
Early events of neural development
Goals:
1) to discuss the origins of cells in the nervous system
2) to discuss how neural stem cells generate diverse cell types in the nervous system

The next four lectures will cover:
Induction (Jan 22)...emergence of the nervous system
Regionalization (Jan 24)...acquisition of positional information of neural cells
Discussion of a journal article (Jan 26)

Cell division and cell lineage (Jan 29) 
Neuronal fate specification (Jan 31)
Discussion of a journal article (Feb 2)

We will deal with glia later in the course!
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Outline of this lecture
Control of daughter cell fates after cell division (RGC vs differentiating cell)
-Notch-Delta signaling
-proneural basic helix-loop-helix (bHLH) transcription factors

Identity of progenitor cells influence the type of neurons that the progenitor cell produces.
-regional identity (outcome of regionalization)
-temporal identity (RGCs changes as they undergo asymmetric divisions)

Neuronal fate can be controlled postmitotically.
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Proneural transcription factors promote 
neuronal differentiation
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The differentiating daughter cell generated after an 
asymmetric division of a RGC expresses the proneural 
transcription factor Neurogenin 2 (Neurog2 or Ngn2).

Neurogenin 2 belongs to a family of transcription 
factors with a basic helix-loop-helix (bHLH) domain.

Neurogenin 2 promotes neuronal differentiation.

Neurogenin 2 promotes transcription of Tbr2, an IPC 
marker.

What determines whether the differentiating daughter 
cell becomes an IPC or a neuron is not well 
understood.
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Notch signaling and proneural bHLH 
factors

Ngn2 promotes transcription of Delta, a ligand for 
Notch, which is expressed in RGCs.

Notch signaling promotes transcription of Hes1, 
which inhibits Ngn2 functions and promote the 
RGC fate.
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expression of Dll1, which upregulates Hes1 expression in neighboring cells, 
suggesting that Notch signaling is active before neurons are born. This observation 
raises another question: why neurons are not formed during early stages, although 
the proneural gene  Neurog2  is expressed. 

 It was previously shown that Hes1 expression oscillates with a period of about 
2–3 h in many cell types (Hirata et al.  2002 ). This oscillatory expression is regulated 
by negative feedback with a delayed timing (Fig.  1.3 ) (Hirata et al.  2002 ). 

  Fig. 1.3    Oscillatory expression of Hes1 by negative feedback. Hes1 expression oscillates with a 
period of ~2–3 h in many cell types such as neural progenitor cells and fi broblasts. Hes1 represses 
its own expression by directly binding to its promoter. This negative feedback leads to the disap-
pearance of Hes1 mRNA and protein, because they are extremely unstable, allowing the next 
round of its expression. In this way, Hes1 autonomously starts oscillatory expression       

 

1 Dynamic Notch Signaling

Notch signaling pathway

Sanes (2011)

When Delta binds to Notch, 𝛾-secretase cleaves Notch, 
resulting in the release of intracellular domain (Notch-ICD) 
into the cytoplasm and into the nucleus. 

Together with Rbpj and MAML, Notch activates transcription 
of downstream genes such as Hes1 and Hes5. 

Hes inhibits proneural bHLH proteins.

Hes inhibits its own expression and oscillates rapidly in a 
reciprocal manner with Ngn2 in neural progenitor cells. 

In differentiating cells, Hes expression disappears and Ngn2 
expression becomes sustained. 
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et al.  2007 ).  Hes  genes also repress the expression of Notch ligand genes. Notch 
ligand expression is induced by proneural genes, and therefore neurons 
express Notch ligands and inhibit neighboring cells to differentiate into neurons by 
activating Notch signaling. This process, called lateral inhibition, is essential to main-
tain neural progenitor cells in the developing nervous system. In the absence of Notch 
signaling, all cells express proneural genes and initiate neuronal differentiation, result-
ing in premature depletion of neural progenitor cells without generating later-born cell 
types (Ishibashi et al.  1995 ; Hatakeyama et al.  2004 ; Imayoshi et al.  2010 ).

   While the Notch signaling pathway is important for maintenance of neural progeni-
tor cells, this regulation also suggests that neurons expressing Notch ligands are 
required to activate the Notch pathway, raising the question as to how neural progenitor 
cells are maintained during early stages of development before neurons are born.  

1.3     Oscillatory Expression of Notch Signaling Genes 

 In the developing mouse dorsal telencephalon, neural progenitor cells express the 
proneural gene  Neurog2 , the Notch ligand gene  Dll1 , and  Hes1  in a salt-and-pepper 
pattern at early stages before neurons are born. It is likely that  Neurog2  induces the 

  Fig. 1.2    The core pathway of Notch signaling. Proneural genes such as  Ascl1  (also called Mash1) 
and  Neurog2  (Ngn2) promote neuronal differentiation and induce the expression of Dll1, which in 
turn activates Notch signaling in neighboring cells. Notch is cleaved at the S1 site by Furin into two 
fragments that remain associated to form the functional heterodimer receptor consisting of the 
Notch extracellular domain and the transmembrane part. Upon activation of Notch, the Notch 
intracellular domain (NICD) is released from the transmembrane domain and transferred to the 
nucleus, where it forms a complex with the DNA-binding protein Rbpj and the transcriptional 
co-activator Maml. The NICD-Rbpj-Maml ternary complex induces the expression of transcrip-
tional repressor genes such as  Hes1  and  Hes5 . Hes1 and Hes5 repress the expression of proneural 
genes and Dll1, thereby leading to the maintenance of neural progenitor cells       

 

H. Shimojo et al.

Shimojo et al. (2013)

𝛾-secretase

proneural gene Ngn2 and the Notch ligand Dll1 also oscillates in
neural progenitors (Figure 8A). Downregulation of Hes1 expres-
sion by blockade of Notch signaling leads to sustained upregu-
lation of Ngn2 and Dll1, whereas sustained overexpression of
Hes1 downregulates Ngn2 and Dll1 expression. These data
suggest that Hes1 regulates Ngn2 and Dll1 oscillations in neural
progenitors by periodically repressing their expression. We then
speculated that Hes1 directly represses Ngn2 expression, as is
the case for a related proneural gene Mash1, which Hes1 directly
represses by binding to the Mash1 promoter (Chen et al., 1997).
However, regulation of Dll1 expression by Hes1 could be indi-
rect. It has been shown that Ngn2 upregulates Dll1 expression
by directly binding to the enhancer region (Castro et al., 2006).
Thus, Ngn2 oscillation itself may induce periodic upregulation
of Dll1. However, it is also possible that Hes1 directly represses
Dll1 expression by competing with Ngn2, because Hes1 can
functionally antagonize proneural factors by forming a non-
DNA-binding heterodimer complex (Sasai et al., 1992). Both
mechanisms are not mutually exclusive and may be cooperative
for precise regulation of Dll1 expression.

It has been shown that Notch ligands are expressed by differ-
entiating neurons (Henrique et al., 1995; Myat et al., 1996; Dun-
woodie et al., 1997). However, it was previously reported that
expression of Notch ligands and induction of the Notch effector

Hes5 occur before overt neuronal differentiation (Bettenhausen
et al., 1995; Hatakeyama et al., 2004). We showed here that
the Notch ligand Dll1 is expressed in an oscillatory manner by
neural progenitors. It is likely that Dll1 oscillation mutually acti-
vates Notch signaling in neighboring neural progenitors, thereby
maintaining Hes1 oscillation and these cells (Figure 8B). At one
time point, when the levels of Hes1 protein are high by activation
of Notch signaling, those of Ngn2 and Dll1 expression are low
(Figure 8B). About 1 hr later, the levels of Hes1 protein become
low as a result of oscillation, leading to upregulation of Ngn2
and Dll1, which activates Notch signaling of neighboring cells
(Figure 8B). Our data also showed that persistent Hes1 expres-
sion in subsets of neural progenitors represses Dll1 expression
and induces ectopic neuronal differentiation of the neighboring
cells in the ventricular zone (Figure S10). These data suggest
that Hes1 oscillation is important for mutual activation of Notch
signaling and maintenance of neural progenitors.

Apparently, Ngn2 oscillation cannot induce neuronal differenti-
ation, although Ngn2 is known to have a neurogenic activity (Ma
et al., 1996; Nieto et al., 2001; Sun et al., 2001). In differentiating
neurons, Ngn2 is expressed in a sustained manner (Figures 7C,
7E, and 7G). These results imply that oscillatory expression of
Ngn2 is not sufficient for but sustained upregulation is required
for neuronal differentiation. Ngn2 oscillation may be advanta-
geous for maintenance/proliferation of neural progenitors at early
stages, because it induces Dll1 expression and activates Notch
signaling without promoting neuronal differentiation. In agreement
with this idea, various levels of Ngn2 and Dll1 expression, which
are indicative of oscillatory expression, are observed more
frequently in neural progenitors at earlier stages (around E10.5
to E12.5), when many cells proliferate by symmetric cell division.

We showed that Ngn2 and Dll1 expression oscillates in neural
progenitors (Figure 7). On immunohistochemical analysis, Ngn2
protein was expressed at various levels by neural progenitors
(Figures 5 and 6), suggesting that expression of Ngn2 protein
also oscillates in thesecells. However, it remains tobe determined
whether Dll1 protein expression oscillates in neural progenitors.
We did not show this, because it was technically difficult to mea-
sure the Dll1 protein levels on the cell surface. If the Dll1 protein is
stable, Dll1 mRNA oscillation does not lead to Dll1 protein oscilla-
tion; rather, it just maintains Dll1 expression at certain levels.
Persistent expression of Dll1 protein would also induce Hes1
oscillation, because the addition of cells that persistently express
Dll1 can induce Hes1 oscillation (Hirata et al., 2002).

Although the periods of Hes1 oscillation vary from cycle to
cycle and from cell to cell, the average was 2–3 hr during E9.5–
E14.5. Because there was some tendency for the period to be
longer at earlier stages, different period lengths could be involved
in different characteristics of neural progenitors. For example,
symmetrically dividing early neural progenitors could have a
longer period than asymmetrically dividing late progenitors. Fur-
ther analysis will be required to reveal the relationship between
the period lengths and characteristics of neural progenitors.

Oscillatory versus Sustained Hes1 Expression
The developing nervous system is partitioned into many
compartments by such boundaries as the isthmus and zona
limitans intrathalamica (Kiecker and Lumsden, 2005). Cells in

Figure 8. Model for Oscillations in Notch Signaling
(A) Expression of Hes1, Ngn2, and Dll1 oscillates in dividing neural progenitors.

In immature postmitotic neurons, Hes1 is downregulated, whereas Ngn2 and

Dll1 are upregulated in a sustained manner. It is likely that oscillatory expres-

sion of Ngn2 is not sufficient but sustained upregulation is required for neuro-

nal differentiation.

(B) Ngn2 and Dll1 oscillations are regulated by Hes1 oscillation in neural pro-

genitors. Ngn2 oscillation may be advantageous for maintenance/proliferation

of neural progenitors at early stages, because it induces Dll1 expression and

activates Notch signaling without promoting neuronal differentiation.
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Notch-delta signaling was discovered by 
Drosophila genetics

“Proneural genes” encode basic-helix-loop-helix transcription factors. 

“Neurogenic gene” encodes the transmembrane protein Notch. 

Lateral inhibition selects a single cell in a proneural cluster to become a neuroblast. 

Sanes (2011)
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Many intrinsic and extrinsic factors regulate 
daughter cell fate after asymmetric cell divisions

characteristics and lineages [36,122]. Additional apical RGC types,

named short neural precursors (SNPs) [127], and subapical RGCs

(saRGCs) [128] have also been identified. SNPs divide apically like

apical RGCs, but have only short basal processes and undergo

mainly neurogenic divisions [127]. saRGCs were identified in the

developing ventral telencephalon of lissencephalic rodents and in

the dorsal telencephalon of gyrencephalic species. Therefore,

saRGCs are proposed to add to cortical expansion through increased

production of neurons [128].

These observations show that depending on the CNS region

and species, different types of neural progenitors exist with a

wide variety of morphologies, division modes, and lineages to

generate diverse neuronal outputs. Furthermore, neural progenitor

types and their lineages are by no means strictly separated and

unidirectional.

Differential molecular control of cell fate decisions
Although many general principles and mechanisms underlying

neurogenesis have been identified, it is poorly understood how

(subtle) differences in molecular mechanisms mediate the different

neuronal outputs required for distinct brain regions. For example,

only few molecular mechanisms in induction and maintenance of

the diverse types of neural progenitors in the mammalian neocortex

have been identified. Recently, it was shown that the nuclear Trnp1

protein maintains self-renewing RGCs, possibly through chromatin

remodeling [129]. Interestingly, Trnp1 expression is reduced in

areas of cortical expansion in human fetal brains. Also, deletion of

Trnp1 in mouse leads to increased horizontal cleavages and

increased bRG production [129].

As mentioned above, differences in early patterning events

induce subtle intrinsic molecular and epigenetic differences

between RGCs of different regions. Subsequently, RGCs of different

CNS regions show different responses to signals. For instance,

upon deletion of the small GTPase RhoA, RGCs in cortex,

midbrain, and spinal cord show similar RGC polarity defects and

migrate away from the ventricular surface. However, RGCs in

more expanded regions such as cortex and midbrain respond by

hyperproliferation, whereas RGCs in the spinal cord proliferate less

[6,8,9]. Within tissues, RGC proliferative capacity is modulated

through differential expression of transcription factors, possibly

influenced by dorsoventral and anterioposterior gradients of

morphogens. For example, maintained expression of the transcrip-

tion factor PLZF modulates RGC response to FGF ligands in the

central domain of the developing spinal cord through alterations in

FGF receptor and subsequent downstream signaling component

levels [130]. In this way, centrally localized RGCs maintain prolif-

erative capacity, whereas their dorsal and ventral counterparts

undergo differentiation. Future studies will certainly uncover new

mechanisms that differentially regulate initial RGC pool expansion,

regulation of cell cycle and progenitor diversity, and the length of

the neurogenic period to understand how regional and species

differences in neuronal output are mediated.

Conclusions

The generation of the proper amount of neurons in the various

regions of the developing vertebrate central nervous system

depends on a carefully regulated spatial and temporal balance

between NPC proliferation and differentiation (Fig 4). This

balance is controlled by the cumulative activities of numerous

extracellular and intracellular factors. The timing of the switch of

NPCs from proliferation to differentiation, as well as the sequen-

tial induction of specific NPC and neuron types, differs between

central nervous system regions and vertebrate species. Recently,

there has been a steep increase in the identification of molecules

and mechanisms that govern specific aspects of neurogenesis. A

challenge now is to integrate this knowledge into a coherent

concept of NPC proliferation versus differentiation, to determine,

at the cellular and molecular level, the principles that are

Neural progenitor Neuron

Inheritance of cell fate determinants

Silencing of NPC TF expression
miR, epigenetic modification

Neuronal feedback

Input from environment
CSF, meninges, blood vessels, afferents

Sequential TF expression

Shh signaling suppression  Differentiation

Notch signaling OFF  Proneural genes

Wnt signaling ON  Differentiation

Inheritance of cell fate determinants

Silencing of proneural genes
miR, epigenetic modification

Neuronal feedback

Input from environment
CSF, meninges

Patterning TF expression

Shh signaling ON Cell cycle

Notch signaling ON Proneural genes

Wnt signaling ON Cell cycle

Figure 4. Extracellular and intracellular factors affecting the balance between NPC proliferation versus differentiation.
For details, see text. TF, transcription factor.
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Outline of this lecture
Control of daughter cell fates after cell division (RGC vs differentiating cell)
-Notch-Delta signaling
-proneural basic helix-loop-helix (bHLH) transcription factors

Identity of progenitor cells influence the type of neurons that the progenitor cell produces.
-regional identity (outcome of regionalization)
-temporal identity (RGCs changes as they undergo asymmetric divisions)

Neuronal fate can be controlled postmitotically.
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Spatial diversity of progenitor cells contributes to 
generating diversity of neuronal types 

Ribes and Briscoe (2009) 

Distinct subtypes of interneurons (V0-V3) and motor neurons (MN) are generated from 
each of the six progenitor domains in the ventral spinal cord.
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Regionalization controls differential expression of 
proneural genes

Heng and Guillemot (2013)

24

 Neurog2  null mutant mice. Upper layer neurons appear to depend instead for their 
generation on other transcription factors, including Pax6 and Tlx (Schuurmans et al. 
 2004 ). Identifi cation of the genes that are downregulated in the cortex of  Neurog1 ; 
 Neurog2  mutant embryos by microarray transcript profi ling has shown that Neurog 

  Fig. 2.2    Proneural proteins play a central role in the specifi cation of glutamatergic and GABAergic 
neuronal fates in the embryonic telencephalon.  Left panel : Expression of Neurog1 and Neurog2 
and expression of their targets Neurod1 and Tbr2 are restricted to the dorsal telencephalon, while 
Ascl1 is expressed at a high level in the ventral telencephalon and at a lower level dorsally, and 
expression of its targets Dlx1/2 is restricted to the ventral telencephalon.  Right panel : Interactions 
that take place between transcription factors in telencephalic progenitors result in the generation of 
glutamatergic neurons from dorsal progenitors and GABAergic neurons from ventral progenitors. 
Neurog2 expression is induced by Pax6 in the dorsolateral telencephalon, and Neurog2 induces 
Neurog1 and suppresses Ascl1 expression (most likely indirectly) in progenitors throughout the 
dorsal telencephalon. Neurog2 controls the specifi cation of dorsal telencephalic progenitors into 
glutamatergic neurons by activating a programme that includes direct transcriptional activation of 
the transcription factors Neurod1 and Tbr2. In the ventral telencephalon, Gsx1 promotes Ascl1 
expression (through direct or indirect regulation). Ascl1 controls the specifi cation of GABAergic 
neurons in part through direct activation of the Dlx1/2 genes, which in turn induce the GABA 
biosynthetic enzymes Gad1 and Gad2. Gsx1 and Gsx2 can promote the expression of Dlx1/2 
and differentiation of GABAergic neurons in the ventrolateral telencephalon (lateral ganglionic 
eminence) even in the absence of Ascl1 (Fode et al.  2000 ; Scardigli et al.  2003 ; Schuurmans et al. 
 2004 ; Poitras et al.  2007 ; Wang et al.  2009 ; Martynoga et al.  2012 ).  Solid lines  represent direct 
transcriptional regulation, while  dotted lines  represent direct or indirect regulation.  HC  hippocampus, 
 CX  cortex,  LGE  lateral ganglionic eminence,  MGE  medial ganglionic eminence       

 

J. Heng and F. Guillemot

Expression of Neurogenins and Ascl1 are differentially regulated by regionalization 
mechanisms and are usually expressed in complementary manner in progenitor cells.

In telencephalon, Neurogenins are expressed in the dorsal part, which generates 
glutamatergic neurons. Ascl1 is expressed in ventral telencephalon, which generate mainly 
GABAergic inhibitory neurons.
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Neurog2 and Ascl1 control the major steps of 
neurogenesis through direct regulation of multiple 

genes

Heng and Guillemot (2013)

34

 The identifi cation of large numbers of target genes involved in the different steps 
of neurogenesis raises the question of whether some of these targets are more impor-
tant than others in mediating the function of proneural genes. This question has been 
addressed for the control of cortical neuron migration by proneural proteins. 
As discussed in Sect.  2.2.4 , the genes coding for the small GTP-binding proteins 
Rnd2 and Rnd3 are directly regulated by Neurog2 and Ascl1, respectively, and they 
promote the radial migration of cortical projection neurons (Heng et al.  2008 ; 
Pacary et al.  2011 ). Remarkably, overexpression of Rnd2 in  Neurog2 -defi cient neu-
rons restores effi ciently their migratory behaviour (Heng et al.  2008 ). Similarly, 
Rnd3 overexpression rescues the migratory defect of Ascl1-defi cient neurons 
(Pacary et al.  2011 ). Thus, for this particular step of neurogenesis at least, a single 
target gene mediates the regulation of a complex cellular process by a proneural 
protein. These fi ndings raise hope that it will be feasible, using similar rescue experi-
ments, to identify the different molecular pathways through which proneural proteins 
control the major steps of neurogenesis in the mammalian brain.  

  Fig. 2.5    Neurog2 and Ascl1 control the major steps of neurogenesis through direct regulation of 
multiple target genes.  Top panel : Only relatively few of the direct target genes of Neurog2 in the 
developing telencephalon are known since no genome-wide chromatin immunoprecipitation anal-
ysis has been published yet. Separate studies have reported the direct regulation by Neurog2 of the 
Notch ligand Delta1 involved in lateral inhibition, of the transcription factor Neurod1 and Tbr2 
involved in glutamatergic neuron differentiation and of Rnd2 involved in radial migration.  Bottom 
panel : A genome-wide analysis of the direct transcriptional targets of Ascl1 in the telencephalon 
has demonstrated that this factor directly controls the major steps of neurogenesis through regula-
tion of a large number of targets. This analysis also revealed that Ascl1 promotes sequentially the 
cell cycle progression and the cell cycle exit of telencephalic progenitors (Castro et al.  2006 ; 
Ochiai et al.  2009 ; Castro et al.  2011 ; Hindley et al.  2012 )       

 

J. Heng and F. Guillemot

General functions of proneural genes: promote neuronal differentiation

Specific proneural genes (Neurogenin vs Ascl1) control specification of glutamatergic  vs 
GABAegic neuronal fates
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Patterns of gene expression are an intrinsic 
determinant of cell identity

Regulation of gene expression:

-epigenetic modification of chromatin (histone and DNA)

-transcription factors (DNA binding proteins that control initiation of transcription)

-micro RNAs and long-noncoding RNAs

-mRNA is also modified (“epitranscriptomics”)

-post-translational modification

12



Outline of this lecture
Control of daughter cell fates after cell division (RGC vs differentiating cell)
-Notch-Delta signaling
-proneural basic helix-loop-helix (bHLH) transcription factors

Identity of progenitor cells influence the type of neurons that the progenitor cell produces.
-regional identity (outcome of regionalization)
-temporal identity (RGCs changes as they undergo asymmetric divisions)

Neuronal fate can be controlled postmitotically.

13



Neurogenesis in ventral nerve cord neuroblast 
lineages in the Drosophila embryo
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3-1
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-About 30 neural progenitor cells (neuroblasts) are arranged in a segmentally repeated pattern 
in the ventral CNS of Drosophila embryos. 

-With each cell cycle (~1hr long), a small ganglion mother cell (GMC) buds off and divides once 
more to generate a pair of neurons or glia.
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Neurogenesis in ventral nerve cord neuroblast 
lineages in the Drosophila embryo
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-Each neuroblast is uniquely identified by the 
position and expression of specific molecular 
markers.
 
-A specific neuroblast gives rise to a 
reproducible set of neural progeny in the same 
birth order.

-Sequential expression of temporal identity 
factor: Hb→Kr→Pdm→Cas

Hb (Hunchback; Ikaros family zinc finger 
transcription factor) is necessary and sufficient 
for early-born neural identity in multiple 
neuroblast lineages.

-Svp (Sevenup; COUP-family nuclear receptor) 
regulates the transition from Hb expression to 
Kr expression. The transition also requires 
cytokinesis.
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Temporal fate specification in the mammalian 
retina

Cepko (2014)
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Turner and Cepko (1987)

-All the cells in the retina are derived from retinal 
progenitor cells (RPCs). 
-In vivo lineage tracing (with retrovirus, etc.) shows that 
individual retinal progenitor cells are multi-potent. 
-There is an evolutionarily conserved order of generation 
of neurons and glia. 
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Models of retinal cell fate determination

Cepko (2014)

-Analysis of gene expression in single retinal progenitor cells show that they are extremely 
heterogeneous.

-Are differences in the expression of a particular mRNA correlated with the number or types 
of daughter cells produced by retinal progenitor cells?

intrinsic, temporal order 
of competency states

RPC
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RGC

Amacrine cell
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. They found 
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cal divisions that produce one RGC and one 
RPC, and that this pattern of production was 
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a b
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Biases in the types of neurons produced by 
specific RPCs

Cepko (2014)

Bipolar cell

a  Mouse Olig2+ (TVA+)

Chick
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Rod
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that are selective to 
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-Olig2-expressing RPCs divide only once to produce two neurons, even early in development.
 
-These cells seem to represent a subpopulation of terminally dividing cells.

-Cdh6-expressing RPCs generate larger clones, indicating the existence of bias in non-
terminal division.
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Temporal fate specification in the mammalian 
retina

Kohwi and Doe (2013)

Ganglion cell

Cone photoreceptor 
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levelsTime
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-Ikaros is expressed in early progenitor cells and is necessary and sufficient for specification 
of early-born neuronal types (Eliott et al., 2008).

-Retina-specific deletion of Dicer, which is required for production of microRNA, results in 
the increased number of early-born cell types and the reduction of late-born cell types.  
Suggested target miRNAs include miR-9, let-7 and miR-125 (their over-expression 
accelerates early-to-late fate switch).  

-Counting the number of cell cycles does not seem to regulate temporal progression of the 
cell fate (mice with too few or too many cell cycles still produce early- and late- cell types in 
the normal ratio). 
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Extrinsic cues affect temporal progression 
of retinal cell fates

Depletion of early-born cell types (retinal ganglion cells (RGCs), amacrine cells) does not 
impair the production of late-born cells.....evidence against the feed-forward regulations) 

Feedback inhibition does exist:
-Existing RGCs limit the production of additional RGCs through soluble factors (Shh, 
Gdf11).
-Existing amacrine cells limit the production of additional amacrine cells.
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Temporal fate specification in the 
mammalian neocortex

Kowhi and Doe (2013)
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-inside-out pattern of neurogenesis followed by gliogenesis
-Early progenitor cells express Ikaros. 
-Prolonged Ikaros expression or deletion of COUP-TF genes delays transition.

Developmental time

Wild type

Prolonged
Ikaros

expression

COUP-TF1/2
mutants

Neurogenic to gliogenic switch

Early-born
neurons

Later-born
neurons Glia

21



Switch from neurogenesis to gliogenesis

Intrinsic factors: 
-“proneural” basic bHLH transcription factors promote neurogenesis and inhibit gliogenesis

-Gliogenic factor Sox9 is required for the timely neuron-to-glia switch.

Extrinsic factors: 
-cytokines activate Gfap transcription and promote gliogenesis

ciliary neurotrophic factor (CNTF)
leukemia inhibitory factor (LIF)
cardiotropin I (CT1)...produced by newborn cortical neurons

-other factors that promote gliogenesis
BMP
Notch ligands
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Mammalian proneural genes regulate the neuronal 
vs glial fate decisions

Heng and Guillemot (2013)

22

of Neurog1 in radial glial stem cells involves the simultaneous induction of neuronal 
differentiation genes and inhibition of the gliogenic JAK-STAT signalling pathway. 
The transition from neurogenesis to gliogenesis, which takes place around embry-
onic day 18 in the mouse cerebral cortex, requires the active repression of proneural 
gene expression and/or the suppression of their activity. The BMP and Notch path-
ways promote gliogenesis in part by inducing transcriptional repressors of the Id 
and Hes families, which in turn act by inactivating proneural protein and repressing 

  Fig. 2.1    Proneural genes regulate the neuronal versus glial fate decision.  Top panel : Proneural 
genes/proteins interact with signalling pathways to promote neurogenesis during telencephalic 
development. Neurog1 expression is induced by Wnt signalling and expression of all proneural 
genes is repressed by Notch/Hes signalling in a process of lateral inhibition. Neurog1 induces 
expression of neuronal genes while suppressing transcription of the astroglial genes GFAP and 
S100β through sequestration of a Smad1/CBP complex.  Bottom panel : Signalling pathways sup-
press proneural protein expression and activity and promote the switch to astrogliogenesis at the 
end of the neurogenic period of cortical development. Expression of all proneural genes is 
repressed by Hes1/5 downstream of Notch signalling and that of Neurog1 is specifi cally repressed 
by the Polycomb complexes PRC1 and PRC2, and the activity of proneural proteins is inhibited by 
Id proteins downstream of BMP signalling. Astroglial gene transcription is activated by recruit-
ment of Notch intracellular domain (Notch ICD), Smad proteins downstream of BMP signalling 
and STAT proteins downstream of cytokine and EGF signalling. STATs act synergistically with 
Hes and Smads to transactivate astroglial promoters (Sun et al.  2001 ; Hirabayashi et al.  2004 ; 
Hirabayashi et al.  2009 ; Martynoga et al.  2012 )       

 

J. Heng and F. Guillemot
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Changes in progenitor competence

Kowhi and Doe (2013)

-Pulsed ectopic Hb expression can produce early-born neurons 
only up to the 5th division.
-Permanent silencing of Hb gene locus occurs at the end of the 
“competence window”.
-Hb genomic locus is associated with the nuclear lamina, a 
gene silencing hub.
-Genetic disruption of the nuclear lamina reduce Hb gene-
lamina association and delays the closure of the competence 
window.
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Changes in progenitor competence

Kowhi and Doe (2013)

-Heterochronic transplantation of ferret cortical 
progenitor cells shows that progenitor cells lose 
competence to specify early-born, deep-layer neurons 
(McConnell, 1988; Desai and McConnell, 2000).

-Young progenitors (producing layer 6) are able to follow 
the host program (producing layers 2-3) only when the 
progenitors were transplanted prior to undergoing S-
phase of the cell cycle.

-Very old progenitors (producing layers 2/3) are NOT 
able to follow the host program (producing layer 6) even 
if they undergo one or more cell divisions in the young 
environment.

-When old progenitor (producing layer 4) are 
transplanted to young (producing layer 6) donor, they do 
not produce layer 6 neurons but they produce layer 5 
neurons. 

-This suggests that competence to specify temporal 
identity persists for a short amount of time.

Cortical
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II/III–IV
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Layer VI

VZ/SVZ

Host DonorHost Donor

Old progenitors
Young progenitors

Young embryoOlder embryo

a %ompetence Hor laminar Hate specification

Heterochronic transplantation
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Methods for analyzing cell lineage
Vertebrate models are behind C. elegans and Drosophila, in which cell lineages have been 
described. 

It is important to develop a clonal analysis of cell lineage in order to better understand 
mechanisms of cell divisions and cell fate in vertebrate nervous systems.

302 neurons
56 glial cells

neural cell lineages in C. elegans
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Retrovirus vectors for lineage tracing

positions due to the distances and speed at which they
migrated (Movie S1).
To address the possibility that sibling cells may be intrinsically

programmed to reach the same cortical destination, we sought a
method whereby clonal progeny could be distinguished in the
mature cortex. We were able to specifically label MGE progeni-
tors through the combined use of transgenic mice and retroviral
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Figure 2. Clustering of Sparsely Labeled
MGE Progenitors
(A) E12.5 Nkx2.1-Cre;LSL-Tva mouse embryo

showing the TVA+ region of the MGE progenitor

zone where RCAS viral infection is permitted, in

green.

(B–C0) P28 brain sections containing RCAS-GFP

virus-labeled clones stained with PV (white) ([B]

and [B0]) or SOM (red) ([C] and [C0]).

(D) Pie chart showing the percentage of cells

positive for PV, SOM, or negative for both markers

(Neither) from Nkx2.1-Cre;LSL-Tva-injected brains

(n = 4 brains, 701 cells).

(E) Coronal section of P28 mouse brain injected

with RCAS-EGFP virus at E12.5. Sparse EGFP+

neurons appear to cluster together into groups of

two or more cells in the cortex.

(F) RCAS-EGFP-labeled neurons, derived from

infections of progenitors in the developing cortex

with a BrdU pulse given 24 hr after infection (red),

showing that EGFP+ neighboring cells often share

the same BrdU labeling status. The upper box

shows a pair of BrdU! migratory neurons (upper

magnified panel F0), whereas the lower box shows

a pair of BrdU+ migratory neurons (F00).

(G) E12.5 Nkx2.1-Cre;LSL-Tva mouse embryos

injected with a mixture of RCAS-GFP and RCAS-

mCherry viruses and harvested at P28.

(H) Coronal section of mouse injected with mixed

virus showing clusters of red, green, and yellow

cells.

(I) Cumulative proportion of nearest neighbor dis-

tribution (NND) of same (black) and different (red)

fluorophores (n = 3 brains, 215 cells, p < 0.01,

Kolmogorov-Smirnov). Scale bars: (B) 50 mm and

(G) 100 mm.

vectors so that only MGE progenitors
would be infected. We utilized a geneti-
cally modified Replication Competent
ASLV long terminal repeat with Splice
Acceptor (RCAS) viral vector, combined
with transgenic expression of the RCAS
cognate receptor TVA in cells of the
ganglionic eminence (Figure 2A). Under
normal conditions, RCAS vectors are
only able to infect avian cells (Young
et al., 1993). However, the use of trans-
genic mice that express the cognate
TVA receptor enables the virus to infect
mammalian cells (Brown et al., 2011;
von Werder et al., 2012). We used two
mutant mouse lines to express TVA in

ventral telencephalic progenitors: Olig2-Tva-ires-Cre, in which
Tva-ires-Cre is knocked into the Olig2 locus, and Nkx2.1-
Cre;LSL-Tva lines (Brown et al., 2011; Schüller et al., 2008; von
Werder et al., 2012; Xu et al., 2008) (Figures 2A and S3). We
were able to achieve specific and sparse labeling of progeni-
tors in the ganglionic eminences with in utero intraventricular
injection of a recombinant GFP-expressing RCAS virus and

Neuron 87, 999–1007, September 2, 2015 ª2015 Elsevier Inc. 1001

Key to provide cell-type specificity 
-retrovial vector (RCAS) combined with trangene-mediated supply of the receptor TVA in a specific type of neural progenitor 
cells expressing Nkx2.1.

-Virus can enter the mammalian cells that express TVA but cannot be released from the infected cells.

Key to provide sparse labeling 
-use a low virus titer 

Harwell et al., 2015
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Use of barcode retrovirus library
-different barcode (24bp) almost certainly guarantees a unique clone.

A limitation of the retroviral tracing
-very robust silencing underestimates lineage capabilities of stem cells

Harwell et al., 2015

confirmed that the injection of RCAS into both TVA lines at E12.5
resulted in specific labeling of interneurons in the mature brain
(Figures 2B, 2C, and S3). Most GFP-positive cells co-labeled
with the interneuron subtype markers PV and SOM (53.0% and
24.0%, respectively; n = 4 brains, 701 cells) (Figure 2D). We
chose to focus the rest of our analysis on the Nkx2.1-Cre; LSL-
Tva line because infection was confined to MGE progenitors
instead of all ventral telencephalic progenitors, as in the Olig2-
Tva-Cre line (Figures S3A–S3C).

Upon in utero intraventricular injection of RCAS-GFP into E12.5
Nkx2.1-Cre; LSL-Tva mice, we observed clustering of cortical in-
terneurons in both the mature and developing cortex, consistent
with previous reports of clustering of sparse virus-labeledneurons
(Brown et al., 2011; Ciceri et al., 2013) (Figures 2E and 2F). We
reasoned that if sibling cells were clustered, we should observe
segregation and/or aggregation of virus-labeled cells derived
from a common progenitor. To this end, we injected E12.5 em-
bryos from Nkx2.1-Cre;LSL-Tva mice with a mixture of RCAS-
GFP:RCAS-mCherry viruses (Figure 2G). Our rationale was that
wewould observe clusters of GFP- andmCherry-positive clonally
related clusters dispersed throughout the brain.We harvested the
injected brains at P28 and found numerous examples of cell clus-
ters consisting of red, green, and yellow cells (Figure 2H). We then
measured the cumulative nearest neighbor distribution between
cells of the same or different color (Figure 2I). We found that
different color neighbors were more closely distributed than cells
of the same color (p < 0.01, n = 3 brains, 234 cells), suggesting
that clustering can occur independently of lineage. However, the
true distribution of cells in relation to their clonal siblings cannot
be determined with this method because clustered cells sharing
the same color could be derived from different progenitors.
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QmGFP-OL Retroviral Library Figure 3. Lineage Analysis of Nkx2.1+ Pro-
genitors Using Barcode Retroviral Library
(A) Schematic of the QmGFP-OL murine retroviral

library. Each retrovirus expresses membrane GFP

and contains a 24-bp barcode sequence.

(B) EnvA pseudotyped retrovirus libraries were

intraventricularly delivered into Nkx2.1-Cre;LSL-

Tva embryos at E12.5; brains were harvested and

analyzed at P28.

(C) Stained neuron outlined for laser capture

microdissection and catapulting.

(D) Example gel of nested PCR products of

dissected cells and GFP-negative tissue sections

used as controls.

(E) Example barcode sequence alignment showing

two four-cell clones with matching barcodes.

(F) 3D map of two four-cell clones shown in red

and blue. Green spheres show cells which did not

return a barcode sequence.

To directly determine the clonal rela-
tionship of clustered interneurons, we
utilized an EnvA-pseudotyped retrovirus
library carrying oligonucleotide sequence
tags or barcodes (Cepko et al., 1995;
Fuentealba et al., 2015; Jiang et al.,
2013;WalshandCepko, 1992) (Figure3A).
In addition to the barcode sequence,

each virus contained a transgene for membrane-bound GFP.
The retroviral library, consisting of 105 unique 24-bp barcode
sequences, was injected in utero into the lateral ventricle of
E12.5 Nkx2.1-Cre;LSL-Tva embryos at a concentration between
53 107 and 53 105 cfu/ml (Figure 3B). Brains of infected trans-
genic mice were harvested at P28 and sectioned and stained for
interneuron subtype markers PV and SOM. The position of each
cell and its histological subtype was then recorded (Table S1). In
order to determine the barcode sequence, each mapped cell
was collected by laser capture microdissection, and the viral
tag was amplified by nested PCR and sequenced (Figures 3C–
3E). The clonal, histological, and spatial information was then
combined to build 3D maps of GFP-positive cells in the brains
of P28 mice (Figure 3F). In order to control for contamination
and screen for viral silencing, we randomly collected and PCR-
amplified GFP-negative pieces of tissue for every GFP-positive
cell. A very small number of barcodes were detected from
GFP-negative tissue (< 1%, n = 701 cells). Between 14 and
234 cells were labeled from each injection (n = 8 hemispheres,
4 brains). Given the number of cells infected in each hemisphere,
the probability of neurons containing the same tag arising from
two independent progenitor infections is exceedingly low (Cepko
et al., 1995; Jiang et al., 2013; Walsh and Cepko, 1992). There-
fore, multiple cells sharing the same barcode are presumed to
be clonally related siblings.
Amplified and sequenced barcodes were obtained from 302

cells, 30.1% of which were part of a multi-cell clone, defined
as two or more cells sharing the same barcode. The majority of
individual cells (69.9%) carried unique barcodes, indicating
that either they were single cell clones, or we failed to amplify
the barcode of their sibling cells. The average size of multi-cell

1002 Neuron 87, 999–1007, September 2, 2015 ª2015 Elsevier Inc.

Increasing the fidelity of single cell labeling
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Genetic lineage tracing with MADM (mosaic 
analysis of dual markers)

Figure S1. Outline of MADM-Based Clonal Analysis of Neocortical Excitatory Neuron Production and Organization, Related to Figure 1
(A) Schematic of MADM labeling.

(B) Experimental paradigm ofMADM-based clonal analysis. A single dose of TM treatment is performed at E10, E11, E12 or E13, and brains are analyzed at P7-10,

when neuronal migration in the neocortex is mostly finished, or P21-30, when neocortical development is largely complete.

S2 Cell 159, 775–788, November 6, 2014 ª2014 The Authors

Gao et al., 2014

Goal: Infrequent labeling of neural progenitor cells that express an 
inducible Cre (CreER). 

A low dose of tamoxifen allows an extremely low efficiency of inter-
chromosomal recombination that results in a full reading frame of 
EGFP and tdTomato.

When the recombined cell divides, one daughter cells expresses 
EGFP and the other daughter cell expresses tdTomato. All the 
progeny of each of these daughter cells continue to express EGFP 
or tdTomato, allowing lineage tracing.

When linked to a certain gene mutation, in vivo mosaic analysis of 
knockout cells is also possible.
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Regulation of postmitotic cell fate by 
transcription factors

Fig. 4. CTA and TCA guidance in the developing brain. (A) Schematic representation of the corticothalamic projection trajectory (in green) in a
developing coronal brain section showing the key gradients for their guidance and the close anatomical relation with TCA (in gray). The inset shows
the different trajectory of subcerebral axons (which grow through the GP; in blue) and the corticothalamic axons (which grow through the corridor; in
green) in the subpallium, indicating the guidance receptors expressed by CTA. (B) Schematic representation of the thalamocortical projection
trajectory (in red) in a developing coronal brain section showing repellent Slit gradients at the midline and hypothalamus, growth promoting Nrg1
gradients at the corridor and the angle region of the pallium, and the close anatomical relation with CTA (in gray). The inset shows a high-
magnification schema from the vTel region in a 45! corridor section (Bielle et al., 2011b), indicating the guidance receptors expressed by TCA. The
intricate display of overlapping gradients in the developing vTel leads to the initial topographical sorting of the thalamocortical projection at the
corridor. Abbreviations: Ncx, neocortex; sp, subplate; Str, striatum; co, corridor; GP, globus pallidus; TE, thalamic eminence; Th, thalamus.

Fig. 5. Transcription factors interaction regulates cortical neuron fate specification. Schemes showing the key transcription factors for neuron fate
specification in the different cortical layers. Satb2 expression in layer II/III is key for CPN specification (A); while Fezf2 expression in layer V is
essential for the specification of CSMN (B); finally, Tbr1 expression in layer VI cortical neurons has a critical role regulating fate divergence toward
corticothalamic instead of subcerebral projection neurons (C). (D) Schema showing the interactions between different key transcription factors for
neuron identity specification. The dashed arrow from Fezf2 to Ctip2 indicates an indirect positive regulation; while the dashed bar-end lines between
Fezf2 and Satb2, Fezf2 and Tbr1, and Tbr1 and Ctip2 represent that direct inhibition has not been established. This figure is partially adapted from
(D) McKenna et al. (2011). Copyright Elsevier.
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The cortex receives its major sensory input from the
thalamus via the thalamocortical projection, which is
reciprocally connected with the cortex via the
corticothalamic projection. Corticofugal neurons are
further divided into two groups: corticothalamic neurons,
which reside in layer VI and extend their axons into the
thalamus; and subcerebral projection neurons, which
are confined to layer V and project axons away from the
cortex into basal ganglia, diencephalon, midbrain,
hindbrain and spinal cord. In this review we will highlight
new discoveries regarding the development of these
major forebrain tracts with an emphasis on the fate
determinants that specify the different projection neuron
subtypes and on the axon guidance mechanisms that
assist in the formation of these connections, providing a
comprehensive frame to understand their development.

CORTICOCORTICAL CALLOSAL PROJECTION

Origin and function

The majority of inputs onto cortical neurons arise from
other cortical neurons, either in the same hemisphere
(ipsilateral corticocortical connections) or in the opposite
hemisphere (callosal connections). The two
hemispheres of the cerebral cortex communicate
through the largest fiber tract in the mammalian brain,
the CC, which plays an essential role in high-level
associative connectivity. The CC is not the only fiber
tract that connects the two hemispheres, the anterior
commissure and the hippocampal commissure also

cross the forebrain midline, but it is the only one
devoted to integrate the information from the two
cortical sides. Regarding its origin, the CC is formed by
the axons of a diverse population of neocortical
pyramidal neurons called CPN whose cell bodies
principally reside in cortical layers II/III (approximately
80% in rodents), layer V (approximately 20% in rodents)
and, to a lesser extent, layer VI (Koester and O’Leary,
1994; Rash and Richards, 2001; Richards et al., 2004;
Mitchell and Macklis, 2005; Lindwall et al., 2007;
Petreanu et al., 2007; Donahoo and Richards, 2009;
Molyneaux et al., 2009; Fame et al., 2011). Agenesis of
the CC in humans is associated with a large number
of different neurological syndromes with a diverse
range of symptoms, including language dysfunction,
abnormalities in social interaction, attention deficits, and
poor personal insight (Yorke and Caviness, 1975; Paul
et al., 2007).

The formation of the CC requires several critical
developmental events. First, the formation of the midline
which is crucial acting as a substrate for pioneering
callosal axons formed by distinct midline cellular
populations including the midline zipper glia, the glial
wedge, the indusium griseum glia, and the subcallosal
sling (Silver, 1993; Silver et al., 1993; Shu et al.,
2003a). Second, the generation of callosal pyramidal
neurons and their axons. Neocortical projection neurons
arise primarily from apical and early basal intermediate
progenitors in the pallial ventricular zone (VZ) and later
from an intermediate population of basal progenitors in
the subventricular zone (SVZ), a type of transit-

Fig. 1. Major forebrain axonal tracts. Schematic representation of CPN (in purple), CST (in blue), CTA (in green) and TCA (in red) projections in a
sagittal section (A) and in serial coronal sections (B). This figure is partially adapted from (A) Fame et al. (2011) and (B) López-Bendito et al. (2007).
Abbreviations: OB, olfactory bulb; Str, striatum; co, corridor; Gp, globus pallidus; Th, thalamus; Cb, cerebellum; Ncx, neocortex; sp, subplate; cc,
corpus callosum; IC, internal capsule; cp, cerebral peduncle; sc, spinal cord. Copyright Elsevier.
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Lopez-Bendito (2013)

-Ectopic expression of Fezf2 in upper 
cortical neurons can reprogram them to 
adopt the fate of deep layer neurons 
(marker expression and subcortical 
projection). But the switch of fate occurs 
only for a brief time window after the final 
mitosis. 
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Regulation of postmitotic cell fate by 
neuronal activity

0CVWTG�4GXKGYU�^�0GWTQUEKGPEG

'ODT[Q #FWNV

&GXGNQROGPVCN�
GXGPVU

4QNGU�QH�
PGWTQVTCPUOKVVGTU

2TQNKHGTCVKQP

/KITCVKQP

&KȭGTGPVKCVKQP

5[PCRUG�
HQTOCVKQP

5RQPVCPGQWU�
CEVKXKV[

5GPUQT[�KPRWV

%C�
 %C�
 %C�
%C�


/QTRJQIGPU 5[PCRVKE 5KIPCNU

#EVKXKV[�FGRGPFGPV�PGWTQVTCPUOKVVGT�TGURGEKȮECVKQP

'NGEVTKECN�
GZEKVCDKNKV[

As might be expected from corrections in the balance 
of excitation and inhibition, when this occurs after syn-
apse formation there is a corresponding correction or  
homeostasis of behaviour.

Many of the key advances in our understanding of 
activity-dependent neurotransmitter respecification have 
been made possible because of the accessibility of the  
developing X. laevis nervous system and the use of cul-
tured developing spinal neurons in studies investigat-
ing the role of calcium-dependent electrical activity. 
In this amphibian, as in the fly, fish, chick and mouse, 
embryonic action potentials express a substantial inward 
calcium current, the function of which was elusive. It is 
now known that these action potentials are first driven 
by paracrine signals and are later generated synaptically 
during normal development; clues to their function 
have been provided by experimental perturbations that  
suppress or enhance this activity.

In this Review, I first discuss the evidence for activ-
ity-dependent transmitter respecification in the imma-
ture nervous system and the molecular mechanisms 
by which it is achieved. I next examine the cases in 
which transmitter receptor expression has been shown 
to change and match the change in transmitter speci-
fication and describe changes in behaviour driven by 
activity-dependent transmitter respecification during 
development. I then consider the evidence for activity-
dependent changes in transmitter specification in the 
mature nervous system and, finally, I explore potential 
clinical implications of activity-dependent transmitter 
respecification.

Activity-dependent transmitter respecification
Early studies. The embryonic nervous system of X. laevis 
has been particularly useful for investigation of activity-
dependent transmitter respecification, because before 
the formation of synaptic connections, the emergence 
of electrical excitability and the appearance of GABA 

expression develop at similar rates in spinal neurons 
both in culture and in vivo1–5 (BOX 1). In vivo, these neu-
rons begin generating calcium-dependent action poten-
tials at the time of closure of the neural tube, triggered by 
paracrine signals1,3,6. Early experiments using cultured 
neurons first characterized the patterns of spontaneous 
calcium spikes, and their manipulation was discovered 
to result in changes in the numbers of neurons express-
ing GABA. The developmental appearance (in both 
protein and transcript form) of the GABA-synthesizing 
enzyme 67 kDa glutamic acid decarboxylase (GAD67; 
also known as GAD1) was later found to parallel the 
appearance of GABA expression. Increasing calcium 
spike frequency led to increases in the percentage of 
GABAergic neurons and increasing numbers of GAD67 
transcripts7,8. Crucially, these early findings suggested 
that a frequency code drives GABA respecification 
in these neurons, and thus motivated the analysis of  
neurotransmitter respecification in vivo. 

Neurotransmitter respecification before synapse for-
mation and its role in homeostasis. As noted above, 
plasticity of neurotransmitter identity could endow 
the nervous system with a mechanism to maintain the 
essential balance of excitation and inhibition, although 
the possibility has not received much consideration 
by the research community. To determine the role of 
spontaneous calcium spiking and frequency coding in  
transmitter respecification, activity was monitored  
in different classes of neurons in the embryonic X. laevis 
neural tube during an early period of development start-
ing before synapse formation. Spike activity was then 
suppressed or enhanced either pharmacologically or by 
misexpressing inward rectifier potassium channels (Kir 
channels) or voltage-gated sodium channels (Nav chan-
nels) to determine the role of such activity in transmit-
ter respecification. These experiments were designed to 
mimic the alteration of calcium spiking that could be 

Figure 1 | Developmental context for activity-dependent neurotransmitter respecification. Early development 
involves sequential but overlapping phases of neuronal proliferation, migration and differentiation. Spontaneous activity 
appears before synapse formation that enables sensory inputs. Both forms of excitability generate calcium signals that 
drive changes in neurotransmitter identity.

REVIEWS

NATURE REVIEWS | NEUROSCIENCE  VOLUME 13 | FEBRUARY 2012 | 95

© 2012 Macmillan Publishers Limited. All rights reserved

Neurons elicit spontaneous activity (Ca spikes) and transmitter release before synapse 
formation.

Spitzer (2012)
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Summary
Control of daughter cell fates after cell division (RGC vs differentiating cell)
-The daughter cell receiving Notch signaling stays as an RGC by activating the bHLH 
protein Hes1 and Hes5.
-The daughter cell expressing proneural bHLH transcription factors (e.g. Neurogenins or 
Ascl1) and Delta (=Notch ligand) undergoes differentiation. Proneural bHLH factors 
promote neuronal differentiation and Delta keeps the neighboring progenitor cell from 
differentiating.

Identity of progenitor cells influence the type of neurons that the progenitor cell 
produces.
-regionalization establishes positional identity of neural progenitor cells.
-Ngn2 and Ascl1 are differentially regulated in developing brain by regionalization, and 
promote differentiation of glutamatergic and GABAergic neurons, respectively.
-RGCs changes their identity and fate potential as they undergo asymmetric divisions.

Neuronal fate can be controlled postmitotically.
-Many transcription factors are known to regulate genes that are specific to certain 
neuronal types.
-Neuronal activity also regulates gene expression, thus neuronal identity.
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