
One of the most significant steps in the 
evolution of the cerebral cortex was the 
transformation of the lissencephalic cortex, 
which is characteristic of rodents, into the 
highly folded gyrencephalic cortex, which 
is characteristic of primates. Although 
rodents evolved independently from 
primates, when compared with other 
placentals, rodents are actually closer to 
primates than to many other mammals. 
Recent genome sequencing data and fossil 
evidence both place primates and rodents 
in the same mammalian superorder, 
Euarchontoglires. As such, there is a closer 
relationship between primates and rodents 
than that which exists between primates 
and dogs, cows, elephants or dolphins1. 
Interestingly, the recent identification and 
description of what might be a precursor 
to placental mammals, the mouse-sized 
Eomaia scansoria2, suggests that it shared 
several morphological features with 
modern rodents. Accordingly, we do not 
suggest that rodents represent the true stem 

mammal. Rather we discuss rodents as living 
examples of mammals that possess a six-
layered lissencephalic cerebral cortex that 
could provide insights into the transforma-
tion of smooth into gyrencephalic cortex.

Although the laminar organization of the 
cortex is relatively similar in all mammals, 
an enormous expansion in the cortical 
surface area underlies the transformation 

from smooth cortex to the highly folded 
primate cortex, and the associated alteration 
of cortical architecture that is the substrate 
for the ‘higher’ cortical functions that distin-
guish Homo sapiens from other mammalian 
species. The enormous functional conse-
quences of this evolutionary step underscore 
the importance of understanding the genetic 
changes that underpin this transition and 
the mechanistic steps that accompanied 
evolutionary change.

Since the fossil record is largely mute 
with respect to the evolution of soft struc-
tures like the brain, current concepts 
concerning evolution of the human 
cerebral cortex are generally based on 
comparative studies of living species, 
using genetic and anatomical features. 
However, developmental studies have also 
frequently influenced thinking regarding 
the evolution of brain structure and func-
tion. In the last few years there has been a 
dramatic change in our understanding of 
the process of neurogenesis at early stages 
of brain development. These new concepts 
are likely to influence thinking about the 
origin of hallmark features of the primate 
brain and, in particular, the size and struc-
ture of the cerebral cortex. In this article 
we describe how recent studies of the 
early stages of brain development support 
a novel view of the way in which cortical 
evolution might have progressed.

Overview of cortical development

During the early phases of mammalian 
brain development, the anterior portion of 
the neural tube closes to form the vesicles 
that will give rise to the telencephalon, the 
most anterior of which form the fluid-filled 
lateral ventricles in the cerebral hemispheres. 
The developing cortex is initially composed 
of a layer of proliferative neuroepithelial 
cells lining the lateral ventricles — the 
ventricular zone (VZ). The VZ is a densely 
packed cell layer formed by morphologically 
homogeneous cells that are radially oriented 
and maintain contact with the ventricular 
lumen and the pial surface of the brain. The 
first neuronal layer to appear during cortical 
histogenesis, the preplate, forms above the 
VZ. A second proliferative layer called 
the subventricular zone (SVZ) subsequently 
forms between the VZ and the preplate. 
The SVZ is formed by loosely arranged cells 
that are not aligned in a radial fashion and 
contains mitotic cells, as does the VZ. As 
cortical neurogenesis proceeds, newly gener-
ated neurons migrate radially out of the 
proliferative zones and insinuate themselves 
into the preplate, splitting this layer into 
a superficial marginal zone and a deeper 
subplate layer, and in so doing form a new 
laminar structure between them: the cortical 

plate (FIG. 1). The cortical plate subsequently 
grows as newly generated neurons migrate 
past earlier-generated cells to settle in pro-
gressively more superficial layers, ultimately 
forming a six-layered cortex in which a 
neuron’s laminar position is determined by 
its birth date. As neurogenesis proceeds, the 
VZ becomes smaller, and after neurogenesis 
is completed the VZ is replaced by a single 
layer of ependymal cells that line the lateral 
ventricles. The SVZ also disappears post-
natally in most cortical regions except along 
the lateral wall of the lateral ventricles, where 
it persists and continues to provide olfactory 
neurons into adulthood3.

Patterns of cortical neurogenesis

At early stages of embryonic development, 
most neuroepithelial progenitor cells in the 
VZ undergo symmetric division — two neuro-
epithelial cells are produced at each division, 
thereby expanding the population of founder 
cells that will ultimately produce the neocortex 
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(FIG. 2a). However, at the onset of neurogenesis, 
neuroepithelial cells take on some, though 
not all, of the characteristics of glial cells, 
including the expression of specific intermedi-
ate filaments and, soon after, the expression 
of cytoplasmic glycogen granules4–7. These 
features support the classification of radial 
glial cells as a form of specialized glia4. Radial 
glial cells are one of the most characteristic 
components of the developing cerebral cortex. 
They are proliferative8,9–11, and serve as migra-
tory guides for newly generated neurons12. 
Recently it has been found that, in addition to 
their role in guiding migrating neurons, radial 
glia generate cortical neurons8,13–16, and that 
they seem to do so in two ways17. First, radial 
glia undergo asymmetric division, generating 
with each division one ‘self-renewing’ radial 
glial cell that inherits the radial fibre and 
one daughter cell that becomes a neuron8,17 
(FIG. 2b). Radial glia are therefore able to retain 
their radial fibres throughout the cell cycle, 
providing a continuous substrate for neuronal 
migration. The asymmetric division of neuro-
genic radial glia provides a mechanism for 
generating diverse subtypes of neurons that 
eventually occupy different layers within a 
radial segment or column of the cortex, as 
has been observed in studies following retro-
virally labelled neuron clones in the primate 

cortex18. Radial glial cell divisions all take 
place in the VZ.

A second mechanism for neuron genera-
tion in the dorsal cortex involves the produc-
tion of intermediate progenitor cells, rather 
than neurons, from radial glial cells17. The 
intermediate progenitor cells migrate to the 
embryonic SVZ where they produce neurons 
through symmetric division (FIG. 2c). This 
two-step pattern of neurogenesis expands the 
number of neurons of a particular subtype, 
which will ultimately occupy the same corti-
cal layer. Given this concept, we propose that 
an evolutionary adaptation that resulted in 
prolonged intermediate progenitor cell pro-
duction might have increased the number of 
neurons in each cortical layer and therefore 
contributed to the evolutionary expansion 
in cortical surface area. However, it is also 
possible that cortical surface area might 
have expanded owing to an increase in the 
number of neuroepithelial or radial glial cells 
prior to the commencement of neurogenesis. 
Such an increase in the founder cell popula-
tion, either through prolonged proliferation 
or attenuated cell death, has been proposed 
by the radial unit hypothesis to underlie 
cortical expansion19,20. In the discussion 
below we consider how these concepts fit 
with developmental observations.

Models of cortical expansion

Evolutionary changes in cerebral size. The 
cerebral cortex of all primates demonstrates 
an expanded, gyrencephalic cortical mantel; 
however, there has also been a considerable 
increase in overall brain size during hominid 
evolution. It has recently been proposed that 
the microcephalin (MCPH) genes, which are 
mutated in human primary autosomal reces-
sive microcephaly, are responsible for the 
dramatic evolutionary increase in cerebral 
cortical size21–23. Humans with primary 
microcephaly have a substantially smaller 
brain with a particularly shrunken cerebral 
cortex and a simplified gyral pattern24. This 
condition is most commonly caused by a 
mutation in the ASPM (abnormal spindle-
like microcephaly-associated) gene24, 
or in related genes including the MCPH 
genes25. Evolutionary studies of the ASPM 
and MCPH genes indicate that they have 
undergone positive selection during hominid 
evolution and have probably led to the evolu-
tionary increase in cerebral size21,25–29.

ASPM is an ortholog of the Drosophila 
abnormal spindle protein (asp) gene30. 
Drosophila asp mutants have severe defects 
in spindle microtubule organization31 and 
fail to undergo cytokinesis32. Similarly, 
ASPM is a component of the mitotic spindle 
in mammals, and might regulate the prolif-
eration of neural progenitors during brain 
development. MCPH genes are expressed 
in the proliferative zones of the forebrain, 
consistent with a role in neurogenesis during 
cerebral cortical development24. The amino 
(N) terminal domain of ASPM has also 
recently been shown to be a member of a 
family of domains associated with the basal 
bodies of cilia33, a finding that supports the 
suggestion that the protein is localized to 
centrosomes during mitosis. The mechanism 
by which these proteins regulate neuronal 
number is unclear, but could be related to an 
influence of spindle anchoring on the mode 
of cell division24.

The evolutionary contribution of the 
MCPH genes seems to be to increase the 
overall size of the cerebral cortex, presum-
ably by influencing neuronal number; how-
ever, they are not likely to be determinants 
of the cortical surface area expansion associa-
ted with gyration because gyral folding is 
present in microcephaly. The microcephaly 
genes are expressed in both the VZ and 
SVZ24 — the proliferative zones that contain 
radial glia and intermediate progenitors, 
respectively. These genes might therefore 
have a similar effect on both radial glia and 
intermediate progenitors, possibly regulating 
the number of neurons produced by both 

Figure 1 | Histogenesis of the cerebral cortex. This schematic drawing provides an approximate 

representation of the appearance and relative size of cortical structures between embryonic day (E)12 

and E22 in the rat. At the onset of cortical histogenesis, the ventricular zone (VZ, blue), or neuroepi-

thelium, is the only structure present in the cerebral cortex. Elements of the preplate (PP, yellow) 

appear above the VZ between E13 and E14. The subventricular zone (SVZ, dark blue) appears above 

the VZ, and beneath the PP after E14. After E16, cortical plate neurons migrate into the PP, splitting 

this structure into the superficial marginal zone (MZ) and deeper subplate (SP), and in doing so form 

the cortical plate (CP, green). Elements of the intermediate zone (IZ, light blue) invade the cerebral 

cortex at E16. The asterisk indicates the stage at which SVZ and IZ elements are intermingled in the 

same layer. The cortical layers I – VI and the white matter (WM) are depicted on the right margin of the 

scheme. P0, postnatal day 0. The cortical structures were drawn to scale based on unpublished obser-

va  tions (S.N., V.M.-C. and A.K.) and measurements taken from sagittal sections shown in REF. 94 © 
(1991) Raven.
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cell types and thereby influencing total brain 
volume rather than selectively altering radial 
growth or cortical surface expansion.

Other mechanisms of producing macro-
cephaly have been described, including 
mutations in the tumour suppressor gene, 
Pten. Mice lacking Pten have enlarged, 
morphologically abnormal brains as the 
result of several actions, including increased 
cell proliferation, decreased cell death and 
enlarged cell size34. Although Pten mutation 
is associated with prolonged neural stem 
cell proliferation35, the macrocephaly in the 
Pten-null mouse is the result of multiple 
factors and does not seem to reproduce the 
features of developmental or evolutionary 
brain expansion.

The role of the founder cell population. 
The basic cortical plan of the six-layered 
neocortex evolved during the transition 
from reptilian ancestors to primordial 
mammals, prior to the dramatic increase in 
cortical surface area36. Moreover, with the 
transition of the lissencephalic to gyren-
cephalic cortex, the basic six-layered cortical 
architecture was essentially conserved. 
Evolutionary cladograms indicate that both 
the lissencephalic and gyrencephalic cortices 
are represented in each of the major mam-
malian lineages; monotremes, marsupials, 
and placentals37. This suggests that the 
gyrencephalic cortex arose independently 
in multiple lineages, but there might have 
been similar underlying mechanisms in 
each instance. According to the radial unit 
hypothesis38, the evolutionary expansion 
in cortical surface area resulted from an 
increase in the number of founder cells prior 
to neurogenesis. This would increase the 
number of radial units, and if the program 
for generating neurons remained unaltered, 
each radial unit would generate a column 
of six layers of neurons19,38. This would have 
the effect of increasing cortical surface area 
without increasing cortical thickness. But is 
this hypothesis consistent with the morphol-
ogy of the embryonic cortex during stages of 
neurogenesis and cortical expansion?

An increase in the number of founder 
cells39 or a decrease in cell death40 could 
both increase the number of radial units and 
account for cortical expansion. But, although 
the size of the precursor pool is an important 
factor that will help determine the number of 
neurons eventually produced, increases 
in the number of radial units will increase 
both the area of the cortical surface and 
of the lateral ventricle41. So, ventricular 
surface area will be an index of the size of 
the population of ventricular cells available 

for subsequent neuron production (FIG. 2a). 
Indeed, this has been demonstrated through 
electroporation of the dominant-active form 
of β-catenin in the chick neural tube42, and in 
mice engineered to overexpress β-catenin in 
neuronal precursor cells20. β-catenin, a com-
ponent of the adherens junctions that couple 
radial glia at the ventricular border, is part 
of the WNT signalling pathway implicated 
in cell growth regulation43. Dominant-active 
β-catenin has been shown to reduce neuro-
nal differentiation and increase the surface 

area of the ventricular zone in the chick 
neural tube42. Furthermore, when murine 
neuro epithelial cells were engineered to 
express a constitutively active form of 
β-catenin, increased numbers of cortical 
progenitor cells were generated, and the 
mice developed a dramatically increased 
cortical surface area that displayed folds 
suggestive of gyrencephaly20. However, con-
sistent with an increase in the founder cell 
population, the size of the VZ increased pro-
portionately with the expansion of cortical 

Figure 2 | Patterns of cell division in the embryonic cortex. Schematic drawings illustrating 

division patterns observed in the embryonic cortex during development. a | Symmetric progenitor 

divisions in the ventricular zone (VZ) increase the founder cell (radial glia (R), green) population. 

b | Asymmetric neurogenic divisions in the VZ will yield self-renewal of radial glial cells and produce 

neurons (blue) destined for different layers in the cortical plate (CP), thereby resulting in a radial array 

or column of neurons. c | The left panel shows symmetric neurogenic divisions of ‘intermediate pro-

genitor cells’ (yellow) in the subventricular zone (SVZ) resulting in the amplification of cells of the same 

type that have the same birth dates (illustrated by numbers in the cells) and occupy the same cortical 

layer. The right panel shows that additional symmetric progenitor divisions in the SVZ before terminal 

neurogenic divisions would further amplify the number of cortical neurons generated for a given 

cortical layer, without requiring the presence of more radial glial cells in the VZ. Numbered cells 1–4 

represent the neuronal progeny produced by four sequential radial glial cell divisions.
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area, and the lateral ventricle became drama-
tically larger and also developed folds. These 
findings show that gyrencephaly can result 
from an increase in cell number and an 
expansion of cortical surface area. However, 
during comparable stages of cortical develop-
ment in gyrencephalic animals, neuronal 
cell number increases without a significant 
change in ventricular size. Therefore, 
β-catenin overexpression does not model the 
disproportionate increase of cortical surface 
area accompanied by a relatively modest 
increase in ventricular size that character-
izes cortical development in gyrencephalic 
animals. The answer might lie, in part, in an 
evolutionary shift towards a non-epithelial 
neuronal precursor, the intermediate 
progenitor cell, that could increase neuron 
number in each cortical layer without 
increasing ventricular size (FIG. 2c).

The role of SVZ intermediate progenitor 
cells. The embryonic SVZ, once thought to 
be primarily a site of gliogenesis, is increas-
ingly appreciated to be a significant 
neurogenic region. Several lines of evidence 

indicate that neurons, particularly corti-
cal projection neurons, are born in the 
embryonic mammalian SVZ. One line of 
evidence comes from molecular studies of 
the developmental patterns of transcription 
factor expression in rodents. Transcription 
factors such as the sublineage genes Svet1, 
Cux1/Cux2 and Tbr1/Tbr2 are expressed 
by embryonic SVZ precursor cells that 
generate upper cortical layer neurons44–46. 
This developmental pattern suggests that 
transcription factor expression begins in 
SVZ precursor cells and persists in the 
neurons generated by these cells. More 
direct evidence comes from retroviral labell-
ing and time-lapse imaging studies using 
embryonic rodent slice cultures. These 
studies demonstrate that radial glia in the 
VZ generate intermediate precursor cells 
that move to the SVZ, where they divide 
symmetrically to produce pairs of neurons 
that subsequently migrate to the cortical 
plate17. Intermediate progenitors can also 
divide symmetrically to produce pairs of 
progenitors that could subsequently each 
generate a pair of neurons17. These findings 
are supported by earlier work showing that 
the SVZ of the ganglionic eminence is a 
neurogenic compartment47. The generation 
of cortical neurons through intermediate 
progenitor cells would significantly increase 
the number of neurons generated by a single 
radial glial stem cell. As each intermediate 
progenitor produces two neurons with 
the same birth date, and because laminar 
position is correlated with birth date, the 
number of neurons destined for a particular 
cortical layer would be increased48. The 
radial unit hypothesis and the intermediate 
progenitor hypothesis are compared in FIG. 2.

We have observed the tangential move-
ment of intermediate progenitor cells in the 
SVZ (S.N., unpublished observations), and 
subpopulations of cortical neurons have been 
shown to migrate tangentially in the embry-
onic cortex49. This lateral migration might 
contribute to the tangential dispersion of cell 
clones previously observed in retroviral label-
ling experiments in the rodent cortex50–52. 
A potential complication of this model is 
that despite the increased number of neurons 
leaving the proliferative zones, the model 
does not provide an increased number of 
radial glia to support the migration of these 
extra neurons. However, this would not be a 
problem if multiple neurons, including those 
destined for the same cortical layer, could 
migrate along a single radial glial fibre. This 
is likely to occur, and has been demonstrated 
in time-lapse images of retrovirally labelled 
cells in slice cultures that show two daughter 

cells produced by the division of a single 
intermediate progenitor cell migrating along 
the same radial fibre (S.N., V.M.-C. and A.K., 
unpublished observations).

The production of neurons by way of 
intermediate progenitor cells might well 
precede the development of the SVZ. Even 
before the SVZ is formed, proliferating 
neuron-producing cells, presumed to 
be intermediate progenitor cells, can be 
observed dividing away from the ventricular 
surface, in contrast to radial glial cells which 
divide at the ventricular surface. This is illus-
trated by studies of mice expressing green 
fluorescent protein (GFP) from the Tis21 
locus53. Tis21 is an anti-proliferative gene that 
is selectively expressed in neuron-generat-
ing cells, beginning in the cell cycle just 
before neurogenic division54. By examining 
GFP expression in these mice it was shown 
that, at the onset of cortical neurogenesis, 
neuronal precursors appear in the basal 
neuro epithelium, the region of the future 
SVZ, even though it is not yet a distinct 
architectonic zone. Moreover, although the 
fates of daughter cells were not determined in 
this study, the daughter cells of VZ progeni-
tors migrated to different locations at differ-
ent rates, consistent with asymmetrical cell 
fate, whereas the daughters of intermediate 
progenitors migrated together, suggesting a 
possible symmetrical fate53. The observations 
summarized above suggest that a pattern of 
neurogenesis based on expanded numbers 
of intermediate progenitor cells would 
produce an increase in cortical area without 
increasing the size of the VZ, consistent with 
the developmental changes in cortical archi-
tecture observed in the gyrencephalic cortex. 
We therefore predict that an evolutionary 
shift towards increased numbers of interme-
diate progenitor cells could have contributed 
to the increase in cortical surface area that 
accompanied mammalian evolution (FIG. 2c).

Intermediate progenitor model

The model outlined above leads to several 
predictions. First, the size of the embryonic 
SVZ would be significantly larger in species 
that demonstrate greater degrees of gyrifica-
tion, as this is the zone that would contain 
the large increase in intermediate progenitor 
cells. Comparing the size of the SVZ in 
cross-sections prepared from rat embryos 
with those from ferrets during comparable 
stages of neurogenesis shows that the ferret 
SVZ is twofold larger55. Moreover, among 
mammalian species, the SVZ is larger in 
primates56 and especially large in Homo 
sapiens57, a species in which great cortical 
expansion has taken place. In addition, 

Glossary

Asymmetric division
A cell division that produces two cells with different fate 

potential.

Cladogram
A tree-like diagram depicting evolutionary relationships 

between different species. In these diagrams, branches 

that share the same node are closely related.

Cortical plate
The cellular layer of the developing cerebral cortex that 

will become layers II–VI of the adult cortex.

Gyrencephalic cortex
Adult six-layered neocortex that develops a folded surface 

associated with gyri and sulci.

Lissencephalic cortex
Adult six-layered neocortex without folds created by gyri 

and sulci, which therefore has a smooth surface.

Preplate
The first cortical layer to develop, containing the earliest-

generated cortical neurons. This layer is split by migrating 

cortical plate neurons that settle here, dividing it into a 

superficial layer that becomes the marginal zone and a 

deep layer that becomes the subplate.

Stem mammal
Putative vertebrate species from which all mammals 

evolved.

Symmetric division
A cell division that produces two cells with identical fate 

potential.

Telencephalon
The anterior portion of the forebrain, which includes the 

cerebral hemispheres, basal ganglia and the olfactory bulbs.
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the period of neurogenesis is prolonged in 
animals with a gyrencephalic cortex, being 
threefold longer in ferrets than in rodents58, 
and eightfold longer in primates59. This 
means that, in spite of a longer cell cycle 
time, each progenitor can divide more 
times in animals with a gyrencephalic 
cortex. For example, in the macaque there 
are approximately 28 cell cycles during the 
neurogenic period59, substantially increasing 
the potential neuronal output of the SVZ in 
primates compared with rodents, which have 
11 neurogenic cell cycles60. In most mam-
malian species, the SVZ — and therefore 
the number of symmetrically generated 
neurons — is larger at developmental stages 
when upper cortical layers are being formed 
than when deeper layers are produced. The 
model predicts that the surface area of the 
superficial layers would therefore be greater 
than the area of the deeper layers. In fact, 
the ratio of cortical neurons in upper layers 
compared to lower layers is much greater 
in humans than it is in rodents61. Therefore, 
superficial layers are expanded compared to 
deeper layers, a phenomenon that might also 
contribute to the development of gyri62.

An increase in the number of cells in 
upper layers compared with deeper layers 
will produce a wedge-shaped cortical section 
and help to contribute to the increased corti-
cal surface area in areas of gyral formation, 
but in areas of sulcal formation the cortical 
surface area is reduced compared with the 

deeper layers. Therefore, a second predic-
tion of the model is that the SVZ would be 
non-uniform in size, with greater numbers 
of intermediate progenitors — and therefore 
a larger SVZ — in areas underlying gyral 
formation, and fewer progenitors — and 
therefore a smaller SVZ — in areas underly-
ing sulcal formation. This situation might 
help to explain regional variations in the 
sizes of the proliferative zones during the 
early stages of neurogenesis in species that 
have a gyrencephalic cortex. For example, 
in the embryonic monkey cortex, the 
SVZ is relatively large in areas where gyri 
subsequently develop, and relatively thin in 
areas underlying future sulci56. Inspection of 
histological sections of the developing mon-
key and human cortex support this predic-
tion56,63. Areas of thickened SVZ are visible 
in locations where gyri subsequently form, 
and areas of relatively thin SVZ presage loca-
tions where sulci lie (FIG. 3). This observation 
is consistent with the hypothesis that the 
primate SVZ is the source of upper layer 
cortical neurons, and supports the concept 
that regional patterns of neurogenesis caused 
by intermediate progenitor cells in the SVZ 
help determine patterns of gyrification.

A third prediction is that the SVZ of the 
medial ganglionic eminence (MGE) would 
be proportionately larger in gyrencephalic 
animals in order to provide the increased 
number of interneurons required for cortical 
expansion. In rodents, the ganglionic 

eminence is the predominant source of 
cortical inhibitory interneurons64–71, which 
migrate tangentially into the cortex during 
development65,67,72,. It is presumed that they 
also undergo a two-step pattern of neuro-
genesis, with intermediate progenitors arising 
from radial glia lining the ventricle, followed 
by expansion through symmetric divisions of 
intermediate progenitors in the MGE SVZ. 
This concept is consistent with retroviral 
labelling studies suggesting that  clones 
observed in the MGE are larger than those in 
the cortex73,74. It would be expected that the 
SVZ of the MGE in gyrencephalic animals 
would be proportionately larger than that of 
lissencephalic animals in order to supply a 
larger number of interneurons. One observa-
tion mitigating this prediction, however, is 
the report that in the human brain, unlike 
in the rodent brain, inhibitory interneurons 
might also arise from the cortical SVZ76. 
Nonetheless, the primate MGE is very 
large in comparison with the rodent brain, 
with most of the increase consisting of an 
expanded SVZ63. The presence of a large SVZ 
is consistent with an amplification of cortical 
interneurons by intermediate progenitor cells 
in the MGE.

Implications for neuronal diversity

The asymmetric division pattern of radial 
glial cells could allow genes governing cell 
identity to be differentially inherited by 
intermediate progenitor cells generated in 

Figure 3 | SVZ size predicts sites of gyral and sulcal formation. The sub-

ventricular zone (SVZ) is thicker in areas underlying gyrus formation and 

thinner in areas underlying sulcus formation. a | Parasagittal sections of the 

macaque occipital lobe. In embryonic day (E) 78 macaque cortex, a thick-

ened SVZ (indicated by black arrows under 1) presages the gyral formation 

that can be seen just over 2 weeks later at E94 (1*). By contrast, a much 

thinner SVZ (indicated by black arrows under 2) is located under a region of 

sulcal formation (2, arrow). b | Similar features are observed in coronal sec-

tions of the developing human cortex. At gestational week (GW) 20, areas 

of thickened SVZ (indicated by brackets under 1, 3 and 5) presage gyral 

formation that can be seen in the same region of the cortex four weeks later 

at GW24. By contrast, areas of thinner SVZ (indicated by brackets under 

2 and 4) are located under regions of sulcal formation that are observed four 

weeks later at GW24. CP, cortical plate; IZ, intermediate zone; LV, lateral 

ventricle; SVZ*, encompasses stratified transitional fields 1–6; VZ, ventricu-

lar zone. Panel a modified, with permission, from REF. 56 © (2002) Oxford 

Univ. Press. Panel b modified, with permission, from REF. 63 © (2005) Taylor 

& Francis.
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different cell cycles. The inheritance of a 
specific cell identity gene or a combination 
of genes could then instruct intermediate 
progenitor cells produced in a given cell 
cycle to produce large numbers of neurons 
of an identical subtype appropriate for that 
particular stage of development, but differ-
ent from those produced by intermediate 
progenitors that were generated in previous 
or subsequent cell cycles. For example, in 
the developing CNS of Drosophila, neuronal 
precursor cells sequentially express a series 
of distinct transcription factors. Each 
change in the expression of these cell-iden-
tity genes defines a temporal window in 
which neuroblasts can generate a sublineage 
of a particular identity. At each subsequent 
division, the neural progeny maintain 
expression of the transcription factor that 
was active at the time that they were gener-
ated77. For example, the genes hunchback 
(hb), Krüppel (Kr), pdm1/pdm2 (pdm) 
and castor (cas) are expressed in dividing 
neuroblasts in this order, in early-, mid- and 
late-born neurons respectively78,79,80,81. These 
genes are therefore candidates for regulating 
temporal identity in neuroblast lineages. 
The absence of a particular temporally 
expressed gene results in a failure to gener-
ate the particular cell fate determined by 
that temporal window78,79,82. When a factor 
is expressed outside its normal sequence, 
the fates of later sublineages are redirected. 
For example, when neuroblasts are forced to 
ectopically express hb outside of the normal 
temporal window of hb expression, they 
generate neurons with the characteristics of 

neurons that are normally produced 
earlier79,82. The mechanism for generating 
neuronal diversity in the developing 
Drosophila brain is therefore a result of 
temporally ordered changes in gene expres-
sion coupled to a pattern of asymmetric 
neuroblast divisions.

Temporally ordered changes in gene 
expression patterns have also been observed 
in neuronal precursors during stages of 
cortical layer formation in the mammalian 
cortex, suggesting that the molecular 
mechanism for generating neuronal diversity 
through asymmetric division might be 
conserved in invertebrates and mammals83. 
A series of neuronal sublineage genes have 
been described that are expressed by subsets 
of neurons in specific cortical layers, as well 
as by neuronal precursor cells during the 
specific developmental periods when those 
neurons are generated. For example, Otx1 
and Fezl are expressed by neuronal precursor 
cells in the VZ and SVZ early in cortical 
development and, later, by the neurons that 
they generate in deep cortical layers84,85. 
Similarly, later in cortical development, the 
sublineage genes Svet1 (REF. 44), Cuz2 
(REFS 45,86), and Tbr2/Tbr1 genes are 
expressed in precursor cells in the SVZ that 
generate upper layer cortical neurons.

These observations suggest a possible 
two-step model of neurogenesis where the 
first step — asymmetric radial glial cell 
division — generates neuronal diversity, and 
the second step — symmetric intermediate 
cell division — produces large numbers of 
neurons of the same subtype. In this model, 

a temporal sequence of gene expression 
changes in asymmetrically dividing radial 
glial cells would underlie the changing gene 
expression patterns in intermediate progeni-
tors in the SVZ. The intermediate progenitor 
cells produced within a specific temporal 
window would, in turn, generate large num-
bers of similar cell types through symmetric 
division (FIG. 4). The scheme proposed here 
is, of course, overly simplified. For example, 
individual neuronal cell type identity might 
be established by combinatorial patterns 
of gene expression and, in addition, fate 
determination of cells generated later might 
also depend on the suppression of early fate 
signals. This seems to be the case for Foxg1, 
which has been shown to suppress the fate 
of early-born neurons (Cajal–Retzius cells) 
in order to permit the generation of later 
born neurons87,88. Nonetheless, the two-step 
pattern described for cortical neurogenesis 
supports a model in which radial glia could 
undergo temporally ordered changes in the 
expression of cell identity genes and, through 
asymmetric division, generate intermediate 
progenitors, each with a different cell fate. 
Symmetric divisions of the intermediate 
progenitors could, in turn, permit a stable 
inheritance of identity genes by both of their 
progeny, thereby expanding the numbers of 
neurons that share the same identity.

Conclusion

Recent changes in our understanding of the 
mechanisms of cortical development have 
provided fresh insights into possible steps 
involved in the evolution of the cortex. One 
example could be the role of intermediate 
progenitor cells as the source of the large 
numbers of neurons that could contribute to 
a lateral expansion of the cortex. The role of 
radial glial cells as a source of cortical neurons 
through asymmetric division, as well as 
their role as guides for radial migration, 
might underlie the columnar distribution 
of neurons across layers. Additionally, the 
production of neurons by intermediate 
progenitor cells, through symmetric cell 
division, might provide a mechanism for the 
amplification of cell numbers in each layer. 
Most intermediate progenitor cells reside in 
a specific proliferative region, the SVZ, and a 
first-pass examination of the role of the SVZ 
in development and in evolution seems to 
support this hypothesis. This basic scheme 
is clearly over-simplified, but might serve as 
a useful departure point for building a more 
complete model of the cellular dynamics that 
underlie cortical development and evolution.

Future studies might unravel the hetero-
geneity that undoubtedly exists among 

Figure 4 | Model of how temporal patterns of gene expression may regulate layer formation. 
Schematic of a proposed mechanism for generating multiple radial arrays of neurons, each consisting 

of a diverse number of cell types. This outcome is the result of temporally ordered changes in gene 

expression coupled to a pattern of asymmetric and symmetric progenitor cell divisions. Radial glia are 

proposed to undergo temporally ordered changes in cell identity gene expression (red, blue, green, 

yellow). Examples of temporally regulated genes are shown on the figure. Each subsequent asym-

metric division would generate intermediate progenitors that each express different specific identity 

gene(s). Symmetric divisions of the intermediate progenitors, in turn, could permit stable inheritance 

of identity genes by their progeny, and in their final symmetric neurogenic divisions each family of 

intermediate progenitors would produce neurons of the same identity. This model would produce 

radial arrays of neurons in a relatively short time period. 
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cortical radial glial and intermediate 
progenitor cells. Clonal analysis suggests 
that neural stem and progenitor cell subsets 
exist75,89–93, but we have yet to discover how 
they are spatially and temporally distributed 
in the developing cortex. As new transcrip-
tion factor genes are discovered and their 
developmental expression patterns are 
explored, the molecular underpinnings of 
neural stem and progenitor cell diversity 
will become clearer. When these insights 
are coupled with an understanding of the 
signalling cascades that precisely regulate 
the expression patterns of the key genes, we 
will be better able to test concepts of cortical 
evolution at the genetic and molecular level. 
More importantly, a better understanding 
of the cellular and molecular events that 
underlie human cortical expansion could 
shed light on the origins of a wide range 
of neurodevelopmental disorders, ranging 
from cortical malformations such as lissen-
cephaly to more subtle disorders, possibly 
including schizophrenia and autism. Such 
insights might ultimately help to identify 
new therapeutic strategies to treat or 
circumvent some of these diseases.
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