporal identity

As has been reported for Drosophila larval neurogenesis

[33��,34], cell-extrinsic factors are involved in the pro-

gression of temporal identity in the mammalian neocortex

(Figure 2c).

We have recently shown that progressive hyperpolariza-

tion is required for progression in the neurogenic compe-

tence of APs, through a mechanism involving regulation

of Wnt signaling [68��]. Supporting a pathophysiological

relevance of these findings, mutation in the sodium

channel SCN3A, which is expressed in cortical progeni-

tors, leads to cortical folding defects in humans [69�].
Thus, environmental signals, by regulating AP membrane

potential, may affect the course of neurogenesis. Given

their anatomical location lining the lateral ventricles, APs

are directly influenced by the cerebrospinal fluid (CSF),

which contains a large and highly dynamic set of diffus-

ible proteins including regulators of cell survival and

proliferation [70–73]. Neuron-derived signals may also

be involved, and thalamic axons, in particular, may serve

as a source of signaling factors to modulate the cell cycle

length, proliferation rate and neuronal output of cortical
Current Opinion in Neurobiology 2019, 56:185–193 
progenitors and fine-tune post-mitotic neuronal identities

in an area-specific manner [74–76].

Illustrating a role for neuronal progeny in controlling AP

behavior, deletion of the transcription factor SIP1 specifi-

cally in newborn neurons leads to a precocious generation

of superficial layer neurons and increased gliogenesis

through feedback Fgf9, Ntf3 and Wnt signaling from

newly born neurons to cortical progenitor cells [77,78].

In addition, the embryonic genetic ablation of deep layer

neurons using Neurog2CreER/+ mice lengthens the period of

deep layer neuron production at the expense of superficial

layer generation, suggesting that feedback cues from

post-mitotic deep layer neurons are transmitted to APs

to allow their temporal transitions and generation of

superficial layer neurons [79].

Finally, as mentioned above, post-mitotic controls over

the temporal identity of neurons are also at play in the

developing neocortex, including through interactions

with subplate and thalamocortical afferents [80�,81�],
which together sculpt developing neurons into their final

stage-specific identity.

Perspectives
To sequentially generate distinct neuronal cell types,

neuronal progenitors progressively change their temporal

identity by integrating cell-autonomous transcriptional

dynamics and environmental cues. This progression

determines the identity of the neuronal progeny, and

hence subsequent circuit assembly and function. Given

the overarching role of temporal patterning in the assem-

bly of the nervous system, it will be interesting to exam-

ine whether abnormal molecular patterning, once better

characterized, is a common process at the root of seem-

ingly disparate neurodevelopmental disorders.
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