
The mammalian neocortex is a complex, highly orga-
nized, six-layered structure that contains hundreds of 
different neuronal cell types and a diverse range of glia1,2. 
It is the region of the brain responsible for cognitive func-
tion, sensory perception and consciousness, and as such it 
has undergone pronounced expansion and development 
during evolution3. There are two broad classes of corti-
cal neurons: interneurons, which make local connections; 
and projection neurons, which extend axons to distant 
intracortical, subcortical and subcerebral targets. Projection 
neurons are glutamatergic neurons characterized by a 
typical pyramidal morphology that transmit information 
between different regions of the neocortex and to other 
regions of the brain. During development, they are gener-
ated from progenitors of the neocortical germinal zone 
located in the dorsolateral wall of the telencephalon4–8. 
By contrast, GABA (γ-aminobutyric acid)-containing 
interneurons and Cajal–Retzius cells are generated prima-
rily from progenitors in the ventral telencephalon and 
cortical hem, respectively, and migrate long distances to 
their final locations within the neocortex9 (BOX 1). In this 
manner, multiple progenitor zones contribute to the rich 
variety of neuronal types found in the neocortex.

Within the mature neocortex, distinct populations of 
projection neurons are located in different cortical layers 
and areas, have unique morphological features, express 
different complements of transcription factors, and 
ultimately serve different functions. The complexity and 
diversity of projection neuron subtypes makes any classifi-
cation scheme difficult, but the most accurate system prob-
ably extends beyond hodology (anatomical projections) 

to include a combination of morphology, electrophy-
siological properties and patterns of gene expression1,10. 
Nevertheless, the most basic schema is based on hodology, 
which has proved useful during the initial investigation of 
neuronal subtype development (BOX 2).

How are these various projection neuron subtypes 
generated during corticogenesis? Insights from years of 
study in the spinal cord and retina provide models for 
how a diversity of neuronal types can be generated11,12. 
Within the neocortex, some of the basic mechanisms 
that control general neuronal specification, migration 
and connectivity during development have been identi-
fied13–15. More recently, the discovery of genes that have 
layer and neuronal subtype specificity within the neo-
cortex has made it possible to begin to investigate the 
mechanisms underlying the specification of individual 
projection neuron subtypes.

Here we review the development of the rodent neo-
cortex in the context of recent data regarding the role 
of individual genes in controlling the specification and 
development of distinct projection neuron subtypes. 
First, we describe the diversity of progenitors that give 
rise to the projection neurons of the neocortex. Next, 
we discuss the molecular programmes that instruct the 
early steps of progenitor specification, and extensively 
review the genes that define neuronal subtype- and layer-
specific identity. Finally, we focus on subcerebral projec-
tion neurons as a prototypical population and describe 
recent advances in understanding the sequence of signals 
that control the generation of this developmentally and 
clinically important neuronal type.
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Abstract | In recent years, tremendous progress has been made in understanding the 

mechanisms underlying the specification of projection neurons within the mammalian 

neocortex. New experimental approaches have made it possible to identify progenitors and 

study the lineage relationships of different neocortical projection neurons. An expanding set 

of genes with layer and neuronal subtype specificity have been identified within the 

neocortex, and their function during projection neuron development is starting to be 

elucidated. Here, we assess recent data regarding the nature of neocortical progenitors, 

review the roles of individual genes in projection neuron specification and discuss the 

implications for progenitor plasticity.
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Subcortical targets
Structures located ventral to 

the cortex, including the 

thalamus, brainstem and spinal 

cord.

Subcerebral targets
Structures located ventral to 

the cerebrum (telencephalon/

diencephalon), including the 

brainstem and spinal cord.

Cajal–Retzius cells
Early-born neurons of 

cortical layer I that express 

reelin.

Competence state
The intrinsic molecular state of 

a cell that determines its 

differentiation potential.

Niche
Specific anatomical, cellular 

and molecular environment of 

a cell or population of cells.

Symmetric cell division
A mode of cell division that 

gives rise to two daughter cells 

of the same type.

Asymmetric cell division
A mode of cell division that 

gives rise to two different 

daughter cells.

Neocortical progenitors

During early development, there is a dramatic expan-
sion of the neuroepithelium in the dorsolateral wall of 
the rostral neural tube that will give rise to neocortical 
projection neurons. The layer immediately adjacent to 
the ventricle is termed the ventricular zone (VZ). As 
neurogenesis proceeds, an additional proliferative layer 
known as the subventricular zone (SVZ) forms above the 
VZ16,17. Progenitors residing in the VZ and SVZ produce 
the projection neurons of the different neocortical layers 
in a tightly controlled temporal order from embryonic 
day (E) 11.5 to E17.5 in the mouse18–20, and postmitotic 
neurons position themselves in the developing neo-
cortex through defined modes of radial and tangential 
migration6,21–23. The earliest born neurons appear around 
E10.5 in the mouse and form a layered structure termed 
the preplate, which is later split into the more super-
ficial marginal zone and the deeply located subplate. 
The cortical plate, which will give rise to the multilay-
ered neocortex, begins to develop in between these two 
layers17, such that later born neurons arriving at the 
cortical plate migrate past earlier born neurons18,20 (FIG. 1).

The precise relationships among progenitors and the 
identities of the individual progenitor populations that 
give rise to each projection neuron type are still largely 
unknown. Lineage tracing of clonally related populations 
indicates that, at the earliest stages of cortical neurogen-
esis (approximately E11.5 in the mouse), individual pro-
genitors are able to give rise to pyramidal neurons across 
layers II–VI7,24. As development progresses, progenitors 
become progressively restricted in their competence states. 
Early cortical progenitors normally fated to form deep-
layer neurons are multipotent and can generate later born 
neurons of upper layers when transplanted into the niche 
of late progenitors25. Progenitors of the upper layers have 
less plasticity26,27 but can be induced to generate earlier 
fates under the appropriate conditions28,29.

There are at least three basic types of neurogenic 
progenitors within the developing neocortex: neuroepi-
thelial cells, radial glia and intermediate progenitors30. 
Initially, there is a single sheet of pseudostratified 
neuroepithelial cells undergoing symmetric cell divisions 
to expand the pool of multipotent progenitors as well 
as a smaller percentage of asymmetric cell divisions to 
generate the earliest born neurons30–32. As neurogenesis 

progresses, they transform into radial glia, which share 
some but not all antigenicity with the early neuroepi-
thelial cells33,34. Possessing long processes that extend 
from the ventricular wall to the pial surface, radial glia 
have long been known to have crucial roles in guiding 
neurons to their final locations in the cortical plate by 
serving as a migratory scaffolding6,23. More recently, 
several studies have provided direct evidence that at 
least some radial glia also function as progenitors that 
make major contributions to cortical neurogenesis22,33–38 
by generating pyramidal neurons either directly through 
mitoses at the apical surface of the VZ, or indirectly 
through the production of proliferating intermediate 
progenitors39. In addition to the full-length radial glia, 
other neuron-producing precursors have been described 
in the VZ30,38,40,41. One study observed a subpopulation 
of progenitors that can be distinguished from radial glial 
cells by the absence of a full-length pial process and by 
the ability to drive the Tα1 α-tubulin promoter and 
named them ‘short neural precursors’40. Importantly, this 
study also found that all progenitors within the VZ are 
labelled with markers that had been considered radial 
glia specific (for example, RC2 and GLAST)40. Further 
study is needed to clarify the extent of diversity and the 
relationship of progenitors within the VZ.

Intermediate progenitors (also known as basal pro-
genitors) are the other major type of neuron-producing 
progenitor and are located in the SVZ, and in the basal 
VZ early in neurogenesis before the formation of the SVZ. 
The SVZ starts to form at E13.5 in the mouse and expands 
significantly during late corticogenesis17,42. It has been 
proposed that the SVZ might be a site of neurogenesis 
for upper-layer neurons42, but solid evidence supporting 
this hypothesis was lacking. Instead, cell divisions in the 
SVZ were thought to primarily contribute to gliogenesis, 
not neurogenesis43. More recently, elegant studies in slice 
culture have shown that radial glia frequently undergo an 
asymmetric division to generate an intermediate progeni-
tor, which then migrates into the SVZ before pausing and 
undergoing a symmetric round of cell division to produce 
two neurons39,44. Using Tis21-green fluorescent protein 
(GFP) knock-in mice that only express nuclear GFP in 
cells undergoing a neuron-producing division, progeni-
tors dividing at the basal side of the VZ (the developing 
SVZ) were observed to undergo symmetric cell divisions 

Box 1 | Distant progenitor zones contribute to the neuronal diversity of the neocortex

A wealth of evidence has accumulated indicating that neocortical GABA (γ-aminobutyric acid)-containing 
interneurons are derived from germinal zones outside the neocortex and migrate long distances to their final 
locations9. The majority of neocortical interneurons originate in the medial and caudal ganglionic eminences in the 
ventral telencephalon, whereas smaller populations might be produced in the lateral ganglionic eminence and septal 
area9. Each progenitor domain contributes distinct sets of interneurons to the neocortex, indicating an evolutionary 
mechanism for expanding the diversity of neuronal types within the cortex123–125. Like interneurons, different 
subtypes of layer I Cajal–Retzius cells are derived from at least three regions outside the neocortex: the caudomedial 
cortical hem61,126–128, the pallial–subpallial boundary129 and the septum129; the bulk of Cajal–Retzius cells originate 
from the cortical hem128. Interestingly, there seems to be a difference in humans, in that a subpopulation of 
interneurons within the human neocortex are derived from progenitors that undergo at least their final mitosis in the 
dorsal telencephalon130. However, it is not yet known if these progenitors observed in humans represent a new class 
of dorsal progenitor, or if they are ventrally derived cells that migrate into the dorsal ventricular zone and 
subventricular zone before producing interneurons locally. 
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giving rise to two postmitotic neurons45 , confirming and 
extending the slice culture results on a global scale.

Further evidence that this observed neurogenesis 
in the SVZ contributes to the generation of upper-layer 
neurons came from the identification of several markers 
that are expressed in the SVZ during upper-layer neu-
rogenesis and are also expressed in upper-layer postmi-
totic neurons. For example, subventricular-expressed 
transcript 1 (Svet1) and cut-like 2 (Cux2, also known as 
Cutl2) are expressed in a subset of dividing cells in the 
SVZ during the generation of upper-layer neurons and 
postnatally in some neurons of layers II–IV, suggesting 
that Svet1 and Cux2 might be markers for upper-layer 
progenitors within the SVZ46–48. Interestingly, Cux2 
expression is detected in the basal VZ starting at E11.5 
in mice, suggesting that progenitors committed to the 
generation of upper-layer neurons might be present early 

in cortical neurogenesis, before the formation of the SVZ 
and several days before the production of upper-layer 
neurons46,48, although more definitive fate mapping 
experiments are needed to explore this possibility. A 
separate set of in vivo fate mapping experiments used the 
promoter regions of the gene neurogenic differentiation 
6 (Nex, also known as Neurod6) to obtain Cre recom-
binase expression in progenitors of the SVZ combined 
with a floxed reporter delivered by adenovirus at E14 to 
label progenitors during the generation of upper-layer 
neurons. GFP reporter expression was mapped to neu-
rons residing in the upper layers, providing more defini-
tive support for the SVZ origin of upper-layer neurons49. 
Studies of the evolution of the mammalian cortex suggest 
that upper-layer neurons are a recent evolutionary addi-
tion, whereas layer V and VI projection neurons might 
be related to pyramidal neurons of a primitive cortex50–52. 

 Box 2 | Major subtypes of projection neuron within the neocortex

Classified by hodology, there are three basic classes of 
cortical projection neuron: associative, commissural and 
corticofugal. Below are some principal subtypes:

Commissural
Callosal projection neurons. Projection neurons of small to 
medium pyramidal size that are primarily located in layers 
II/III, V and VI, and extend an axon across the corpus 
callosum (CC) (panel a). At least three major types of 
callosal neuron can be classified. These maintain: single 
projections to the contralateral cortex (black); dual 
projections to the contralateral cortex and ipsilateral or 
contralateral striatum (blue); and dual projections to the 
contralateral cortex and ipsilateral frontal cortex (green). 
These never project axons to targets outside the 
telencephalon. Str, striatum.

Corticofugal (subcortical)
Corticothalamic neurons. Projection neurons primarily 
located in cortical layer VI, with a smaller population in 
layer V, that project subcortically to different nuclei of the 
thalamus (Th) (panel b).
Subcerebral projection neurons. Also referred to as type I 
layer V projection neurons (panel c). These include 
pyramidal neurons of the largest size, which are located in 
deep-layer V and extend projections to the brainstem and 
spinal cord. They can be even further subdivided into 
several distinct projection neuron subtypes. Among them:
• Corticotectal neurons (orange) are located in the visual 

area of the cortex and maintain primary projections to 
the superior colliculus , with secondary collateral 
projections to the rostral pons (Po).

• Corticopontine neurons (pink) maintain primary 
projections to the pons.

• Corticospinal motor neurons (purple) are located in the 
sensorimotor area of the cortex and maintain primary 
projections to the spinal cord, with secondary collaterals 
to the striatum, red nucleus, caudal pons and 
medulla.

Many other subtypes of subcerebral projection neuron 
exist that send axons to different areas of the brainstem or 
have different combinations of collaterals, but are not 
depicted here for simplicity. Crb, cerebellum; OB, olfactory 
bulb; SC, spinal cord.
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Thus, the expansion of the SVZ might represent an evo-
lutionary mechanism to increase the number of neurons 
within the neocortex, especially during the generation of 
neurons of upper layers53,54.

Given the heterogeneity of progenitor types and their 
different locations in the VZ and SVZ, it is not clear how 
the balance of extrinsic and intrinsic signals combines to 
determine neuronal fate. Early experiments that tested 
the effect of cell–cell contact and the ventricular niche in 
controlling the fate of early progenitors indicate that cell–
cell contact and/or extrinsic signals are required for early 
progenitors to give rise to deep-layer neurons upon trans-
plantation55. So far, beyond a recent study demonstrating 
a role for brain-derived neurotrophic factor (BDNF) as 
an extrinsic signal in the VZ and SVZ that is important 
for laminar fate determination, few extrinsic signals have 
been identified28. Interestingly, time-lapse microscopy of 

cortical progenitors cultured at clonal density revealed 
that a progenitor can continue to divide in vitro and 
produce neurons that express laminar markers after the 
same number of cell divisions as their in vivo counter-
parts. Although it will be important to further investigate 
whether these cells possess a full cortical phenotype in 
light of prior work showing that culture manipulations 
can modify phenotypic acquistion by cortical progeni-
tors56, these data suggest that the timing and progression 
to produce a given subtype of projection neuron is at least 
partially intrinsic to progenitors57. This could be due to 
the initiation of an intrinsic signalling cascade within a 
multipotent progenitor several days before its postmi-
totic neurons are generated. Unfortunately, these in vitro 
studies did not test whether single clones could sequen-
tially generate layer VI neurons, followed by layer V 
neurons, followed by upper-layer neurons. Additional 
experiments are necessary to investigate the clonal 
relationships among neuronal subtypes of different 
layers, and to determine whether progenitors can 
progress through the generation of different subtypes of 
pyramidal neurons while in vitro. Despite the existence 
of this intrinsic programme, it is important to note that 
the transplantation of early progenitors into later envi-
ronments indicates that extracellular signals can alter 
this programme as long as the environmental signals are 
changed before the S phase of the cell cycle25,58.

Progressive specification of projection neurons

Specification of neocortical progenitors. Upon induc-
tion of the telencephalon by gradients of extracellular 
signalling molecules such as sonic hedgehog, fibroblast 
growth factors and bone morphogenetic proteins59, 
a number of genes that direct neocortical neurogen-
esis are expressed across the dorsolateral wall of the 
telencephalon. These include LIM homeobox 2 (Lhx2), 
forkhead box G1 (Foxg1), empty spiracles homologue 
2 (Emx2) and paired box 6 (Pax6), each of which has 
crucial roles in specifying the progenitors that give rise 
to the projection neurons of the neocortex. Together, 
these four genes establish the neocortical progenitor 
domain by repressing dorsal midline (Lhx2 and Foxg1) 
and ventral (Emx2 and Pax6) fates (FIG. 2).

In the absence of Lhx2, most of the neocortical VZ 
is absent and there is a dramatic expansion of structures 
normally limited to the dorsal midline60–62. Similarly, in 
the absence of Foxg1, neocortical progenitors are not 
specified, whereas progenitors of the archicortex (which 
gives rise to the hippocampus) and the cortical hem (one 
major source of Cajal–Retzius cells) are expanded63,64. 
Remarkably, Foxg1 removal as late as E13.5 from progeni-
tors that already have a neocortical identity results in the 
production of cells with characteristics of Cajal–Retzius 
cells57,65, indicating that the persistent expression of Foxg1 
throughout neurogenesis is required for the maintenance 
of neocortical progenitor identity. This suggests that pro-
genitors, although seemingly progressively fate-restricted, 
retain a tremendous degree of plasticity.

Emx2 and Pax6, which are expressed in opposite 
and overlapping gradients in the dorsal telencephalon 
and are key determinants of the proper development of 

Figure 1 | Schematic depicting how progenitors 
residing in the VZ and SVZ in mice produce 
projection neurons in an ‘inside-out’ fashion. The 

earliest born neurons form the preplate (PP), which is later 

split into the more superficial marginal zone (MZ) and the 

deeply located subplate (SP). The cortical plate (CP), which 

will give rise to the multilayered neocortex, develops in 

between these two layers, such that later born neurons 

arriving at the cortical plate migrate past earlier born 

neurons. Different classes of projection neuron are born in 

overlapping temporal waves. All times listed are 

approximations given the neurogenic gradients that exist 

across the cortex, where caudomedial neurogenesis lags 

behind rostrolateral neurogenesis17. CH, cortical hem; 

E, embryonic day; Ncx, neocortex; IZ, intermediate zone; 

LGE, lateral ganglionic eminence; MGE, medial ganglionic 

eminence; SVZ, subventricular zone; VZ, ventricular zone; 

WM, white matter. Modified, with permission, from REF. 131 

© (2002) Elsevier Science.
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cortical areas (for a review, see REF. 66), are also required 
for establishing the identity of dorsal progenitors67. In 
the absence of both genes, the cortex does not form and 
ventral progenitor domains expand across the entire 
dorsal telencephalon67. The absence of Pax6 alone results 
in the expression of markers of ventral progenitors, such 
as Mash1, Gsh2 and Dlx2, and abnormalities in the pro-
duction of projection neurons that are most pronounced 
in the rostral cortex67–71. This is not due to the migra-
tion of ventral cells into cortical territory72, but rather 
to a cell autonomous failure to repress ventral genes in 
the absence of Pax6 (REF. 73). This is most pronounced 
during the generation of upper-layer neurons 68–72.

Pax6, along with Nr2e1 (also known as Tlx), also 
controls the proliferation of VZ progenitors during 
the establishment and expansion of the SVZ. In both 
Pax6 mutants and Nr2e1 mutants, deep-layer neurons 
are generated normally whereas the superficial cortical 
layers are decreased in thickness46–48,68,74,75. There is a 
global decrease in upper-layer neurons in both the Pax6 
and Nr2e1 single mutants, including a reduction in the 
number of Cux1-, Cux2- and Svet1-expressing neurons 
in the Pax6 mutant46,47, with an even more severe phe-
notype in the double mutant68. It will be important to 
examine these mutants with additional subtype-specific 
markers of upper layers to elucidate whether specific 
populations are selectively affected, or if the absence of 
these genes has a more global impact on the generation 
of all upper-layer pyramidal neuron subtypes.

Investigations into the mechanisms underlying the 
decrease in upper-layer neuron number in the Pax6 
and Nr2e1 mutants indicate that these genes control 
the kinetics of cell division of VZ progenitors, and the 
decision of a progenitor to divide symmetrically or 
asymmetrically. Therefore, they appear to regulate the 
expansion of the SVZ and the number of pyramidal 
neurons in the upper layers. In Nr2e1 mutants, the SVZ 
is decreased in size, progenitors proliferate less, and they 
undergo premature differentiation, producing the most 
superficial layers of the neocortex 1–2 days early75,76. 
Similarly, in Pax6 mutants, there is an increase in the 

proportion of progenitors undergoing asymmetrical cell 
division between E12.5 and E15.5 (REF. 77), with a prema-
ture decrease in the number of Cux2-expressing cells in 
the SVZ of Pax6 mutants46, despite an apparent expan-
sion of the SVZ in the mutants owing to the defective 
migration of late-born cells74. Recent work has begun to 
offer some insight into the temporal sequence of gene 
expression that controls these decisions. For example, 
Pax6 is expressed at high levels in progenitors dividing 
at the ventricular surface, whereas it is largely excluded 
from intermediate progenitors in the SVZ. The progres-
sive loss of Pax6 as cells migrate into the SVZ is associ-
ated with the initiation of Tbr2 (also known as Eomes) 
expression, identifying the transition to intermediate 
progenitor cells78. This observation, combined with the 
recent finding that there is a reduction in the number of 
Tbr2 intermediate progenitors in the absence of Pax6 
(REFS 73,78), suggests that Pax6 regulates the formation 
and expansion of the SVZ, further supporting a role for 
this factor in regulating the development of the upper 
layers. In the future, it will be important to further 
investigate the specific role of Pax6 at different stages of 
corticogenesis through the use of conditional knockout 
models as analysis of the null mutant suggests multiple 
roles for Pax6 throughout development.

Subtype and laminar specification in the neocortex. 
Although genes that identify neocortical progenitors 
as a global population (for example, Pax6 and Tbr2) 
have been discovered, so far there are no markers to 
distinguish among progenitors that generate different 
projection neuron subtypes. Therefore, much less is 
known about the genes that control the progressive com-
mitment of progenitors to give rise to distinct subtypes 
of postmitotic projection neurons. Recently, tremen-
dous advances have been made in the identification of 
laminar- and subtype-specific markers through large-
scale in situ hybridization projects79–82, the creation of 
transgenic mouse lines expressing GFP under the control 
of promoters of lineage- or layer-restricted genes83, gene 
expression studies comparing microdissected regions of 

Figure 2 | Emx2, Pax6, Lhx2 and Foxg1 have crucial roles in the specification of neocortical progenitors. Loss of 

both empty spiracles homologue 2 (Emx2) and paired box 6 (Pax6) results in ventralization of cortical progenitors and the 

loss of the neocortical domain (Ncx), archicortex (Acx), cortical hem (CH) and choroid plexus (CPl) by embryonic day (E) 14 

(REFS 67,132). Loss of LIM homeobox 2 (Lhx2) results in the expansion of the CPl and CH medial domains and the 

elimination of progenitors with neocortical identity60–62. Similarly, loss of forkhead box G1 (Foxg1) causes agenesis of the 

basal ganglia, elimination of neocortical progenitor domains and expansion of the CH and the Acx63,64. CR, choroidal roof; 

ChF, choroid field (choroid plexus and choroidal roof); Cx, cortex; Lge, lateral ganglionic eminence; Mge, medial 

ganglionic eminence; Pcx, paleocortex. Modified, with permission, from REF. 133 (2003) Oxford Univ. Press.
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neocortex84,85, and the comparison of purified neuronal 
subtypes by microarray analysis86,87. These projects have 
dramatically expanded the number of known layer- and 
subtype-specific genes (FIG. 3; Supplementary informa-
tion S1 (table)).

Examples of layer-specific genes include, among 
many others: Cux1, Cux2 and Lhx2, markers of 
layers II/III to IV46,48,88,89; Brn2 (also known as Pou3f2), a 
marker of layer II/III and V90,91; Rorβ, a marker of layer 
IV92; 6430573F11Rik and encephalopsin (also known as 

Opn3), markers of layer V81,86; and Foxp2, a marker of layer 
VI93. Some of these genes have been described as being 
expressed in one specific neuronal type within a layer or 
across layers, including a large number of genes that exhibit 
varying degrees of restricted expression in corticospinal 
motor neurons86. Genes with expression known to be 
restricted to individual subtypes include: B-cell leukae-
mia/lymphoma 11B (Ctip2, also known as Bcl11b), which 
is expressed at high levels in subcerebral neurons of layer 
V and at much lower levels in corticothalamic neurons of 
layer VI86; Scip (also known as Pou3f1), which is primarily 
expressed in the subcerebral projection neurons of layer 
V, in addition to lower levels of expression in neurons of 
layers II/III94; orthodenticle homeobox 1 (Otx1), which 
is expressed in 40–50% of subcerebral neurons as well as 
a number of cells in layer VI95; Er81, which is expressed 
in cortico-cortical and subcerebral projection neurons of 
layer V96; Nfh (also known as Nefh), which is expressed 
in subcerebral projection neurons of layer V97; and Lmo4, 
which is expressed in callosal neurons of layers II/III and 
V86,88. Further, careful investigation of the neuronal sub-
types expressing each of the other laminar-specific genes 
depicted in FIG. 3 is needed.

Although great progress has been made in identify-
ing markers of postmitotic neurons once they have 
reached the cortical plate, it is not clear whether the same 
markers can be used to identify progenitors of each 
neuronal subtype, or whether such lineage-committed 
progenitors even exist. A number of neuronal subtype-
specific genes are expressed in what appear to be subpopu-
lations of neurons in the VZ and SVZ, where they might 
label progenitors or early postmitotic neurons of that same 
neuronal subtype. For example, both Fez family zinc finger 
2 (Fezf2, also known as Fezl) and Otx1 are expressed in 
the VZ prior to and during the generation of layers V and 
VI, and are later expressed in postmitotic neurons of these 
layers. However, it is important to be extremely cautious 
when inferring that a gene has a role in the specification of 
subtypes at the progenitor level on the basis of restricted 
expression that is later observed in a particular neuro-
nal subtype; it is entirely possible that the gene has two 
independent functions during development98. This is best 
illustrated by considering Lhx2, which is expressed in the 
VZ and SVZ prior to and during the generation of upper 
layers and is also expressed in postmitotic neurons of the 
upper layers. The finding that the loss of Lhx2 results in 
the absence of neurons of all layers60,61 suggests that Lhx2 
probably has two functions during development: in the 
VZ, it is required to establish the neocortical identity of 
progenitors of all layers, whereas later in development 
it might control more specific aspects of upper-layer 
differentiation. Yet, as discussed above, there is bet-
ter evidence that genes like Cux2 and Svet1 might be 
identifiers of SVZ progenitors destined to give rise to 
an upper-layer pyramidal neuron. For each of these 
genes, further study is required to define the relationship 
between progenitors and postmitotic neurons expressing 
the same genes.

Investigations into the function of layer- and subtype-
restricted genes are starting to provide insight into how 
neuronal subtypes are specified in the neocortex. Brn1 

Figure 3 | Laminar- and subtype-specific genes in the mouse neocortex. Schematic 

of cortical layers depicting the laminar-specific expression of 66 genes within the 

neocortex. Dark blue and light blue indicate higher and lower relative levels of 

expression, respectively. Genes for which laminar or subtype expression varies by area 

within the neocortex are indicated by an asterisk. Dynamic patterns of expression during 

development are seen for many of these genes and should always be considered when 

using laminar or subtype-specific markers. For example, B-cell leukaemia/lymphoma 11B 

(Ctip2) is initially expressed at much higher levels in layer V than layer VI, but is 

equivalent in the two layers by postnatal day 14. Consult references for details on 

expression patterns and changes in expression during development. SP, subplate. 

Full names, Entrez Gene ID numbers, and references for each of the genes are listed in 

Supplementary information S1 (table). 
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(also known as Pou3f3) and Brn2, which are expressed 
primarily in neurons of layers II–V90,91,96, are involved in 
directing the differentiation and migration of neurons 
within these layers. The Brn1/Brn2 double knockouts 
have decreased numbers of neurons in layers II–V, and 
those that are born exhibit abnormalities in migration, 
arresting in the VZ/SVZ90,91. Additionally, some markers 
of upper-layer neurons are expressed in these mutants, 
whereas others (for example, SorLa, also known as Sorl1) 
are absent, suggesting abnormalities in differentiation. By 
contrast, Tle4- and T-box brain gene 1 (Tbr1)-expressing 
neurons of layer VI seem to form and migrate normally 
into the cortical plate in the absence of Brn1 and Brn2 
(REFS 90,91). Further analysis of Brn1/Brn2 mutants 
with recently identified markers is needed to illuminate 
precisely which subtypes of neurons are affected in the 
absence of Brn1 and Brn2. Like Brn1 and Brn2, Tbr1 
is expressed by multiple types of cortical neurons, and 
its absence has a broad impact on projection neuron 
differentiation99,100. In the absence of Tbr1 there are 
abnormalities in projection neuron migration, and 
defects in axon extension by subplate, corticothalamic, 
subcerebral and cortico-cortical projection neurons100.

Although it has been proposed that neurogenin 1 
and neurogenin 2 have key roles in regulating deep-
layer neurogenesis68,101, the majority of Er81-positive 
and Tbr1-positive neurons of layers V and VI are 
clearly generated in their absence68,102. Neurogenins 
probably function to maintain dorsal glutamatergic 
fate within deep-layer neurons68, instead of having a 
primary role in specifying laminar or projection neuron 
subtype fate. Mdga1, a recently identified cell adhesion 
molecule, is required for layer II/III projection neurons 
to migrate to their appropriate position in the neocor-
tex103. Knockdown of Mdga1 by RNA interference results 
in migrational arrest in the intermediate zone and deep 
layers of the neocortex103. Similar investigations for each 
of the other subtype-specific genes are needed in order 
to delineate the programmes of gene expression that 
direct subtype-specific differentiation. As more evidence 
accumulates regarding the functional roles played by the 
many subtype-specific genes that are being discovered, 
we will probably witness rapid progress in understanding 
the programmes of gene expression that direct neuronal 
subtype differentiation in the neocortex.

Subcerebral projection neuron specification. Among 
the different types of cortical projection neurons, sub-
cerebral projection neurons are an ideal model popula-
tion for studying subtype specification in the neocortex. 
They are a discrete, readily identifiable, prototypical 
projection neuron population, located within layer Vb 
of the neocortex. They are defined by possessing axons 
that project below the cerebrum to targets in the spinal 
cord or brainstem, including the tectum, red nucleus 
and pons86,104–108. After being born in the germinal zone, 
all subcerebral projection neurons migrate to layer Vb 
and extend a primary axon through the internal capsule, 
cerebral peduncle and pyramidal tract towards the spinal 
cord. Secondary collaterals sprout from the primary axon 
only after it has passed other targets such as the superior 

colliculus and pons109. Inappropriate connections are 
later eliminated, leaving subcerebral projection neurons 
in the sensorimotor cortex projecting to the caudal 
pons and spinal cord, whereas those in the visual cortex 
maintain projections to the rostral pons and superior 
colliculus107,109,110. Given this common pattern of initial 
development, many of the genes controlling early speci-
fication and differentiation are likely to be shared among 
the different types of subcerebral projection neuron86.

The most well-studied subtype of subcerebral projec-
tion neuron is the corticospinal motor neurons (CSMNs), 
a developmentally and clinically important population. 
CSMNs are of great interest because they form the basis 
of voluntary movement in humans, they degenerate in 
degenerative motor neuron diseases including amyo-
trophic lateral sclerosis (ALS), and their injury contri-
butes to the loss of motor function after spinal cord injury. 
The precise point in development at which CSMNs begin 
to differ molecularly from other subcerebral projection 
neurons, and the mechanisms that initiate this change, 
are unresolved questions. Recently, the identification of a 
large number of subcerebral and CSMN-specific genes has 
enabled an expanding effort to decipher the programmes 
controlling CSMN development86. The expression 
patterns of these genes indicate that the fate specification 
and differentiation of subcerebral projection neurons in 
general, and CSMNs in particular, are probably directed 
by a combinatorial code of transcription factors and other 
molecules. These molecules are expressed in a pattern 
that together uniquely identifies CSMNs. For example, 
a small number of CSMN genes seem to be restricted to 
the sensorimotor cortex (for example, Diap3, Igfbp4 and 
Crim1), suggesting that they distinguish CSMNs from 
other subcerebral projection neurons of layer V86. Other 
genes are expressed across the full extent of layer V (for 
example, Ctip2, encephalopsin, Fezf2, Clim1, Pcp4 and 
S100a10), suggestive of restriction to most subcerebral 
projection neurons86. Thus far, the functions of only a few 
of these genes have been reported, but these studies are 
already revealing key roles for these genes in subcerebral 
specification and differentiation29,86,95,111,112.

Fezf2, a putative transcription factor that is expressed 
in all subcerebral projection neurons from early stages 
of development through adulthood86,113, was recently 
found to be required for the specification of all sub-
cerebral projection neurons29,111,112. In the absence of 
Fezf2 function in null mutant mice, the entire population 
of subcerebral projection neurons is absent, and there 
are no projections from the cerebral cortex to either the 
spinal cord or the brainstem29,111. Layer VI neurons and 
subplate neurons, which express Fezf2 at lower levels 
than subcerebral projection neurons, exhibit disorgani-
zation and abnormalities in gene expression, but are less 
affected29,111,114. By contrast, upper-layer pyramidal 
neurons are born correctly and seem to be normal29,111. 
Importantly, without Fezf2, neocortical progenitors 
still produce similar numbers of layer V neurons29,111, 
but morphologically they appear to be an expansion of 
layer VI, instead of exhibiting the distinctive appearance 
of layer V subcerebral projection neurons. Additionally, 
alkaline phosphatase expression from the Fezf2 locus in 
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null mutants labels an enlarged anterior commissure, 
further suggesting that a different type of projection 
neuron is generated in place of subcerebral projec-
tion neurons111. Thus, Fezf2 does not seem to affect the 
ability of progenitors to generate glutamatergic neurons 
that position themselves in layer V; it probably acts to 
direct the next step in the programme of specification, 
defining the characteristics of a subcerebral projection 
neuron. Additional support for Fezf2 directing sub-
cerebral projection neuron specification comes from 
evidence that the overexpression of Fezf2 is sufficient to 
induce the birth of entirely new deep-layer projection 
neurons that express Ctip2 and Tbr1, and extend axons 
through the internal capsule29,112.

A second set of genes has been identified that control 
later aspects of subcerebral projection neuron develop-
ment, probably acting downstream of factors such as 
Fezf2. In the absence of Ctip2, subcerebral projection 
neuron axons exhibit defects in fasciculation, out-
growth and pathfinding, with decreased numbers of 
axons reaching the brainstem86. In addition, reduced 
Ctip2 expression in Ctip2-heterozygous mice results 
in abnormal developmental pruning of corticospinal 
axons86. These experiments identified Ctip2 as a crucial 
regulator of subcerebral axon extension and of the refine-
ment of collaterals as these neurons mature. Another key 
transcription factor known to have a role in the target 
choice of subcerebral projection neurons is Otx1. This 
protein is expressed in putative deep-layer progenitors in 

the VZ, exhibiting decreasing levels of expression in the 
VZ during the generation of upper-layer neurons95,113. 
As deep-layer projection neurons mature, localization 
of OTX1 shifts from the cytoplasm to the nucleus, 
indicating a fine regulation of the activity of this pro-
tein95,115. Postnatally, within layer V, Otx1 is expressed in 
40–50% of subcerebral neurons, primarily those within 
the visual cortex, whereas it is not expressed in callosal 
neurons95. Mice lacking the gene for OTX1 have defects 
in the development of corticotectal projection neurons. 
Without Otx1, corticotectal projection neurons main-
tain an axon that projects to the spinal cord and caudal 
pontine nuclei, collaterals that are only appropriate for 
CSMNs (normally eliminated by corticotectal projection 
neurons)95. This indicates that Otx1 might have a later role 
in subcerebral projection neuron development than Fezf2 
and Ctip2, perhaps by controlling the refinement and 
pruning of axonal collaterals. Additional axon outgrowth and 
guidance molecules, such as insulin-like growth factor 1 
and RYK, have been implicated in the extension and guid-
ance of subcerebral projection neuron axons to targets in 
the brainstem and spinal cord116–118.

Although a comprehensive understanding of the 
function of additional subcerebral projection-neuron-
specific genes still awaits substantial experimental work 
in vivo, on the basis of the data available thus far, a 
possible model for the generation of subcerebral projec-
tion neurons can be put forward that requires sequential 
steps of progressive differentiation (FIG. 4). We propose 
that the concerted function of Foxg1, Lhx2, Pax6 and 
Emx2 first gives progenitors neocortical potential, 
setting the stage for the generation of multiple classes of 
glutamatergic projection neurons.

Studies of motor neuron development in Drosophila 
melanogaster have provided insight into how cortical 
progenitors might then progressively generate distinct 
subtypes of pyramidal neurons over time. In this system, 
progenitors express a sequential series of transcription 
factors during neurogenesis, followed by the maintained 
expression of these same transcription factors in the 
postmitotic progeny that were born during the window 
of expression of each gene in the progenitors119. Similarly, 
it is conceivable that in the mammalian neocortex radial 
glial progenitors might express a sequential series of 
transcription factors that are maintained in intermediate 
progenitors and postmitotic neurons, imparting subtype 
identity. Thus, during the generation of subcerebral pro-
jection neurons, genes such as Brn1 and Brn2 might act 
on partially specified progenitors to determine aspects 
of laminar identity as individual subtypes of pyramidal 
neurons are generated. Fezf2 could then specify the sub-
cerebral projection neuron lineage within a layer (that 
is, layer V), enabling the development of the molecular, 
morphological and anatomical projection properties 
of subcerebral projection neurons. Finally, once this 
cascade is initiated, the expression of genes such as 
Ctip2 and Otx1, which govern subcerebral axonal out-
growth and target selection, could act to establish the 
precise connectivity and later morphological features 
of subcerebral projection neurons. The direct relation-
ships between these transcription factors and the many 

Figure 4 | Schematic representation of a potential model for the generation of 
projection neuron subtypes from progenitors. According to this model, the 

concerted action of genes such as forkhead box G1 (FoxG1), LIM homeobox 2 (Lhx2), 

paired box 6 (Pax6) and empty spiracles homologue 2 (Emx2) induce neuroepithelial cells 

to give rise to radial glial progenitors with neocortical potential. As development 

proceeds, radial glial progenitors located in the ventricular zone generate intermediate 

progenitors in the subventricular zone, which, under the influence of layer and neuron-

type-specific genes, generate deep-layer and upper-layer projection neurons. A 

selection of the genes with either known stage-specific functions or restricted 

expression are listed. See main text and FIG. 3 for additional genes that are involved.
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functionally uncharacterized genes that act in the cascade 
of subcerebral projection neuron development remain to 
be determined. Together, these molecules comprise the 
first elements of the molecular programme that drives 
the anatomical model of subcerebral projection neuron 
development described more than a decade ago107.

Cortical plasticity

In defining a model of progenitor specification and 
neuronal subtype development, important insight into 
cortical plasticity is likely to be gained. For example, can 
late progenitors that are normally fated to generate upper-
layer neurons still be induced to generate early fates? In 
D. melanogaster, expression of hunchback, which is nor-
mally expressed in early progenitors and their neuronal 
progeny, is sufficient to allow later progenitors to generate 
neurons with an early phenotype. However, this plasti-
city decreases over time such that progenitors at advanced 
stages of development are resistant to hunchback expres-
sion and do not revert to an earlier phenotype119,120. In 
an analogous fashion in the mammalian neocortex, the 
transcription factor Fezf2 is expressed in the VZ during 
the generation of deep-layer neurons, and its expression 
is maintained in postmitotic neurons of layers V and VI. 
As development progresses, the expression of Fezf2 in pro-
genitors decreases, and disappears by the time upper layer 
neurons are generated29,113,114. Overexpression of Fezf2 in 
progenitors soon after the generation of layers V and VI is 
completed (that is, in progenitors that give rise to layer IV 
neurons) is sufficient to at least partly override this restric-
tion and induce later-stage progenitors to produce neurons 
with some molecular and anatomical features of earlier 
born neurons29 in a manner reminiscent of the hunchback 
misexpression experiments in D. melanogaster. Further 
analysis of Fezf2-transfected neurons with additional 
positive and negative markers of subcerebral projection 
neurons is needed to determine the extent of the effect 
of Fezf2 on neuronal phenotype. Interestingly, in contrast 
to the more restricted window of hunchback effect, Fezf2 
seems, at least in part, to affect progenitor plasticity late in 
development, as suggested by the fact that forced expres-
sion of Fezf2 in E17 progenitors results in the generation 
of upper-layer neurons that inappropriately express 
Tbr1 at a higher frequency than is normally observed in 
upper-layer neurons, and extend axonal projections to the 
pons (a feature of deep-layer neurons)112. In agreement 
with the limitations of plasticity seen with hunchback in 
D. melanogaster, Fezf2-overexpressing neurons are still 

able to migrate to the layer appropriate for this late birth 
date instead of layer V. Although it remains to be eluci-
dated to what extent these late born neurons change their 
identity in response to Fezf2-overexpression, together 
these experiments indicate that cortical progenitors 
might be more plastic than previously suspected, even 
late in neurogenesis, if manipulated by the appropriate 
control molecules. In agreement with these findings, 
recent experiments have revealed that the manipulation of 
extracellular signals can also alter the fate of neurons born 
late in cortical neurogenesis. BDNF delivered to progeni-
tors during the birth of later born neurons shifts them to 
the laminar fate of earlier born neurons if progenitors are 
exposed to BDNF before the S phase of the cell cycle28. In 
the future, it might be possible to manipulate neocorti-
cal progenitor plasticity much later in development or 
even during adulthood. In support of this idea, previous 
experiments have shown that with the appropriate stimuli, 
progenitors in the adult mouse neocortex can be induced 
to generate new projection neurons121,122.

Conclusion

During the last few years there has been remarkable 
progress in the discovery of genes that identify dis-
tinct neuronal subtypes and control neuronal subtype 
development. A progressive set of mechanisms is being 
identified by which early progenitors that have acquired 
neocortical identity later progress through a series of 
additional specification steps controlled by genes that 
instruct the finer aspects of laminar and neuronal 
subtype-specific identity. As future research examines 
this model of progressive specification, detailed pro-
grammes of genes (rather than individual genes) that 
orchestrate the generation of the astonishing variety of 
projection neuron subtypes are likely to be identified. 
This will help elucidate the relationships between related 
classes of projection neurons, and contribute to defin-
ing the time points at which individual lineages branch 
from each other. Recombinase-based fate mapping 
experiments will be extremely informative in this effort 
to determine the relationships among different progeni-
tors, and the sequences of changes in gene expression 
from progenitor to lineage-committed postmitotic 
projection neuron. A new era of plasticity assessment 
by the manipulation of programmes of genes specifying 
individual subtypes of neurons might soon determine 
the true boundaries of progenitor plasticity within the 
developing and adult cerebral cortex.
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