
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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The nervous system undergoes a huge 
increase in cell number during development 

Cells increase in
-number        108≈227

-diversity

~103 cells ~1011 cells

Final outcome of regulated cell divisions
=generation of an optimal number of each cell type in each 
brain region (essential for normal brain functions)
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Cell division is highly regulated during 
neural development

weeks, brain maturation was found to start in the
central area and to proceed towards the parieto-
occipital cortex (Ruoss et al. 2001). The frontal cor-
tex develops last. Known gyral anomalies include 
agyria/pachygyria (lissencephaly type 1), pachygyric
polymicrogyria (lissencephaly type 2) and poly-
microgyria. Anomalies of the sulci are found in a
variety of hemispheric disorders, some of which
appear to be an adaptation to a defect such as the
radial sulci in agenesis of the corpus callosum. Hori

(1996) presented four cases of precocious cerebral
development (Clinical Case 10.1).

Formation of the Preplate 
and the Cortical Plate

During development, the marginal zone contains sev-
eral populations of transient neurons. The best char-
acterized cell type is the Cajal–Retzius cell, original-
ly described by Retzius (1893, 1894) as Cajal’schen
Zellen in the human cerebral cortex (Fig. 10.27), com-

10.4 Development of the Neocortex 447

Fig. 10.24 Lateral views of fetal human brains at 20 (a) and 25 (b) weeks of gestation (courtesy Kohei Shiota, Kyoto)

Fig. 10.23 Lateral views of the developing human brain in the fourth (a), sixth (b) and eighth (c) gestational months, and in a
neonate (d).The arrows indicate the central sulcus (after Kahle 1969; O’Rahilly and Müller 1999)

4 months 6 months 8 months newborn
temporal regulation

-initial exponential growth
-emergence of more differentiated 
progenitor cell types
-onset of neurogenesis
-cell division eventually terminated

difference between regions (linked to 
regionalization)

difference between species

Cell division in the nervous system is most 
studied in mammalian neocortex (mouse and 
human).
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How are cell divisions regulated?

cleavage plane of division 
influences division mode

vertical horizontal

cell cycle behavior

1. length
2. exit

mode of division
1. symmetric 2. asymmetric

expand cell populations generate diverse cell types

oblique

What are the intrinsic and extrinsic 
regulators of these processes?
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Regulators of cell division
Extrinsic regulators
-secreted growth factors (EGFs, FGFs, IGFs, WNTs, Shh, etc.)
-small molecules (glutamate, GABA, serotonin, etc.)
-direct cell-cell interactions (cadherins, Delta-Notch, etc.)
-extracellular matrix (collagen, laminin, etc.)

Sources of extrinsic regulators
-progenitor cells
-neurons (feedback regulation)
-cerebrospinal fluid (CSF)
-other types of cells (e.g., microglia, blood vessels, meninges)

Intrinsic regulators
-transcription factors
-cell cycle regulators
-cell polarity regulators
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Cell division changes over time, space and 
evolution during neural development

1. Time
-initial exponential growth

symmetric division by neuroepithelial cells (NECs)

-onset of neurogenesis
asymmetric division by apical radial glial cells (aRGCs)

-emergence of more differentiated progenitor cell types
basal intermediate progenitor cells (bIPCs), basal radial glial cells (bRGCs)
This occurs in mammalian neocortex but other brain regions may not undergo this 
step.

-division is eventually terminated
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Progenitors at the earliest stage: 
neuroepithelial cells (NEs)

Sauer (1935):
-Early CNS is composed of “pseudostratified” 
neuroepithelium.

-“Germinal cells” are anchored by thin cytoplasmic processes 
to the inner and outer surfaces of the neuroepithelium.

-Nuclei of the neuroepithelial cells may undergo a to-and-fro 
movement during the cell cycle (interkinetic nuclear 
migration).

Sidman et al. (1959):
-performed [3H]-thymidine autoradiography and 
verified interkinetic nuclear migration

1-2 hours after injection of [3H]-thymidine:
labeled cells near the pial surface

several hours later: 
labeled cells near the lumen of the mitotic zone

[3H]-thymidine incorporated
into DNA in S-phase

4 / CHAPTER 1 

Schaper's view obtained partial support in a study 
by Sauer (I935). Sauer noted that the germinal cells of 
the neural tube were anchored by thin cytoplasmic pro-
cesses to the inner and outer surfaces of the neuro-
epithelium. Sauer hypothesized that the nuclei of neu-
roepithelial cells underwent a to-and-fro movement 
within the cytoplasm during the cell generation cycle 
(Fig. 1-1). Sauer referred to this phenomenon as in-
terkinetic nuclear migration, and he described the neu-
roepithelium as a pseudostratified epithelium rather 
than a truly stratified one. With reference to the dis-
pute between His and Schaper, Sauer concluded that 
there was only one cell type in the pseudostratified 
neuroepithelium: "The spongioblasts are interkinetic 
stages, and the germinal cells the mitotic stages, of the 
same cell" (Sauer, 1935; p. 397). 

Sauer's hypothesis of interkinetic nuclear migration 
was later confirmed in studies using autoradiography 
(Sidman et al., 1959; Sauer and Walker, 1961; and oth-
ers), !ransmission electron microscopy (e.g., Hinds 
and Ruffett, 1971), and scanning electron microscopy 
(e.g., Seymour and Berry, 1975; see Fig. 1-2). When 
the nuclei of proliferative cells are tagged with 
eH]thymidine (a radiochemical that selectively labels 
the DNA of duplicating chromosomes) the transloca-
tion of cell nuclei within the neuroepithelium can be 
followed during the cell generation cycle. In embryos 
killed within 1-2 hours after injection, the nuclei that 
have just incorporated thymidine into their chromo-
somal DNA (the synthetic phase) aggregate some dis-
tance from the lumen in a band called the synthetic 
zone. In embryos killed several hours after tagging 
with eH]thymidine, the labeled nuclei tend to be lo-
cated near the lumen in the mitotic zone. Although the 

FIG. 1-1.· Sauer's (1935) diagram of interkinetic nuclear 
migration in the neural tube of a young pig embryo. Suc-
cessive letters from b1 to d3 indicate the to-and-fro ver-
tical movement of a single proliferative cell and of one 
of its progeny. 

FIG. 1-2. Scanning electron mi-
crograph of the telencephalic 
neuroepithelium from an E12 rat 
embryo. The stretching of cell 
bodies from the wall of the lat-
eral ventricle (LV) to the primitive 
pia mater (PM) is evident. Aster-
isks indicate the bulging region 
of cells where the nuclei are pre-
sumably situated. The round 
cells without processes (arrows) 
are believed to be those 
undergoing mitotic division near 
the lumen. From Seymour and 
Berry, 1975. 

scanning electron micrograph of 
E12 rat telencephalon (Seymour 
and Berry, 1975)
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Sauer (1935)

pial 
surfaceventricular 

surface
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Neuroepithelial cells have a apical-basal 
polarity and undergo symmetric divisions

Neuroepithelial cells (NECs) are highly polarized. 

Apical membrane is exposed to the ventricle has a single 
primary cilium, which detect signals in the CSF.

Apical membrane of the neighboring NECs are attached to 
each other by cell adhesion via adherens junctions and tight 
junctions.

Basal membrane is attached to the basal lamina immediately 
under the pia.

NECs divide symmetrically. The cleavage plane is 
perpendicular to the ventricular surface (vertical cleavage). 

apical

basal

components and cell fate determinants through horizontal cleavage

planes (Fig 2C, right).

In the vertebrate developing brain, early RGC divisions feature

cleavage planes perpendicular to the ventricular surface (vertical

cleavage, Fig 2B, C left). The spindle orientation of symmetric RGC

divisions is tightly regulated by mechanisms involving the centro-

somes, astral microtubule positioning, and interaction with proteins

present at the cell cortex [27]. The mitotic spindle is anchored to the

cell cortex by astral microtubules via dynein and the LGN/Gai/
NuMa complex. Localization of the LGN complex components to

the lateral membrane of NECs/RGCs is essential for maintaining

early symmetric RGC divisions in vertebrate neurogenesis (Fig 2C,

left) [28–30]. In addition, Lis1, a gene that causes lissencephaly

(“smooth” brain) in humans when mutated, mediates capture of the

astral microtubules by the cell cortex through interaction with

dynein and Ndel1 [31]. Perturbation of the Lis1/Ndel1 complex

severely disrupts the expansion of the NEC/RGC pool by inducing

random cleavage planes [31–33].
In asymmetric divisions in Drosophila, Insc induces horizontal

cleavage planes through recruitment of the LGN complex to the

apical domain by interaction of Insc with polarity proteins (Fig 2C,

right). However, horizontal cleavages are less common in vertebrate

developing brains. For example, in the mammalian neocortex,

oblique and horizontal cleavage planes appear only in later develop-

mental stages (Fig 2C, middle) [34,35]. These cleavages generate

basal progenitors such as IPs and bRG that are proposed to be

important during evolutionary cortical expansion [36,37]. Disrup-

tion of mInsc at later stages of neurogenesis interferes with the

spindle orientation of these asymmetric divisions [35], suggesting

that release of the tight regulation of spindle orientation is important

for inducing basal progenitors.

Indeed, mutations in genes regulating spindle orientation cause

brain disorders such as lissencephaly and microcephaly in humans

[38]. Interestingly, most known microcephaly genes encode centro-

somal proteins, which often have a role in regulating spindle orien-

tation, such as Aspm, Cdk5rap2, and MCPH1 [38–40]. Centrosome

overduplication in mouse RGCs leads to multipolar mitotic spin-

dles, eventually causing microcephaly due to RGC apoptosis and

subsequent reduction in NPCs [41]. In general, besides regulating

spindle orientation, the function of microcephaly genes is related to

control of centriole duplication, centrosome maturation, and/or

entry into mitosis. However, it is still unclear how disruption of
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Figure 1. Schematic overview of neurogenesis in the embryonic vertebrate CNS.
The principal types of NPCs with the progeny they produce are indicated by different colors. Additional NPC types that are typically found in mammalian neocortex are
indicated in the box; note that only some of the possible daughter cell outcomes are depicted.
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Neuroepithelial cells transition into radial 
glial cells

Radial glial cells (RGCs) appear as neurogenesis 
starts

RGCs and NECs share: 
-apical-basal polarity
-interkinetic nuclear migration
-adherens junctions
-markers (Nestin, Sox2, etc.)

RGCs are different from NECs:
-express astroglial markers (GLAST, BLBP)
-have lost tight junctions.

RGCs divide asymmetrically. The cleavage plane is 
slightly oblique to the ventricular surface. 

Paridaen and Huttner (2014)
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Time-lapse analysis of radial glia divisions

-EGFP-expressing retrovirus was infected in rat cortex. EGFP continues to 
be expressed in all progeny after the infected cell divides.

-EGFP+ cells in cultured slices were analyzed with time-lapse microscopy 
over ~3 days.

-RGCs divided (t=2:51) at the apical surface.
-One daughter cell migrated towards the pial surface.
-The other daughter cell underwent interkinetic nuclear migration and 
divided again (t=49:55) at the apical surface.

The range of positions that RGCs take defines the ventricular zone (VZ).
that migrated out of the VZ. Because the daughter cell
that remained in the VZ retained RG morphology, re-
sumed IKM, and divided at the ventricular surface, we
identified these daughter cells as self-renewed RG cells.
Nine additional RG divisions produced one daughter cell
that inherited the pial process after division, detached
from the ventricle, and migrated toward the cortical plate
through translocation along the inherited pial fiber. In
these cases the second daughter cell migrated in the same
direction through locomotion. In these cases the daughter
cells that inherited the pial fiber and translocated toward
the pia often remained proliferative as they migrated
away from the ventricle, in one case dividing two addi-
tional times during translocation (Suppl. Movies 5, 6). We
tested the identity of daughter cells produced by translo-
cating cells and found that they were not neuronal based
on the lack of inward voltage gated currents (see Suppl.
Movie 5). This physiological profile suggests an astroglial
fate for the translocating cells, and is consistent with

previous findings that during late stages of neurogenesis
translocating cells in rodent and human developing neo-
cortex do not express neuronal markers (deAzevedo et al.,
2003; Noctor et al., 2004), and transform into astrocytes
(Schmechel and Rakic, 1979). However, our results sug-
gest that neuronal and glial producing RG cells are not
restricted to separate lineages. We observed individual
RG cells that generated IP cells or neurons first, followed
by a translocating daughter that remained proliferative
and generated nonneuronal daughter cells (Fig. 4). To-
gether, these data demonstrate that in addition to under-
going self-renewing divisions, individual RG cells also pro-
duce multiple cell types, including additional RG cells,
neurons, IP cells, and astroglial cells.

The length of the RG cell cycle was slightly shorter
during time-lapse recording at earlier stages of develop-
ment, as previously reported for VZ precursor cells (Taka-
hashi et al., 1995b). Within the RG cell population there
may be a correlation between cell cycle time and mode of

Fig. 4. Radial glial (RG) cells divide vertically at the ventricular
surface to produce asymmetric daughter cells in embryonic day
(E)16–E19 rat neocortex. A: Time-lapse imaging recorded the prolif-
erative and migratory behaviors of one RG cell and its progeny over 3
days. The RG cell divided with a vertically oriented cleavage plane
(red line) at the ventricular surface (t ! 2 h: 51 m). One daughter (cell
2a, red arrowhead) was a self-renewed RG cell that resumed IKM and
divided a second time at the ventricle with a vertical cleavage plane
orientation (t ! 50h:53m). The second daughter (cell 2b, white arrow-
head) was an intermediate progenitor cell that migrated away from
the ventricle along the parental RG fiber and divided with a horizon-
tal cleavage plane orientation (red line) at the bottom limit of the
intermediate zone (IZ, t ! 53h). In some cases only one cell in the
clone was imaged to limit exposure to laser light (asterisk). The white

dotted line represents the ventricular surface. Time elapsed is shown
in hours and minutes (hh:mm) below the sequence. The entire time-
lapse sequence can be viewed in Supplemental Movie 4. B: Whole-cell
patch-clamp recordings performed after time-lapse imaging demon-
strated that cell 2b generated two daughter cells that both expressed
the inward voltage-gated currents (downward deflection of traces
below red line) that are characteristic of sodium currents in immature
neurons. C: In contrast, cell 2a produced two daughter cells that
lacked inward voltage-gated currents, exhibiting only the outward
voltage-gated currents that are characteristic of potassium currents
in astroglial cells. D: Lineage tree depicting the progeny of the single
RG cell shown in panel A. VZ, ventricular zone; IZ, intermediate zone.
A magenta-green version of this figure can be viewed online as Sup-
plementary Figure 4.
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R: radial glial cell

VZ: ventricular zone
SVZ: subventricular zone
IZ: intermediate zone
CP: cortical plate
MZ: marginal zone

Kriegstein and Noctor (2004)
Noctor et al. (2008)
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Radial glia are neural stem cells

neurons

astrocytes?

-Both daughter cells divided again!
-RGC division produced one RGC and a differentiating cell (intermediate progenitor cells, 
IPC), which divides again horizontally to produce neurons. 
-RGCs eventually undergoes a “self-consuming” division. 
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two criteria for a stem cell:
self-renewal
production of multiple cell types

Noctor et al. (2008)
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Radial glia and astrocytes

Radial glial cells were initially considered as specialized glial 
cells with a unique developmental role in guiding neuronal 
migration (Rakic 1972, 1988). 
 
Common features between radial glia and astrocytes:

marker expression
contacts with blood vessels
contain glycogen storage granules
coupled together by gap junctions
sustain intracellular Ca waves

Radial glia turns into astrocytes.

Time-lapse analysis of embryonic cortical slices discovered that 
radial glia divide and produce neurons.

Similar to radial glia in developing brains, neural stem cells in 
the adult brain also express astrocyte markers (e.g. GFAP) and 
share some of the above properties with astrocytes.

Rakic (1972)

9 EARLY CORTICAL DEVELOPMENT / 

a 

B 

 

 LP RF 

TP. 

d 

 
RF 

.. RF' 

horizontal cells predominate in the lower intermediate 
zone (lower intermediate lamina, Fig. 1-8) and he in-
terprets their processes as efferent fibers that grow in 
the direction of the basal ganglia. The outgrowth of 

FIG. 1-7. A semidiagrammatic reconstruction from 
Rakic (1972) showing that migrating young neurons (stip-
pled cell bodies and processes labeled A, B, and C) are 
closely apposed to radial glia fibers (striped processes 
labeled RF1

, RF2
, and RF3 ) in the intermediate zone of 

the fetal monkey neocortex. Other radial fibers (RF4 to 
RF6

) are not reconstructed to show attached young neu-
rons. The profiles labeled a to d on the right show how 
RF1 and cell A appear in cross sections at the levels of 
the arrows. (OR, fibers in the optic radiation; other labels 
refer to cell processes.) These reconstructions prompted 
Rakic (1972) to propose that young neurons are guided 
to the cortical plate by migrating on radial glia fibers. 

these axons apparently commences before their cell 
bodies have again become reoriented vertically in the 
upper intermediate zone (upper intermediate lamina, 
Fig. 1-8) to resume their ascent to the cortical plate. 
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Radial glia generate neurons directly or 
indirectly

Noctor et al. (2004)

Radial glia (RGCs) divide at the apical (ventricular) surface and produce:
-one RGC and one neuron (red)...direct neurogenesis
or
-one RGC and one intermediate progenitor cell (IPC, blue). The IPC divides symmetrically in 
the subventricular zone (SVZ) once or twice to generate 2 or 4 neurons...indirect neurogenesis

RGCs sometimes produce an RGC and a basal radial glia (bRG), which divide like an RGC or 
an NEC but are outside of the VZ and lack an apical process.
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Regulation of the cell cycle

V. Caviness, Jr, 1. Takahashi and R. Nowakowrki - Neocortical neuronogenesis CORTEX 

of more than 250. We have determined that the den- 
sity of neocortical founder cells of the mouse at El1 is 
-2.2 X lo5 mm-‘so that with an amplification factor of 
more than 250, 56 X lo6 neurons will arise from the 
PVE that overlies each mm2 of ventricular surface at 
Ell. Schuz and Palm” have estimated, by direct 
counts and measures, that there are -10’ neurons at a 
uniform density of -10’ under each mm2 in a total of 
approximately 100 mm2 cortical surface in the adult 
mouse. If the consequences of histogenetic cell death 
are ignored, it is estimated that the total mouse neo- 
cortex arises from a I’VE founder population with a 
ventricular surface area of -0.18 mm2 at El 1. Because 
of histogenetic cell death1’,13, and because a small 
fraction of the output of the PVE seeds the glial pro- 
genitor population of the secondary proliferative 
population ‘r9 (SPP), the actual size must be larger, 
perhaps as much as two to three times larger. We do 
not have measures of the actual size of the PVE at El1 
but the estimated range of 0.2-0.5 mm2 is consistent 
with measurements made from the atlas of Theiler18. 

Evolutionary amplification in neuronogenesis 

The extension of our ontogenetic formulation to a 
formulation of an evolutionary ‘explanation’ of the 
massive increase in size of the neocortex across species 
is dependent upon the hypothesis that neuronogen- 
esis for the neocortex is regulated in the same way 
from species to species. In defense of this hypothesis is 
the observation that the relative, but not the absolute, 
rate of neuronogenetic progression is identical across 
mammalian species. The duration of the neurono- 
genetic interval in the range of species from mouse to 
human varies by more than an order of magnitude (six 
days in mouse to 100 days in human)3~11~15~‘6~‘9-z’. The 
number of integer cell cycles, and the duration of 
these cycles, must also vary greatly. However, there 
are no experimental observations available to support 
this assumption. Remarkably, despite these differences 
that do or might exist in the duration of neurono- 
genetic interval and the number of cell cycles, the pro- 
portion of the neuronogenetic interval that is given to 
the generation of neurons of each of neocortical layers 
VI-II in rat, cat and monkey is scaled identically to the 
proportion of the neuronogenetic interval that is 
given to these layers in mouse (Fig. 4A and B). We 
postulate, because of this identical scaling, that the 
progression of Q, and the proportionate elapse of 
integer cell cycles with respect to neuronogenesis of 
the succession of neocortical layers, is the same in 
other species. That is, the pathway from Q=O to Q= 1 
is identical to the pathway that we have documented 
for mouse (Fig. 3) and, in each species, Q will ascend 
relatively slowly in the generation of neurons of layers 
VI and V, reaching 0.5 as neurons of layer IV are being 
generated. Likewise, a value of Q=O.5 will be reached 
after an elapse of approximately 70% of the total 
sequence of integer cell cycles, whatever the number 
of cycles is in the given species. 

If neocortical neuronogenesis is regulated in this 
way universally, then the mechanism of production of 
different numbers of neocortical neurons across 
species is at once clarified. The difference in the num- 
bers of neocortical neurons that are produced in two 
species will be simply the product of: (1) the difference 
in the number of neurons in the founder populations 
of the PVE at the onset of neuronogenesis in the two 

El1 El2 El3 El4 El5 El6 
Embryonic day 

Fig. 2. Cell-cycle phases. The progression in the durations of the phases 
of the cell cycle of the pseudostrotified ventricular epithelium in the 
mouse. During the neuronogenetic interval, the duration of the cell 
cycle more than doubles from 8 h to - I8 h. Essentially, this increase is 
a result of a systematic increase in the duration of the G I phase of the 
cycle, which almost quadruples. There is no systematic change in the 
durations of 5, C2 or M phases. from the progression of the cell-cycle 
duration, we have calculated that there ore a total of I I cell cycles dur- 
ing the neuronogenetic interval of the mouse3. 

species, and (2) the differential amplification of the 
founder population during the neuronogenetic inter- 
val as a result of the progression from Q = 0 to Q = 1. 
Differences in the size of the founder population arise 
before the onset of neuronogenesis, and differential 
amplification during the neuronogenetic interval is a 
function of the number of cell cycles and the changes in 
Q. Specifically, provided that the pathway from Q=O 
to Q= 1 is identical for a founder population of a given 
size, the greater the number of elapsed cycles in the 
ascent of Q from 0 to 0.5, the greater the neurono- 
genetic amplification. 

There are no measurements of Q in species other 
than mouse and, to our knowledge, measures of cell- 
cycle kinetics in the cerebral PVE of larger animals are 
available only for monkey22 (D.R. Kornack and P. Rakic, 
pers. commun.). For monkey, the neuronogenetic 
interval is initiated at about E40, and continues for 
approximately 55 days. Tc is 21.5 h at E40 and 46.5 h 
at E60, which is a third of the way through the 
neuronogenetic interval. Assuming that the increase 
in Tc in the monkey is approximately linear (as it is in 
mouse3), Tc should increase to -91 h by the end of the 

0.0 I I I 1 I 
0 2 4 6 8 IO 

Ceil-cycle number 

Fig. 3. The progression of Q. Q is plotted in relation to formation of 
neocortical layers, and as a function of the integer cell cycles of the 
neuronogenetic interval in mouse. The pseudostratified ventricular 
epithelium will expand before Q = 0.5, occurring OS neurons of layer IV 
ore forming, but contract afterwards. 

TIN.5 Vol. 18, No. 9, 1995 381 

-In embryonic mouse neocortex, cell cycle time 
lengthens as development proceeds.

-Lengthening of cell cycle time is mostly due to 
the lengthening of the G1 phase.

Caviness et al. (1995)
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How can we measure cell cycle 
parameters?

”cumulative S phase labeling” with thymidine analogs (bromodeoxyuridine (BrdU), 
ethynyldeoxyuridine (EdU) etc.) allows determination of S phase length and total cell 
cycle length.

Mitotic figures in nuclear staining (e.g., DAPI) or the use of M-phase markers allows 
detection of cells in mitosis, thus he M phase length. Phosphorylated histone H3 (PH3) 
also marks cells in M-phase.

After a single labeling of a thymidine analog, G2 phase can be measured by the time it 
takes for labeled cells to to enter the M phase. 

Labeling different progenitor populations by specific markers will allow to determine cell 
cycle parameters separately for RGCs and IPCs.

The Journal of Neuroscience, Februaty 1993, 13(2) 823 

A 0.5 hr 

B 14.0 hr 

Results 
The cerebral wall at El4 
Stratljication. The dorsomedial cerebral wall of the earliest spec- 
imen examined (9:30 A.M.) is formed of a proliferative zone at 
the margin of the ventricle and the overlying primordial plexi- 
form zone (PPZ, Figs. 2A, 3; Marin-Padilla, 197 1, 1978; Cav- 
iness, 1982; Takahashi et al., 1992a). During the next 5 hr, the 
molecular layer, cortical plate, and subjacent intermediate zone 
emerge from the PPZ, above the proliferative zone. Overall, the 
dorsomedial sector of the cerebral wall nearly doubles in thick- 
ness [an increase from 100 pm (10 bins) to 200 Km (20 bins)] 
and increases in architectonic complexity during the 14 hr pe- 
riod of observation. The rapid expansion of the intermediate 
zone contributes the major increment in thickness of the cerebral 
wall (Figs. 2B, 3). 

Proliferative populations. The proliferative zone of the cere- 
bral wall, including both the PVE and the SPP, lies adjacent to 

Figure 2. The dorsomedial region of 
the murine cerebral wall at E14. Rep- 
resentative photomicrographs with LI 
profiles (error bars = SEM) are illus- 
trated for 0.5 hr and 14.0 hr time points, 
respectively, in A and B. The analysis 
was conducted in a sector 100 pm wide 
(vertical lines in micrograph in A) and 
4 pm in depth (corresponding to tissue 
section thickness). The sector was sub- 
divided into bins 10 pm in height, num- 
bered I, II, and so on from the ventric- 
ular surface outward (horizontal lines 
in micrograph in A). A, At 0.5 hr, the 
distribution of labeled nuclei (arrow in 
micrograph) demonstrates the zone 
where S-phase is occurring. V, lateral 
ventricle. A star marks the skull. B, At 
14.0 hr, the LIs in bins I-VI are 1.0, 
indicating that the GF is 1.0. This is 
after the cumulative labeling has been 
continued for an interval at least as long 
as Tc - T9 The lower LIs in bins su- 
perficial to bin VI reflect the distribu- 
tion of BUdR-labeled cells of part of 
the SPP as well as that of migrating cells 
that have arisen earlier in the prolifer- 
ative zone and have been labeled with 
BUdR. ZZ, Intermediate zone. Coronal 
4 pm sections, stained immunohisto- 
chemically for BUdR. (In order to 
heighten photographic contrast, the il- 
lustrated section was not counters- 
tained, the sections used for the analysis 
itself were counterstained.) Scale bar in 
B, 20 pm. 

the ventricular cavity. The overall cell density of the prolifer- 
ative zone is essentially constant throughout the 14 hr period 
of analysis (Fig. 4). The number of nuclei per bin is greatest 
immediately adjacent to the ventricular surface (bin I) and de- 
clines gradually by approximately 10% with ascent to the outer 
bins of the VZ. Pyknotic nuclei were not observed among the 
cells of the PVE and SPP in the course of the analyses undertaken 
on E14. 

Size and extent of the SPP. The PVE and SPP are distin- 
guished both by their cytokinetic behaviors and loci of mitosis; 
cells of the SPP do not have systematic interkinetic nuclear 
movement and undergo mitosis at a distance from the ventric- 
ular surface. For this reason, the best indicator of the position 
of the SPP may be taken to be the distribution of abventricular 
mitoses, that is, mitoses located at a distance from the ventric- 
ular surface. This approach to definition of the SPP is supported 
by the observation that the distribution of mitotic figures in the 
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RGCs and IPCs appear to show different 
cell cycle parameters

APs (apical progenitors)...radial glia (PAX6+)
BPs (basal progenitors)...intermediate progenitors (TBR2+)

ARTICLE   NATURE COMMUNICATIONS | DOI: 10.1038/ncomms1155
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sub-populations (APs, 11.4 and 11.7 h, respectively; BPs, 20.9 and 
21.3 h, respectively; Fig. 4f, Table 1).

Higher DNA synthesis rate in Tis21-GFP +  than in Tis21-GFP −  
NPCs. To investigate possible mechanisms underlying the S-phase 
shortening in Tis21-GFP +  compared with Tis21-GFP −  NPCs, we 
performed EdU pulse-labelling for 30 min in vivo and analysed 
dissociated single Tis21-GFP −  and Tis21-GFP +  NPCs, separated 
by fluorescence-activated cell sorting (FACS), by flow cytometry. 
Comparison of the overtly EdU-incorporating Tis21-GFP −  (Fig. 
5a, dashed line) and Tis21-GFP +  (Fig. 5b, dashed line) NPC popu-
lations revealed a 20% increase in the rate of EdU incorporation in 
Tis21-GFP +  cells (Fig. 5c). This increase was corroborated when 
only the overtly EdU-incorporating NPCs in S-phase, as defined by 
DNA content (Fig. 5d,e), were quantified, and observed for cells in 
early and late S-phase (Fig. 5f; Fig. 5g,h for Tis21-GFP − ; Fig. 5i,j for 
Tis21-GFP + ). Thus, Tis21-GFP +  NPCs exhibited a higher rate of 
DNA synthesis than Tis21-GFP −  NPCs, although the magnitude 
of this increase (1.2-fold change) was clearly less than that of the 
reduction in S-phase duration (3.3-fold change) in Tis21-GFP +  
compared with Tis21-GFP −  NPCs (Fig. 4f, Table 1, see Supplemen-
tary Fig. S2 for proportions of NPC sub-populations).

Increased PCNA level in short S-phase duration nuclei. We also 
analysed the intensity and sub-nuclear pattern of PCNA immuno-
reactivity in NPC populations with different S-phase durations. As 
high-resolution PCNA immunostaining was not compatible with 
detecting Tis21-GFP (see Methods), we combined it with Tbr2 
immunofluorescence, reasoning that a Tbr2 +  S-phase nucleus can 
be attributed to a BP and a Tbr2 −  S-phase nucleus to an AP. Given 
that S-phase in the total BP population is substantially shorter than 
in the total AP population (3.2 versus 5.0 h, Table 1), which reflects 
the fact that the BP population contains twice as many Tis21-GFP +  
NPCs as the AP population (80 versus 40%, Fig. 1c,h, Supplemen-
tary Fig. S2), comparison of PCNA immunostaining between Tbr2 +  
and Tbr2 −  nuclei may reveal differences in the DNA replication 
machinery that are related to alterations in S-phase duration.

In accordance with previous observations with non-neural 
cells40,41, we considered the following: AP and BP nuclei exhibiting 
diffuse PCNA immunoreactivity to be in G1 or G2 (see Fig. 3c,d); 
nuclei exhibiting numerous small PCNA puncta above the level of 
diffuse PCNA immunoreactivity to be in early S-phase (Fig. 6a); 
and nuclei exhibiting strong, occasionally clustered PCNA puncta 
well above the level of diffuse PCNA immunoreactivity to be in late 
S-phase (Fig. 6b). Quantification of the average PCNA immuno-
fluorescence of a nucleus showed that this value extended over a cer-
tain range for both early (Fig. 6c) and late (Fig. 6d) S-phase nuclei. 
Plotting these values in ascending order for late S-phase nuclei 

revealed a significant difference between Tbr2 −  and Tbr2 +  nuclei 
(Fig. 6d), with the mean value of Tbr2 +  nuclei being 18% higher 
than that of Tbr2 −  nuclei (Fig. 6e), whereas no significant difference 
was observed between early S-phase Tbr2 −  and Tbr2 +  nuclei (Fig. 
6c,e). Thus, nuclei with, on average, a shorter S-phase (BPs) appear 
to maintain PCNA immunoreactivity at late S-phase at higher levels 
than nuclei with, on average, a longer S-phase (APs), although the 
magnitude of this increase (1.2-fold change) was less than that of 
the reduction in S-phase duration (1.6-fold change) in BPs relative 
to APs (Table 1, see Supplementary Fig. S2 for proportions of NPC 
sub-populations). Moreover, the s.d. of PCNA immunofluorescence 
between the pixels of a given nucleus was similar for Tbr2 −  and 
Tbr2 +  nuclei in early S-phase, but was significantly higher for Tbr2 +  
than for Tbr2 −  nuclei in late S-phase (Fig. 6f). This suggested that 
the variability of clustered PCNA immunoreactivity at late S-phase 
was greater in nuclei with, on average, a shorter S-phase (BPs) than 
nuclei with, on average, a longer S-phase (APs).

Candidate genes for reducing S-phase duration of NPCs. To gain 
further insight into the molecules possibly involved in these cell-
cycle alterations, notably the S-phase shortening in Tis21-GFP +  
compared with Tis21-GFP −  NPCs, we carried out a genome-wide 
analysis of changes in mRNA levels. For this purpose, living Tis21-
GFP −  and Tis21-GFP +  NPCs in S-phase, as defined by DNA 
content, were isolated by FACS (Supplementary Fig. S5) and sub-
jected to microarray analysis. The FACS-based separation of Tis21-
GFP −  and Tis21-GFP +  NPCs was validated by analysis of mRNAs 
expected to be up- or down-regulated in these NPC populations 
(Table 2, see Supplementary Note S3).

Genome-wide analysis revealed 1,098 annotated mRNAs, the 
levels of which showed a statistically significant (P < 0.05) 1.2-fold 
change in Tis21-GFP +  S-phase NPCs as compared with Tis21-
GFP − S-phase NPCs, with 410 mRNAs being upregulated and 688 
mRNAs downregulated in Tis21-GFP +  cells. Table 2 lists those 
among the 1,098 genes the functions of which suggested that they 
may be involved in the observed cell-cycle phase alterations, nota-
bly the 3.3-fold reduction in S-phase duration (from 8.0 to 2.4 h,  
Table 1), in Tis21-GFP +  compared with Tis21-GFP −  NPCs. 
Indeed, alterations in mRNA levels were observed for genes involved 
in cell-cycle regulation and DNA replication and repair. Specifi-
cally, genes expected to be associated with a reduction in S-phase  
duration, such as the transcription factor E2f1 (refs 42, 43), the 
phosphatase Cdc25a (ref. 44), cyclin G2 (ref. 45) and topoisomerase 
II alpha46, showed upregulated mRNA levels in Tis21-GFP +  NPCs. 
Conversely, genes expected to be associated with an increase in S-phase  
duration, such as the repressor Erf47,48 and the ubiquitin ligase 
 complex subunit Fbxw7 (ref. 49), showed downregulated mRNA 
levels in Tis21-GFP +  NPCs.

Table 1 | Cell-cycle parameters of Tis21-GFP −  and Tis21-GFP +  APs and BPs in E14.5 mouse neocortex.

Cell-cycle phases (h) Growth fraction 
(%  s.e.m.)

TC-TS TS TC TG2 TM TG1

APs (Pax6 + /Tbr2 − ) 14.1 5.0 19.1 1.6 0.9 11.6 98  1
Tis21-GFP − 14.1 8.3 22.4 1.6 1.1 11.4 98  1
Tis21-GFP + 14.0 1.8 15.8 1.6 0.7 11.7 99  0.5

BPs (Tbr2 + /Tbr1 − ) 23.3 3.2 26.5 1.6 0.5 21.2 99  1
Tis21-GFP − 23.0 6.4 29.4 1.6 0.5 20.9 99  1
Tis21-GFP + 23.4 2.8 26.2 1.6 0.5 21.3 99  1

Tis21-GFP −  NPCs 8.0 23.3 1.6 1.0 12.7
Tis21-GFP +  NPCs 2.4 21.7 1.6 0.6 17.1

AP and BP cell-cycle parameters were calculated from the data of Figures 2e, f and 4e and from the percentage of NPCs in M-phase. Average values for Tis21-GFP −  and Tis21-GFP +  NPCs were calcu-
lated taking into account the relative proportions of NPC populations in VZ + SVZ (see Supplementary Fig. S2). TC, total cell cycle; TS, S-phase; TG2, G2-phase; TM, M-phase; TG1, G1-phase.

-Total cell cycle time is shorter for RGCs than IPCs.
-G1 phase is twice as long for IPCs than for RGCs.
-G2 phase is similar between IPCs and RGCs.
-S phase is shorter for IPCs.

Arai et al. (2011)
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Uses of S-phase labeling for “time stamping”

Short survival time (e.g., 30min) allows detection of cells 
in S-phase.

Increased post-injection survival time results in labeled 
cells at progressively later phases of the cell cycle.

Label will be diluted in cells that continue to divide. 

Labeled cells that become postmitotic following division, 
retain the label throughout life (birth-dating).

Figure 3 Expression of various transcription factors in thalamic progenitor cells. (A,B,D-G,I,J) Confocal images of E11.5 frontal sections
showing combined immunostaining of Olig3 (A,F), NeuroD1 (B,G), Olig2 (D,I), Lhx2/9 (E,J) with 0.5-hour pulse-labeled EdU. Midline is to the left.
(A,F) The dashed line delineates the border of Olig3 expression, which coincides with the lateral border of EdU-expressing cells. (B,G) The arrow
in (B) shows the lateral cluster of NeuroD1-expressing cells. The arrowheads in (G) show cells co-expressing NeuroD1 and EdU, which are found
within the lateral cluster of NeuroD1-expressing cells. (C,H) Combined in situ hybridization for Insm1 and PH3 shows overlapping expression of
these two markers (arrow). (D,I) The arrowhead and arrow point to the location of Olig2 expression in the VZ and more lateral locations,
respectively. Z-projections along the indicated lines are shown in the insets in (I), indicating the co-localization of green and red signals. (E,J) The
arrow in (E) shows the lateral position of Lhx2/9-expressing cells that show minimum overlap with 0.5-hour EdU. Scale bar: 100 μm.

Figure 4 Comparison of Neurog1 and Neurog2 expression patterns with regards to a 0.5-hour EdU pulse. (A-C) Confocal images of the
same E11.5 frontal section showing combined immunostaining of Neurog1 and Neurog2 with a 0.5-hour pulse-labeled EdU on the same
section. Midline is to the left. The dashed line delineates the lateral border of Neurog1-expressing cells. Arrows point to cells expressing
Neurog1, Neurog2 and EdU within the lateral limit of Neurog1-expressing cells. Arrowheads point to cells that express EdU and Neurog2 but not
Neurog1, located outside of the Neurog1-expressing domain. Scale bar: 50 μm.

Wang et al. Neural Development 2011, 6:35
http://www.neuraldevelopment.com/content/6/1/35
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Wang, Bluske et al. (20011)

embryos that had been pulsed with EdU 0.5 hours prior
to sacrifice, we detected a large, single cluster of EdU-
positive cells that encompassed a broad medial-lateral
region of the thalamic progenitor domain, suggesting the
close proximity of RGs and basal progenitor cells during
S phase (Figure 6A; black curve in Figure 6F,G). As
expected, very few mitotic cells expressing PH3 are
labeled by EdU.
At 2 hours after EdU injection, we detected some

EdU-positive cells at the ventricular surface and the
region closer to the ventricle (Figure 6B, arrow; red
curve in Figure 6F,G). Many PH3-positive cells both at
the ventricular surface and in the basal location were
also EdU-positive (Figure 6B, arrowheads). This indi-
cates that, particularly at E11.5, cells start to enter M
phase about 2 hours after S phase.
At 4 hours, as many as 60 to 75% of PH3-expressing

cells were positive for EdU at both the apical and basal
locations (Figure 6C, arrowheads; Figure 6E). In addition,
we found two dense clusters of EdU-positive cells that
were now separated from each other. One was located
close to the ventricle. The other population was located
more laterally (green curve in Figure 6F,G). This

separation implies a distinct migratory behavior of thala-
mic basal progenitor cells, which stay in the basal location
from S phase to M phase. Conversely, RGs translocate
their nuclei medially from S phase to M phase by interki-
netic nuclear migration.
At 8 hours, we again detected only a small overlap

between EdU and PH3, indicating that a majority of pro-
genitor cells labeled 8 hours before have already divided.
A broad cluster of EdU-positive cells was found in the
middle of the diencephalic wall (Figure 6D, between the
dashed lines), and additional EdU-positive cells were
found far laterally, which are likely to be postmitotic cells
(blue curve in Figure 6F,G).
In summary, the EdU pulse experiment distinguishes

RGs and basal progenitor cells because of their distinct
patterns of migration during their cell cycle.

Expression of basal progenitor markers at different stages
of the cell cycle
By taking advantage of the EdU pulse labeling, we next
examined the expression of NeuroD1, Lhx2/9, Neurog1
and Neurog2 in more detail with regard to the cell cycle
status of basal progenitor cells.

Figure 6 EdU pulse labeling and PH3 expression. (A-D) Confocal images of E11.5 frontal sections showing double staining of PH3 and EdU pulsed
for different durations. Midline is to the left. (A) With a 0.5-hour EdU pulse, PH3 shows no co-localization with EdU in both apically and basally dividing
cells. (B) With a 2-hour EdU pulse, some cells show co-localization in both apical and basal locations (arrowheads). Compared with the 0.5-hour pulse,
more EdU-labeled cells are found close to the ventricle (arrow). (C) With a 4-hour EdU pulse, many cells express both PH3 and EdU both apically and
basally (arrowheads). (D) With an 8-hour EdU pulse, no co-localization of EdU and PH3 is detected. Dashed lines indicate the large, central cluster of
EdU-labeled cells. (E) Cell counts showing the proportion of PH3+/EdU+ cells in total PH3+ cells at E11.5 and E12.5. The greatest proportion of co-
localization is found with a 4-hour pulse, suggesting that most cells enter M phase within 4 hours after S phase. Cell counts are shown as mean ±
standard error of the mean; one-way ANOVA test F = 27.70, P < 0.0001. Post-hoc Tukey test shows significant difference between EdU 0.5 hours versus
2 hours (P < 0.01), EdU 0.5 hours versus 4 hours (P < 0.001), EdU 2 hours versus 4 hours (P < 0.05), EdU 2 hours versus 8 hours (P < 0.01), and EdU 4
hours versus 8 hours (P < 0.001) at E11.5 and a significant difference between EdU 0.5 hours versus 4 hours (P < 0.01), EdU 2 hours versus 4 hours (P <
0.01), and EdU 4 hours versus 8 hours (P < 0.01) at E12.5. No significance is detected for ratios between apically and basally dividing cells at the same
pulse time. Scale bar: 50 μm. (F,G) Distribution of EdU-positive cells for each pulse time at E11.5 (F) and E12.5 (G). Each bin is 20-μm wide and bin 1 is
at the surface of the third ventricle. Three sections for each pulse time at each stage were averaged.

Wang et al. Neural Development 2011, 6:35
http://www.neuraldevelopment.com/content/6/1/35
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to sacrifice, we detected a large, single cluster of EdU-
positive cells that encompassed a broad medial-lateral
region of the thalamic progenitor domain, suggesting the
close proximity of RGs and basal progenitor cells during
S phase (Figure 6A; black curve in Figure 6F,G). As
expected, very few mitotic cells expressing PH3 are
labeled by EdU.
At 2 hours after EdU injection, we detected some

EdU-positive cells at the ventricular surface and the
region closer to the ventricle (Figure 6B, arrow; red
curve in Figure 6F,G). Many PH3-positive cells both at
the ventricular surface and in the basal location were
also EdU-positive (Figure 6B, arrowheads). This indi-
cates that, particularly at E11.5, cells start to enter M
phase about 2 hours after S phase.
At 4 hours, as many as 60 to 75% of PH3-expressing

cells were positive for EdU at both the apical and basal
locations (Figure 6C, arrowheads; Figure 6E). In addition,
we found two dense clusters of EdU-positive cells that
were now separated from each other. One was located
close to the ventricle. The other population was located
more laterally (green curve in Figure 6F,G). This

separation implies a distinct migratory behavior of thala-
mic basal progenitor cells, which stay in the basal location
from S phase to M phase. Conversely, RGs translocate
their nuclei medially from S phase to M phase by interki-
netic nuclear migration.
At 8 hours, we again detected only a small overlap

between EdU and PH3, indicating that a majority of pro-
genitor cells labeled 8 hours before have already divided.
A broad cluster of EdU-positive cells was found in the
middle of the diencephalic wall (Figure 6D, between the
dashed lines), and additional EdU-positive cells were
found far laterally, which are likely to be postmitotic cells
(blue curve in Figure 6F,G).
In summary, the EdU pulse experiment distinguishes

RGs and basal progenitor cells because of their distinct
patterns of migration during their cell cycle.

Expression of basal progenitor markers at different stages
of the cell cycle
By taking advantage of the EdU pulse labeling, we next
examined the expression of NeuroD1, Lhx2/9, Neurog1
and Neurog2 in more detail with regard to the cell cycle
status of basal progenitor cells.

Figure 6 EdU pulse labeling and PH3 expression. (A-D) Confocal images of E11.5 frontal sections showing double staining of PH3 and EdU pulsed
for different durations. Midline is to the left. (A) With a 0.5-hour EdU pulse, PH3 shows no co-localization with EdU in both apically and basally dividing
cells. (B) With a 2-hour EdU pulse, some cells show co-localization in both apical and basal locations (arrowheads). Compared with the 0.5-hour pulse,
more EdU-labeled cells are found close to the ventricle (arrow). (C) With a 4-hour EdU pulse, many cells express both PH3 and EdU both apically and
basally (arrowheads). (D) With an 8-hour EdU pulse, no co-localization of EdU and PH3 is detected. Dashed lines indicate the large, central cluster of
EdU-labeled cells. (E) Cell counts showing the proportion of PH3+/EdU+ cells in total PH3+ cells at E11.5 and E12.5. The greatest proportion of co-
localization is found with a 4-hour pulse, suggesting that most cells enter M phase within 4 hours after S phase. Cell counts are shown as mean ±
standard error of the mean; one-way ANOVA test F = 27.70, P < 0.0001. Post-hoc Tukey test shows significant difference between EdU 0.5 hours versus
2 hours (P < 0.01), EdU 0.5 hours versus 4 hours (P < 0.001), EdU 2 hours versus 4 hours (P < 0.05), EdU 2 hours versus 8 hours (P < 0.01), and EdU 4
hours versus 8 hours (P < 0.001) at E11.5 and a significant difference between EdU 0.5 hours versus 4 hours (P < 0.01), EdU 2 hours versus 4 hours (P <
0.01), and EdU 4 hours versus 8 hours (P < 0.01) at E12.5. No significance is detected for ratios between apically and basally dividing cells at the same
pulse time. Scale bar: 50 μm. (F,G) Distribution of EdU-positive cells for each pulse time at E11.5 (F) and E12.5 (G). Each bin is 20-μm wide and bin 1 is
at the surface of the third ventricle. Three sections for each pulse time at each stage were averaged.
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Inside-out pattern of neurogenesis in the 
neocortex

3H-thymidine was injected on a selected embryonic day and the monkey was killed 
postnatally.

Deep layer (VI)  neurons become postmitotic first. Upper layer (II) neurons are the latest to 
be born.

Generally, neurogenesis occurs earlier in more anterior (rostral) and more lateral regions of 
the neocortex (neurogenic gradient).

P E R S P E C T I V E S

grains is at least 50% of that recorded in max-
imally labelled nuclei in the same specimen8,9

(FIG. 1). As the amount of label is halved every
time a cell passes through the cell cycle, the
presence of both heavily and lightly labelled
cells has been used as a criterion for confirm-
ing that the label incorporation is due to cell
proliferation50. This simple quantitative crite-
rion for DNA replication avoids false-positive
data due to background or other artefacts33,41,50.
However, unlike 3H-dT autoradiography,
immunohistochemical detection of BrdU is
not stoichiometric and is therefore not well
suited to quantification (FIG. 1). This problem
is exacerbated by the use of amplification
methods that further enhance the intensity of
labelling, which gives the impression of a
degree of labelling that does not reflect the
magnitude of DNA replication33. For this rea-
son, high and/or multiple doses of BrdU (or
its addition to drinking water) to detect rare
cell divisions in adult animals should be
avoided. Whereas a dose of less than 50 mg
kg−1 is commonly used to label dividing neu-
rons in the developing brain, multiple doses
of 50–500 mg kg−1 that are used in adult ani-
mals can produce artefacts and heavily label
even low levels of normal DNA turnover or
minor DNA repairs (FIG. 1).

The incorporation of BrdU into the
nucleus is often taken as an uncontested sign
of cell division. However, damaged or degen-
erating neurons can activate cyclins (cell-
cycle-associated proteins) and initiate
abortive DNA synthesis without mitosis, as
has been observed during the process of cell
degeneration51,52. In some cases, neurons
apparently become tetraploid and this
“genetic imbalance may persist for many
months before the cells die”51. So, some of the
‘new neurons’ that are reported to survive for
a short time might actually be ‘old neurons’
that synthesize DNA as part of an apoptotic
process51,53,54. In addition, unscheduled DNA

Criteria and methodological caveats
How can diametrically opposed findings that
are obtained by the same method in the same
species be reconciled? First, it should be
emphasized that some experts in this field met
the report of large additions of neurons to the
adult primate neocortex with scepticism. For
example, Nowakowski33, who introduced the
use of BrdU to developmental neurobiology48,
was very critical of the use of this procedure to
detect labelled cells, and identify them as
migrating and mature neurons. Although
BrdU immunohistochemistry has advantages,
it also has some drawbacks that can lead to
erroneous conclusions if potential technical
problems are ignored49.

3H-dT/BrdU labelling is not sufficient. It is
essential to recognize that 3H-dT and BrdU
are not markers of cell division, as is com-
monly assumed, but indicators of DNA syn-
thesis. Therefore, the conclusion that a given
cell in the adult brain is ‘new’ depends on
detecting the duplication of DNA during its
last mitotic division. This is usually done by
supplying exogenous DNA precursors — 
3H-dT or its analogue BrdU — and assessing
their incorporation by autoradiography or
immunoreactivity, respectively (FIGS 1, 4 and 5).
With 3H-dT autoradiography, radiolabelled
neurons are considered to be heavily labelled
only if, in animals injected with a single dose
of 3H-dT, the number of overlying silver
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Figure 2 | Relationship between the time of origin and the final position of cortical neurons in the
macaque monkey. Representation of the positions of heavily labelled neurons in the four representative
cytoarchitectonic cortical areas. Each monkey was injected with 10 mCi kg−1 of 3H-thymidine (3H-dT) on a
selected embryonic day (E) and killed postnatally. A representation of the approximate position of layers I– VI
and the white matter (WM) is on the left. Embryonic days are represented on the horizontal axis, starting
with the beginning of the second fetal month (E34) and ending at term (E165). Positions of the vertical lines
indicate the embryonic day on which an animal received a pulse of 3H-dT. On each vertical line, short
horizontal markers indicate positions of the heavily labelled neurons encountered in a 2.5-mm-long strip of
cortex. Blue, Brodmann area (BA) 24; green, BA 11; yellow, BA 46; red, BA 17. Layer I neurons in the
primates are generated throughout the entire period of neurogenesis in each area (brown).

Figure 3 | Satellite glia labelled with 3H-thymidine. Photomicrophotographs of heavily labelled satellite glial cells in the frontal lobe of a monkey 35 days after a
single injection of 3H-thymidine (10 mCi kg−1). Cresyl violet counterstaining is sufficient to distinguish between neurons and labelled (black arrows) and unlabelled
(red arrows) glial cells, even when they are closely apposed to neuronal perikarya.

Rakic (2002)

Area 24 (anterior cingulate)

Area 11 (orbitofrontal)

Area 46 (dorsolateral prefrontal)

Area 17 (primary visual)
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Summary 1-changing cell division over time

Cells change their morphology, gene expression and division mode during 
neurogenesis.

Before neurogenesis starts, neuroepithelial cells (NECs) increase the pool size of by dividing 
symmetrically.

Once neurogenesis starts, apical radial glial cells (aRGCs) divide asymmetrically and 
produce neurons either directly or indirectly via more differentiated progenitor cells including:

-basal intermediate progenitor cells (bIPCs): divide symmetrically
-basal radial glia (bRGs or bRGCs): various division mode, high proliferative capacity, 
abundant in primate neocortex

NECs and aRGCs share many features (morphology, gene expression, etc.) and are 
considered as neural stem cells.

Over time, cell division slows down, and neurogenesis stops and is taken over by 
gliogenesis. In a few brain regions, RGCs turn into adult neural stem cells and continues to 
produce into adulthood. 
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Overview of neurogenesis in embryonic 
vertebrate CNS

components and cell fate determinants through horizontal cleavage

planes (Fig 2C, right).

In the vertebrate developing brain, early RGC divisions feature

cleavage planes perpendicular to the ventricular surface (vertical

cleavage, Fig 2B, C left). The spindle orientation of symmetric RGC

divisions is tightly regulated by mechanisms involving the centro-

somes, astral microtubule positioning, and interaction with proteins

present at the cell cortex [27]. The mitotic spindle is anchored to the

cell cortex by astral microtubules via dynein and the LGN/Gai/
NuMa complex. Localization of the LGN complex components to

the lateral membrane of NECs/RGCs is essential for maintaining

early symmetric RGC divisions in vertebrate neurogenesis (Fig 2C,

left) [28–30]. In addition, Lis1, a gene that causes lissencephaly

(“smooth” brain) in humans when mutated, mediates capture of the

astral microtubules by the cell cortex through interaction with

dynein and Ndel1 [31]. Perturbation of the Lis1/Ndel1 complex

severely disrupts the expansion of the NEC/RGC pool by inducing

random cleavage planes [31–33].
In asymmetric divisions in Drosophila, Insc induces horizontal

cleavage planes through recruitment of the LGN complex to the

apical domain by interaction of Insc with polarity proteins (Fig 2C,

right). However, horizontal cleavages are less common in vertebrate

developing brains. For example, in the mammalian neocortex,

oblique and horizontal cleavage planes appear only in later develop-

mental stages (Fig 2C, middle) [34,35]. These cleavages generate

basal progenitors such as IPs and bRG that are proposed to be

important during evolutionary cortical expansion [36,37]. Disrup-

tion of mInsc at later stages of neurogenesis interferes with the

spindle orientation of these asymmetric divisions [35], suggesting

that release of the tight regulation of spindle orientation is important

for inducing basal progenitors.

Indeed, mutations in genes regulating spindle orientation cause

brain disorders such as lissencephaly and microcephaly in humans

[38]. Interestingly, most known microcephaly genes encode centro-

somal proteins, which often have a role in regulating spindle orien-

tation, such as Aspm, Cdk5rap2, and MCPH1 [38–40]. Centrosome

overduplication in mouse RGCs leads to multipolar mitotic spin-

dles, eventually causing microcephaly due to RGC apoptosis and

subsequent reduction in NPCs [41]. In general, besides regulating

spindle orientation, the function of microcephaly genes is related to

control of centriole duplication, centrosome maturation, and/or

entry into mitosis. However, it is still unclear how disruption of
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Figure 1. Schematic overview of neurogenesis in the embryonic vertebrate CNS.
The principal types of NPCs with the progeny they produce are indicated by different colors. Additional NPC types that are typically found in mammalian neocortex are
indicated in the box; note that only some of the possible daughter cell outcomes are depicted.
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Cell division changes over time, space and 
evolution during neural development

2. Region
anterior vs posterior size difference 
neurogenic gradients
areal difference in the neocortex
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Regional differences in neurogenesis
1. Rostral neural tissue becomes bigger (with more cells) than caudal neural tissue. 

human mouse Drosophila
-In mice, indirect neurogenesis by IPCs is 
more abundant in rostral CNS than hindbrain 
and spinal cord.
-In Drosophila, switch from indirect to direct 
neurogenesis occurs early in caudal CNS due 
to overlapping expression of Hox genes.
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Figure 7. Combinatorial Misexpression of All Early Factors Can Generate NBs throughout the Ectoderm
(A–C) Control, Hexa (ase, SoxN,wor, hb,Kr, and nub) and triple late factor (cas, grh, and Antp) co-misexpression driven from da-Gal4, stained for Dpn, Pros, PH3,

and GsbN (marker for NBs in rows 5 and 6), at St12. da > Hexa co-misexpresssion triggers extensive generation of ectopic NBs, and extensive ectopic pro-

liferation. Strikingly, despite the widespread ectopic NB generation throughout the ectoderm, GsbN reveals an underlying VNC with apparently normal seg-

mentation. In contrast to early factor co-misexpression, da > cas, grh, and Antp co-misexpression triggers an apparent reduction in Pros-expressing cells, as well

as of dividing cells (PH3) (dashed boxes outline the T1–T3 hemisegments).

(legend continued on next page)
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Bahrampour et al. (2017)

mainly in neurons and only transiently in NBs, and binds directly
to, at least, the Ubx mRNA [50, 51]. The dynamic expression of
ELAV protein could thus help provide temporal gating of Ubx,
Abd-A, and Abd-B protein expression in NBs.

In addition to the A-P differences in lineage size, NBs within
thesamesegmentdisplay lineages rangingbetween4and40cells
[10–12]. It is likely that these NB-specific differences are driven
by the segment-polarity and columnar genes (reviewed in [52]).
Additionally, we did observe heterogeneous levels of Hox expres-
sionwithin segments (Figure 3G),whichmaycontribute to control-
ling individual lineage sizes, even within the same segment.

The well-established spatially restricted domains of Hox
expression provide a logical framework for the proliferation
gradient. In addition, the temporal onset of Hox expression
provides an explanation for the Hox-mediated proliferation re-
striction during lineage progression. Our findings propose the
existence of a Hox-free ‘‘ground state’’ in NBs at early steps of
lineage progression, allowing for more proliferative modes, i.e.,
type I daughters and cycling NBs. Subsequently, Hox expres-
sion levels increase in NBs, triggering the type I > 0 daughter
switch and stopping NB proliferation, acting within their specific
domains to establish the A-P wedge in lineage size. This
patterning is characterized by a gradient of type I > 0 switches
and NB exit, as well as NB and postmitotic PCD (Figure 7). The
hypothesis of a ‘‘ground state’’ has been proposed previously
for appendages in Drosophila, where a Hox-free ground state
would result in development of a T2 leg, and other segmental
identities require the action of different Hox genes [53].

Evolutionarily Conserved Program for Generating the
Wedge-like CNS
It is tempting to speculate that spatially and temporally regulated
Hoxhomeotic gene functionmayplay an evolutionarily conserved
role in proliferation control and in establishing thewidely recogniz-
able wedge-like appearance of many animal CNSs. Several find-

early nerve cord “ground state” : Hox-free in NBs

A P

Ubx
Abd-A

Abd-B

Antp

thoracic lineage anterior abdominal lineage

late nerve cord: Hox gradients in NBs --| cell cycle

A P

posterior abdominal lineage

thoracic lineage anterior abdominal lineage posterior abdominal lineage

NB proliferation
type I->0 daughter proliferation switch 
lineage size

Q

Figure 7. Model of Hox-Mediated Prolifera-
tion Control along the A-P Axis in the VNC
In the early VNC, BX-C and Antp Hox expression

is absent (or low) in NBs (this study) [6, 7]. Subse-

quently, Hox expression commences in NBs, which

triggers the type I > 0 daughter proliferation switch

and ultimately NB cell-cycle exit. The overlapping

gradients of Hox expression result in earlier type I > 0

proliferation switches and NB exit in more posterior

segments, therefore generating fewer cells/lineage in

posterior segments and developing a wedge-like

profile in the VNC. PCD (crosses) plays an important

role in removing both NBs and postmitotic cells, but

the A-P gradient in proliferation and lineage size is

evident even in PCD mutants.

ings support this notion. First, alternate
daughter proliferation modes and tightly
regulated progenitor proliferation exit have
both been described during mammalian
neurogenesis [54–56]. Second, Hox home-
otic genes are evolutionary ancient and
maintain the same clustering and genomic
organization [57, 58]. Third, Hox genes

are expressed in overlapping gradients in the developing CNS
of a wide range of animals, including vertebrates [4]. Fourth,
studies in Xenopus have revealed that overexpression of Xcad2
(Drosophila caudal ortholog) shifts the expression domain anteri-
orly of the posterior Hoxc6 and Hoxb9, resulting in microcephaly
[59]. Similarly, mutation of Hoxb13 in mouse causes overgrowth
of tail structures, including the neural tube [60]. Finally, the fact
that themost anterior part of many CNSs, constituting the broad-
est part of the wedge, is free fromHox homeotic gene expression
supports the notion that Hox genes play an important role as an
evolutionarily conserved mechanism for proliferation control of
progenitors and daughters, acting to control the establishment
of the CNS wedge.

EXPERIMENTAL PROCEDURES

Fly Stocks
ham-GFP was generated by inserting fragment GMR80G10, including the

promoter from vector pBPGUw, into vector pEGFP-2.attB [61] (provided by

K. Basler and J. Bischof) as a BamHI fragment and generating transgenes

by site-directed, phiC31-mediated integration into landing site strains BL no.

9723 (28E) and BL no. 8622 (68A; BestGene).

Sequences coding for Abd-A and Abd-B were codon optimized for expres-

sion in Drosophila. DNAs were generated by gene synthesis (Genscript),

cloned into pUAS.attB [62], and injected into landing site strains (BestGene).

See the Supplemental Experimental Procedures for details.

Immunohistochemistry
See the Supplemental Experimental Procedures.

Confocal Imaging and Data Acquisition
See the Supplemental Experimental Procedures.

Quantification of Overall Cell Numbers
See the Supplemental Experimental Procedures.

Hox Protein Intensity Measurements
See the Supplemental Experimental Procedures.

1170 Current Biology 27, 1161–1172, April 24, 2017

Modenero Cobeta et al. (2017)
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Regional differences in neurogenesis
2. Neurogenic gradients within each brain region 

The onset and progression of neurogenesis are not uniform across the 
cortex.
-anterior early, posterior late
-lateral early, medial late

In the spinal cord, motor neurons are first generated ventrally. Neurons in 
the dorsal spinal cord are generated later.

Neurogenic gradients are likely to be linked to mechanisms of 
regionalization.

Bayer and Altman (1991)

GLOBAL NEUROGENETIC GRADIENTS I 43 

A. DIRECTIONS OF' NEUROGENETIC  c. TRAJECTORIES OF' SPECIFIC 
GRADIENTS  THALAMIC 

AFFERENTSD 

A 

D. TRAJECTORIES OF MONOAMINEB. TRAJECTORIES OF' BASAL AFF'ERENTSTELENCEPHALIC  
AFF'ERENTS  

 

FIG. 3-11. A to 0 are diagrams showing the directions of neurogenetic gradients (A) and the 
trajectories of growing axons from the basal.telenceghalon (B), from specific sensory relay nuclei 
in the thalamus (C), and from brainstem monoami'ne centers (D). In A, directional labels are shown 
that apply to all the diagrams: A, anterior; D, dorsal; DL, dorsolateral; DM, dorsomedial; P, pos-
terior; VL, ventrolateral; VM, ventromedial. The clear arrows in A1ndicate two neocortical neu: 
rogenetic gradients and point to areas that contain younger neurons dorsomedially (the trans-
verse gradient) and posteriorly (the  gradient). The stippled arrows in A indicate the 
ventral (older) to dorsal (younger) neurogenetic gradient in the medial limbic cortex that reverses 
the direction of the transverse neocortical gradient. In B, C, and 0, arrows indicate the trajectories 
of axonal growth. The axons first enter the developing cortex in the ventrol<;lteral (clear arrows 
in B, C, and OJ, anterior (clear arrows in B and OJ, and ventromedial (stippled arrow in D) walls, 
where in all cases the older neurons are located. The axons grow dorsomedially in neocortex 
(clear arrows in B, C, and D), posteriorly in neocortex (clear arrows in B and D), and dorsally in 
medial limbic cortex (stippied arrow in D), toward the sites where the younger neurons are lo-
cated. 

the basal forebrain afferents with another marker: re- cellular basal telencephalic neurons. Given the early 
ceptors for nerve growth factor (NGF).5 NGF recep- birthdays of those neurons (Bayer, 1985) and their 
tor-rich fibers penetrate the primordial plexiform layer proximity to the cortex, the basal telencephalon may 
of the neocortex as early as E15, and Koh and Loy indeed be among the first extrinsic afferents to reach 
(1989) suggest that these axons are from the magno- neocortex. But their delayed expression of choline 

aceytltransferase is intriguing. Oddly enough, the spe-
cific thalamocortical sensory relay afferents tran-
siently display cholinergic activity during the first post-

5 The survivaJ of neurons in the basal telencephalic magnocellular natal week (Kristt, 1985; Robertson, 1987). Possibly,nuclei is linked to the early presence of NGF (Barde, 1989). Very 
soon after their generation (as early as El3), the somatic membranes the permanent expression of cholinergic activity by the 
of caudal neurons in the globus pallid us contain receptors for NGF, basal forebrain afferents is timed to occur after the while rostral neurons show the NGF receptor slightly later (Koh and specific thalamocortical projections are no longer cho-Loy, 1989), following the caudal to rostral neurogenetic gradient of  
magnocellular basal telencephalic neurons (Bayer, 1985). linergic.  

INDUCED RESPECIFICATION OF PRIMATE VISUAL CORTEX 81 

TABLE 4. Dimensions and Relative Proportions of Cortical Regions on llir Operculum and in the Calcarine' 
A17 calc.1 Dorsal Extrastriate 

visual cortex Age at Age at A17 total extrastriate 
Case enucleation observation A17 calc. A17 operc. i 9%) 1 visual cortex (%la in calcarine i6.P 

BB46 E59 PO 249.0 77.3 76 3 43.5 6.5 
BB95 Efi2 PO 243.9 40.9 85.6 41.8 8.2 

BB28 EfiR PO 271.6 44.0 86.1 39.8 8.2 

BB35 E81 Po 390.2 321 0 54.9 35.5 4.2 

BB104 E62 El37 159.4 56.0 74.0 39.6 5.3 

BB2 1 E l 7  PO 293.9 218.6 57 3 37.4 5 3  

BB49 El09 PO 473.4 392.3 54.7 36.1 3.2 
BBZO E l l 0  PO 323.5 224 7 59 0 
BB34 Normal E l33  353.3 321.4 52.4 33.2 3.1 
BR68 Normal Three months fi52.0 480.3 57 6 34.8 3.5 
BB70 Normal Two months 530.9 428 4 66.3 34.4 4 7  
BB75 Normal One month 768.0 616 5 55.5 32.6 3.5 

'A17 calc.: striate cortex in calcarine; A17 operc: striate cortex on aperculum, A17 total: striate cortex in cdur ine  plus Jlriate cortex on opercuhlm; dorsnl extrastriate visual cortex: 
occipital temporal cortex miniis striat,e c o ~ t e x  on operculum minus total cdcanne cortex; extrastrlate msual cort.ex in calcarine: total calcarine cortex minus strlate cortex in calcarine. 
'Proportions are expressed as percentages of neocortex. 

Fig. 9. Occipital lobe of case BB25, a normal neonate (A), and of case BB95, a neonate that had been 
enuclcatcd on E68 (B), showing uniformity of extrastriate cortex. Arrowheads indicate the striate border 
(for abbreviations and full details ofsulci patterns, see Fig. 5). Scale bars = 2 mm. 

65% level, and then widened again before disappearing 
laterally to the 48% level. This example illustrates an 
important point: We never observed a case where a piece of 
striate cortex was completely detached from the bulk of 
striate cortex; instead, there was always a neck of striate 
cortex connecting such protrusions to the striate field. In 
the eight cases of enucleation altogether, there were four 
instances of indentation: two on the operculum (following 
enucleation at  E59 and E68) and two in the calcarine 

(following enucleation at E59 and E62). An example of 
indentation in the internal calcarine is shown in Figure 13B. 

Sulcal pattern 
In the normal animal, the only fully formed sulcus on the 

operculum was the external calcarine; however, it was not 
present in all cases (Fig. 5 ) .  When it was present, it began 
medially just ventral and posterior to the 10s and ran for a 

3. Difference between two adjacent cortical areas 
In upper layers of primate visual cortex, area 17 (primary visual area) has a much higher 
neuronal density than the adjacent area 18 (secondary visual area). 

The cell cycle length and S phase length are shorter in area 17 than in area 18 when upper 
layer neurons are being generated. 

Dehay and Kennedy (1996)

Neuron
356

Figure 3. Cell Cycle Kinetics of Area 17 and
18 Precursors

(A) Microphotograph of E78 area 17 dissoci-
ated precursors. MAP2 (red) and PCNA
(brown) immunolabeling at 4 DIV. Scale bar,
20 !m.
(B–D) In vitro values. (B) Cell density (CD)
values at E78. (C) LI values at E62 after 3
DIV; (D) LI values at E78 after 3 DIV. Values
are ±SEM. Statistical significance was as-
sessed with Student’s t test.
(E) Cartoon illustrating principles of 3H-
thymidine cumulative labeling. This tech-
nique is based on a continuous 3H-thymi-
dine exposure that leads to the incorporation
of 3H-thymidine by successive cohorts of
cycling cells progressing through S phase.
The projection of the LI = 100% on the x axis
gives Tc − Ts. Ts is given by the projection of
LI = 0 on the x axis.
(F) 3H-thymidine cumulative labeling at E78
in vivo. Logistic regression combined with a
χ2 analysis shows that the two slopes are
significantly different.
(G) Cartoon showing principles of PLM (per-
centage of labeled mitotic figures). This pro-
cedure, based on a brief exposure of cells to
3H-thymidine, measures the time required
for cells in S phase to enter M phase and
therefore returns Tg2/m.
(H) PLM values at E78. Statistical analysis (F
test) shows that the slopes are identical.
(I) Percentage of mitosis in area 17 and area
18 OSVZ at E78. Values are ±SEM.

analysis shows increased expression of cyclin E mRNA in within the cycling precursor pool. Further, cyclin E tis-
sular expression could also be influenced by areal dif-area 17 germinal zones compared to area 18 (Figure 4D).

As the abundance of p27Kip1—and also of cyclin E— ferences in the proportion of precursors in late G1 and
in G1/S transition (cf. above). In order to pin down arealis largely regulated by posttranslational mechanisms,

in particular by proteolysis mediated by the ubiquitin- differences in the regulatory mechanisms that directly
control cell cycle progression, it is therefore necessaryproteasome pathway (Nakayama et al., 2001), we there-

fore investigated p27kip1 and cyclin E protein levels to monitor the levels of gene expression at the single
cell level within the cycling precursor pool. Confocalusing confocal quantification of immunofluorescent la-

beling (Durand et al., 1997; Lukaszewicz et al., 2002; microscopy quantification of the levels of expression of
cyclin E shows that individual precursors exhibit signifi-Tokumoto et al., 2002). Confocal quantification of im-

munofluorescent labeling against cyclin E over the full- cantly higher levels of cyclin E expression in area 17
compared to area 18 (Figure 4G).width of the OSVZ in presumptive areas 17 and 18

shows significantly higher levels of tissular expression So as to restrict p27Kip1 analysis to the cycling cells,
we used dissociated cell cultures (see above) wherein area 17 compared to area 18 (Figure 4E). p27Kip1 in

the OSVZ shows a contrasting expression pattern (Fig- PCNA expression makes it possible to reliably identify
the cycling population of precursors (Figures 4H, 4I,ure 4F).

However, because expression of p27Kip1 is upregu- and 3A). Quantification of fluorescent immunoreactivity
against p27Kip1 restricted to the PCNA-positive precur-lated in postmitotic cells (Lukaszewicz et al., 2002), ar-

eal differences in p27Kip1 expression at the tissue level sors revealed significantly lower levels of p27Kip1 ex-
pression in area 17 precursors compared to area 18could reflect regional variations in the proportions of

precursors and postmitotic cells in the OSVZ rather precursors (Figure 4J).
The present results show that, at both the populationthan variations in cell cycle regulatory gene activity

Lukaszewicz et al. (2005)
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Description of cell division during neural 
development across time, space and evolution

3. Evolution
difference in neocortical organization between human and mouse
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Difference between mouse and human cortex

Dehay and Kennedy (2007)
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Figure 1 | Differences in the anatomical organization of the rodent and primate embryonic cortex. These 
schematics are transects through the presumptive area 17 of the embryonic cortex in mouse (a) and monkey (b) at 
comparable developmental stages. The depth of each layer is drawn to a common scale. Gestation period is 19 days in the 
mouse and 165 days in the monkey. Cortical neurogenesis lasts 8 days in the mouse (embryonic day 11 (E11) to E19) and 
spans 60 days in the monkey visual cortex (area 17). In primates, an early appearing (at approximately E55) outer fibre layer 
(OFL) forms a major landmark during development. The ventricular zone (VZ) declines progressively after E65. By contrast 
the subventricular zone (SVZ) increases progressively in depth and by E72 is divided into an inner subventricular zone (ISVZ) 
and outer subventricular zone (OSVZ) by an intruding inner fibre layer (IFL). The OSVZ exhibits a number of unique features. 
It is histologically similar to the VZ and also has a compact radial organization. This alone distinguishes the primate OSVZ 
from the loosely organized SVZ of rodents and primates. Contrary to what is observed in the rodent, where the VZ is the 
main germinal compartment throughout corticogenesis, the primate VZ declines rapidly during corticogenesis and is 
paralleled by the early appearance of the SVZ followed by the OSVZ. The monkey cortical plate (CP) appears as early as E46. 
The sub-plate (SP) is evident after E55. The marginal zone (MZ) is minimal before E65. FL, fibre layer; IP, inner plexiform layer; 
PP, pre-plate. Reproduced with permission from REF. 34 © (2002) Oxford Journals.
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basics of cortical histogenesis
-PP (preplate) is the layer of earliest-born 
postmitotic neurons. Many of these cells 
come from outside of the neocortex.

-Neurons generated from neocortical 
progenitor cells migrate radially and form 
the cortical plate (CP).

-CP “splits” PP, which becomes marginal 
zone (MZ) and subplate (SP).  

-In mice, axons to and from cortical 
neurons form a fiber layer (“FL”) between 
SP and SVZ.

-In primates, there is an additional thick 
layer of progenitor cells called outer 
subventricular zone (OSVZ).

Basal radial glia (bRGs) are much more 
abundant in primate cortex and are 
located mainly in OSVZ. 
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Basal radial glia have a high proliferative capacity

lengthening of metaphase in humans compared to chim-
panzees and orangutan. This metaphase lengthening is
thought to be linked to the greater proliferative capacity
of human than ape aRG [27!!].

Spatial-temporal changes in protein-encoding
gene expression — within a species
Shortly after description of the oSVZ in primates [18], it
became clear that the abundance of oSVZ NPCs changes

Genetic changes in the expansion of the human neocortex Florio, Borrell and Huttner 35

Figure 2
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Current Opinion in Neurobiology

Mouse and human neocortical neural progenitor cell types and lineages. (Top) Schematics illustrating the main neural progenitor cell (NPC)
types involved in generating neurons, as well as the germinal zones, in embryonic mouse (left) and fetal human (right) neocortex at mid-
neurogenesis. Note the increased abundance of basal progenitors (BPs), especially of basal radial glia (bRG), and the expansion of the outer
subventricular zone (oSVZ) in the human neocortex compared to mouse. Cartoon is adapted from [94!!]. For more details on NPC morphotypes,
notably bRG subtypes, see [11]. (Bottom) Most frequent NPC lineages used during neurogenesis in mouse (left) and human (right). See key in top
left corner for NPC color coding. Note how humans maximize BP production by symmetric self-consuming divisions of APs (1 aRG! 2 bRG)
followed by symmetric proliferative divisions of BPs (1 BP! 2 BP).

www.sciencedirect.com Current Opinion in Neurobiology 2017, 42:33–44

Florio, Borrell, Huttner (2017)

bRGs have a high proliferative 
capacity possibly due to their 
attachment to the basal lamina 
via basal membrane. 

Abundance of bRGs may explain 
the immense number of neurons 
in primate cortex.
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Summary 2

Progression of cell division is not uniform across the brain. 

There is a global regional difference in size and temporal progression of neurogenesis.
-This is likely to be tightly linked to brain regionalization

There is also a difference in cell division pattern between two adjacent cortical areas 
that have different neuronal density.

Rodent and primate brains are hugely different in size. Abundance of basal radial glia, 
which have a contact with the basal lamina and have high proliferative capacity, may 
contribute to this difference.

27



Summary 2

Progression of cell division is not uniform across the brain. 

There is a global regional difference in size and temporal progression of neurogenesis.
-This is likely to be tightly linked to brain regionalization

There is also a difference in cell division pattern between two adjacent cortical areas 
that have different neuronal density.

Rodent and primate brains are hugely different in size. Abundance of basal radial glia, 
which have a contact with the basal lamina and have high proliferative capacity, may 
contribute to this difference.

28



Control of cell division

Control of cell cycle progression 
Control of division mode (symmetric vs asymmetric)
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Control of cell division

cleavage plane of division 
influences division mode

vertical horizontal

cell cycle behavior

1. length
2. exit

mode of division
1. symmetric 2. asymmetric

expand cell populations generate diverse cell types

oblique

What are the intrinsic and extrinsic 
regulators of these processes?
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Regulation of cell cycle progression

26 

51 

Vertebrates have multiple kinases and cyclins 
that regulate each step of the cell cycle. 

52 

Tumor Suppressor Genes 

x Tumor suppressor genes, such as retinobastoma 
protein (Rb), maintain cells in G1 (G0): 

 
- The Rb gene was found mutated in children with 

retinal tumors. 
 
- In its active (dephosphorylated) state, Rb inhibits the 

E2F family of transcription factors, which are required 
S-phase. 

 
- Active MPF (cyclin D + cdk4&6) inactivates 

(phosphorylates) Rb. 
 
- E2F transcription factors promote expression of 

proteins needed for S-phase such as DNA 
polymerase. Expression of E2F is probably the 
'restriction point'. 

 
- Rb is dephosphorylated during M-Phase. 

-Cyclically activated cyclin-dependent protein 
kinases (Cdks) control the cell cycle.

-Protein levels of cyclins oscillate during the cell 
cycle, while concentrations of Cdks do not 
change. 

-The G1 cyclins (cyclin D) help govern the 
activities of the G1/S cyclins, which control the 
progression into S phase.

Alberts et al (2008)
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Regulation of G1/S transition

-Cyclin D-Cdk4/6 and Cyclin E-Cdk2 activation 
phosphorylates Rb protein.

-Phosphorylation of Rb protein dissociates E2F 
family transcription factors. Both E2F1 and E2F3 
promote G1-S transition. 

-Rb (retinoblastoma) is a tumor suppressor. Children 
who inherit a mutant copy of the Rb gene develop 
retinoblastoma when the second allele of this gene is 
mutated in a progenitor cell in the retina. In the 
absence of Rb protein, E2F is free to activate the 
genes that cause uncontrollable progression of the 
cell cycle.

-Activities of Cyclin-Cdk complexes are suppressed by CDK inhibitor proteins.
CDK inhibitor families:

Kip family (p21cip1, p27kip1, p57kip2)
Ink4 family (p16Ink4a, p15Ink4b, p18Ink4c, p19Ink4d)

members of Cip/Kip (p21cip1, p27kip1, and p57kip2)
and Ink4 (p16Ink4a, p15Ink4b, p18Ink4c, and p19Ink4d)
families (Sherr & Roberts 1999) (Fig. 6A). Although
p57kip2 mainly controls the cell cycle exit of early-
born neurons (deep layer neurons), p27kip1 preferen-
tially regulates the growth arrest of late-born neurons
(upper layer neurons) (Mairet-Coello et al. 2012)
(Fig. 6B). In the postmitotic neurons, it has been
reported that not only p27kip1 but also p57kip2 is
involved in neuronal migration (Itoh et al. 2007).
Consistently, both proteins are localized at the lead-
ing process and cell soma as well as nucleus in
migrating neurons (Kawauchi et al. 2006).

Furthermore, retinoblastoma (Rb) protein and E2F
family transcription factors are reported to regulate
both cell cycle in neural progenitors and migration in
postmitotic neurons. Rb protein binds to and
represses the E2F functions, whereas Cdk-dependent
phosphorylation of Rb dissociates E2Fs from the Rb
protein, allowing E2Fs to interact with target DNA
sequences (Giacinti & Giordano 2006) (Fig. 6A).
Knockout of the Rb gene perturbs the neuronal posi-
tioning in cerebral cortex, and the phenotypes are
rescued by double knockout of Rb and E2F3, but
not E2F1 (Ferguson et al. 2005; McClellan et al.
2007). Although the switching mechanism of Rb-
E2F functions is unclear, a recent study shows that
Cdk5 has the ability to phosphorylate Rb protein
(Futatsugi et al. 2012). In addition to the regulators
for G1/S transition, Aurora A and anaphase-promot-
ing complex/cyclosome (APC/C), both of which
mainly function at M phase, are reported to regulate
neuronal migration and axon/dendrite formation
(Konishi et al. 2004; Kim et al. 2009; Mori et al.
2009; Takitoh et al. 2012). Therefore, growth arrest
signals may provide additional functions beyond cell
cycle regulation for some cell cycle-related proteins.

Growth arrest and developmental
neurological disorders

Disruption of the balance between progenitor self-
renewal and cell cycle exit (neuronal differentiation)
leads to several neurological disorders. For example,
abnormally enhanced cell cycle exit of neural progeni-
tors leads to premature differentiation and thereby
exhaustion of neural progenitors, resulting in micro-
cephaly (small brain) (Mochida & Walsh 2004; Bond &
Woods 2006; Lizarraga et al. 2010; Miyata et al. 2010;
Buchman et al. 2011; Gruber et al. 2011). Interest-
ingly, microcephaly is sometimes accompanied by neu-
ronal migration disorders. Mutation in ArfGEF2 causes
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Rb Rb
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P
P P

P

Cyclin E

CDK2

Ink4 family: p16, p15, p18, p19

DissociationG1 S
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Proliferation, Neuronal migration (E2F3)
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Figure 6 Cyclin-dependent kinase (CDK) inhibitor proteins
regulate cell cycle progression, growth arrest, and postmitotic

neuronal migration. (A) Molecular mechanisms for G1/S
transition. The transition from G1 to S phase is dependent
on CyclinD-Cdk4/6 and CyclinE-Cdk2 activities, which

phosphorylate Rb protein. The phosphorylated Rb protein
dissociates E2F family transcription factors. Both E2F1 and
E2F3 promote G1/S transition in neural progenitors,

whereas E2F3, but not E2F1, regulates neuronal positioning.
The activities of Cyclin-CDK complexes are suppressed by
CDK inhibitor proteins, which are composed of a Cip/Kip
family (p21cip1, p27kip1, and p57kip2) and Ink4 family

(p16Ink4a, p15Ink4b, p18Ink4c, and p19Ink4d). (B) Roles of
CDK inhibitor proteins, p27kip1 and p57kip2, in cell cycle
exit and subsequent neuronal migration. p57kip2 and p27kip1

preferentially control the cell cycle exit of neural progenitors
for early-born (deep layer) and late-born (upper layer) neu-
rons, respectively. p27kip1 mainly functions in basal progeni-

tors (orange cells) rather than apical progenitors (green cells).
Both p27kip1 and p57kip2 have been shown to regulate the
migration of postmitotic neurons as well as the cell cycle

exit.
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Alternative roles of cell cycle proteins
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Kawauchi et al (2013)
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Cell cycle length (in particular the length of G1 phase) is 
a fate determinant 

-Lengthening G1 phase in progenitors by pharmacological inhibition of cyclin E-Cdk2 or 
RNAi-mediated silencing of cyclin D1-Cdk4 enhanced neurogenic divisions.

-G1 shortening by over-expression of cyclin D1, cyclin E1 or Cdk4-cyclin D1 increases 
proliferation and delays differentiation.

-Interkinetic nuclear migration (INM) depends on cell cycle progression. G1 phase arrest 
by over-expressing p18Ink4c led to an accumulation of nuclei at basal position of  VZ of 
mouse cortex.
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Regulation of G1/S transition

-A number of signaling pathways affect different molecules that control G1-S transition.

-Wnt/β-catenin and FGF pathways upregulate cyclinD1 expression and shorten the cell cycle 
in neural progenitors. FGF10 has no effect on cell cycle length but is important for the 
transition from NECs to apical RGCs.

-Other growth factors have different targets. Shh/Gli pathway inhibits p21cip1, p27kip1 and 
Tis21 and indirectly activates G1-S transition.respectively, the most prominent and best characterized

[14–17]. Cyclins are expressed (and degraded) at specific
phases of the cell cycle and activate their respective cdk
upon dimerization, thereby promoting entry into the next
phase of the cell cycle. cdk inhibitors control the speed of
the cell cycle and regulate entry into quiescence, which is a
decision made during early G1 [17]. Interestingly, many
cdk inhibitors are also expressed in postmitotic neurons as
to ensure their postmitotic state [22].

With regard to the effects of cell cycle regulators on
differentiation of neural precursors, an extensive litera-
ture indicates that whereas antiproliferative genes
promote neurogenesis, positive regulators of proliferation
have the opposite effect [14–16]. For example, the anti-
proliferative gene p27, an inhibitor of cdk2/cyclinE delay-
ing G1 to S transition, has long been proposed to act as a
timer for oligodendrocyte differentiation via a mechanism
sensing its accumulation over consecutive cell cycles [23].
In the developing cortex, p27 has been shown to possess
two functional domains that inhibit the cell cycle and
independently promote differentiation [24]. In fact, over-
expression of p27 during corticogenesis induced neurogen-
esis [24] whereas its depletion in adult precursors
increased proliferation [25]. Similarly, in both the nervous
and hematopoietic systems of the adult mouse, deletion of
another inhibitor of the cdk2/cyclinE complex, p21, has
been shown to promote expansion of stem cells and to
reduce their quiescence, thus ultimately leading to their
exhaustion [8,10].

The antiproliferative genes Tis21 and BM88 (also
known as PC3 and Cend1, respectively) were the first
markers characterized as selectively expressed in neural
precursors switching from expansion to differentiation
[26,27] and their overexpression was sufficient to lengthen
the cell cycle (probably through downregulation of cyclinD)
and trigger neurogenesis [28,29]. Consistently, silencing of

antiproliferative genes, such as p21 and the ink4a/Arf
locus, by the polycomb protein Bmi1 (see below) is essential
for self-renewal of embryonic and adult neural precursors,
respectively [30,31]. Moreover, p21 expression is inhibited
by Olig2 [32], a transcription factor important for self-
renewal of embryonic neural precursors that will be
described later.

cdk inhibitors are under the direct control of growth-
inhibitory transcription factors. For instance, the tumor
suppressor p53 induced the transcription of p21, and acti-
vation of p53 lengthened the cell cycle and decreased the
expansion of neural precursors within the developing [33]
and adult [34] brain. Conversely, loss of p53 increased
proliferation in both the embryonic [35] and adult [36]
brain, and resulted in brain hyperplasia, a phenotype that
can be caused by increased proliferation, decreased apop-
tosis or a combination of the two.

Growth-suppressive transcription factors and cdk
inhibitors promote the activation of the tumor suppressor
retinoblastoma (pRb) by counteracting the action of cdk/
cyclin complexes [17,37]. Protein phosphatase (PP)1 and
tumor suppressor tripartite motif (TRIM)19/promyelocytic
leukemia protein (PML) are also activators of pRb [37–39].
In particular, a recent paper from the Salomoni lab
suggested that PML suppresses proliferation in the devel-
oping cortex at least in part by modulating PP1-dependent
dephosphorylation/activation of pRb [39]. Interestingly,
loss of PML resulted in reduced generation of basal pro-
genitors, suggesting that inactivation of pRb does not
phenocopy cyclinD1 overexpression (see below). The pRb
family member p107, unlike pRb, is restricted to neural
precursors and promotes their differentiation [40]. Con-
sequently, p107-deficient cortices display increased pro-
liferation associated with augmented Hes1 expression and
impaired neurogenesis [40], a phenotype reminiscent of
PML-deficient mice [39]. The potential link between PML
and other pRb family members is currently being investi-
gated. Another TRIM protein, TRIM32, has a pro-neuro-
genic role through its ability to degrade c-Myc and activate
proneural micro RNAs [41]. Therefore, TRIMs appear to
play a central role in cell fate specification in the nervous
system.

Tumor suppressors appear to work in a complex net-
work of functional interactions. For instance, PML is a
positive modulator of p53, and p53 induces the transcrip-
tion of PML [42]. In addition, p53 and PML have been
shown to regulate the expression and localization, respect-
ively, of another growth/tumor suppressor, the phospha-
tase and tensin homolog (PTEN) [43,44], although these
interactions remain to be confirmed in the nervous system.
PTEN is the major inhibitor of the pro-mitogenic pathway
controlled by phosphoinositide 3-kinase (PI3K). Loss of
PTEN results in increased PI3K signaling and augmented
proliferative divisions of neural precursors [45]. In the
hematopoietic system, PTEN deletion leads to a transitory
expansion of stem cells and exhaustion of the precursor
pool, which is probably caused by an imbalanced increase
in G0 to G1 transition of PTEN!/! precursors [46,47].
Notably, a similar phenotype is observed in PML!/! mice,
which has been ascribed to increased activity of mamma-
lian target of rapamycin (mTOR), a downstream effector of

Figure 1. Interactions between fate determinants and cell cycle regulators in neural
precursors. Red boxes, factors inhibiting cell cycle and promoting differentiation;
green boxes, players promoting cell cycle and precursor expansion. Several
players are grouped by function (red or green boxes). Continuous lines, effects of
individual genes; dashed lines, general effects of genes within the same group.
Pax6 has dual functions in controlling cdks/cyclins. References are indicated in the
figure.
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components and cell fate determinants through horizontal cleavage

planes (Fig 2C, right).

In the vertebrate developing brain, early RGC divisions feature

cleavage planes perpendicular to the ventricular surface (vertical

cleavage, Fig 2B, C left). The spindle orientation of symmetric RGC

divisions is tightly regulated by mechanisms involving the centro-

somes, astral microtubule positioning, and interaction with proteins

present at the cell cortex [27]. The mitotic spindle is anchored to the

cell cortex by astral microtubules via dynein and the LGN/Gai/
NuMa complex. Localization of the LGN complex components to

the lateral membrane of NECs/RGCs is essential for maintaining

early symmetric RGC divisions in vertebrate neurogenesis (Fig 2C,

left) [28–30]. In addition, Lis1, a gene that causes lissencephaly

(“smooth” brain) in humans when mutated, mediates capture of the

astral microtubules by the cell cortex through interaction with

dynein and Ndel1 [31]. Perturbation of the Lis1/Ndel1 complex

severely disrupts the expansion of the NEC/RGC pool by inducing

random cleavage planes [31–33].
In asymmetric divisions in Drosophila, Insc induces horizontal

cleavage planes through recruitment of the LGN complex to the

apical domain by interaction of Insc with polarity proteins (Fig 2C,

right). However, horizontal cleavages are less common in vertebrate

developing brains. For example, in the mammalian neocortex,

oblique and horizontal cleavage planes appear only in later develop-

mental stages (Fig 2C, middle) [34,35]. These cleavages generate

basal progenitors such as IPs and bRG that are proposed to be

important during evolutionary cortical expansion [36,37]. Disrup-

tion of mInsc at later stages of neurogenesis interferes with the

spindle orientation of these asymmetric divisions [35], suggesting

that release of the tight regulation of spindle orientation is important

for inducing basal progenitors.

Indeed, mutations in genes regulating spindle orientation cause

brain disorders such as lissencephaly and microcephaly in humans

[38]. Interestingly, most known microcephaly genes encode centro-

somal proteins, which often have a role in regulating spindle orien-

tation, such as Aspm, Cdk5rap2, and MCPH1 [38–40]. Centrosome

overduplication in mouse RGCs leads to multipolar mitotic spin-

dles, eventually causing microcephaly due to RGC apoptosis and

subsequent reduction in NPCs [41]. In general, besides regulating

spindle orientation, the function of microcephaly genes is related to

control of centriole duplication, centrosome maturation, and/or

entry into mitosis. However, it is still unclear how disruption of
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Figure 1. Schematic overview of neurogenesis in the embryonic vertebrate CNS.
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Neuroepithelial cells and apical radial glia have an 
apical-basal polarity and specialized structures

Basal structures: 
Basal membrane is attached to the basal lamina.
-expresses integrin molecules, which may be important for 
maintenance of proliferative capacity
 
Apical structures:
-Adherens junctions consist of cadherins and catenins, 
attached to the actin cytoskeleton...allows cohesion of 
neighboring neuroepithelial cells
 
-Centrosome is docked to the apical membrane and forms the 
base for the primary cilium. 
The primary cilium is an antenna for various growth factors 
contained in CSF (e.g. IGF-I, SHH).

apical

basal

primary 
cilium

adherens 
junction

cell 
body

basal 
process

basal 
membrane

centrosome
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Regulators of cell divisions come from various 
sources

microglia that are present already during neurogenesis have been

shown to regulate maintenance of the RGC population [114,115].

Post-mitotic neurons produce molecules that provide feedback

information to RGCs. The Cajal–Retzius cells are the first type of

neuron to be born in the neocortex. These cells secrete the glyco-

protein reelin and express the cell adhesion molecules nectins that

mediate neuronal migration. In addition, these cells play a role in

modulating regionalization within the developing cortex by the

secretion of signaling factors [116]. Furthermore, Cajal–Retzius cells
influence RGC proliferation through the action of reelin that ampli-

fies Notch signaling in early RGCs, thus promoting symmetric prolif-

erative divisions and postponing neurogenesis [117]. In contrast,

later-born cortical neurons express signaling molecules such as

neurotrophin 3 and Fgf9 that regulate cell fate choices and the switch

of dividing RGCs to astrogenesis [118]. Feedback signals to RGCs are

also derived from neurons born in other brain regions, such as tran-

sient glutamatergic neurons born in the ventral telencephalon that

migrate tangentially into the dorsal telencephalon [119].

Regional and species differences in neurogenesis

Neural progenitor type diversity
Timing of neurogenesis as well as the total neuronal output differs

between CNS regions and between species [120]. One of the most

expanded brain regions in mammals is the neocortex that enables

many higher cognitive functions [121]. Such regional expansion

could result from: (i) a greater initial pool of RGCs at the onset of

neurogenesis, (ii) increased neuronal production through increased

number of RGC cell cycles or the addition of “intermediate” tran-

siently proliferating progenitor types, and (iii) a prolonged neuro-

genic period. Indeed, all of these parameters seem to be involved in

expansion of the neocortex, especially in primates [120]. The devel-

oping mammalian telencephalon shows a large diversity of neural

progenitor subtypes, as judged by their morphology, their mode of

divisions, and their progeny (Fig 1; [3]). However, there is consider-

able heterogeneity in progenitor behavior, making it difficult to

determine links between specific progenitor subtypes and their

downstream lineages. In species with gyrencephalic brains, the

OSVZ characteristically contains bRG (also oRG), previously called

OSVZ progenitors. bRGs keep radial glial characteristics such as

apically directed and/or basal processes and can divide repeatedly

[17,122–124]. Lissencephalic species such as mice show only low

numbers of bRGs in the developing dorsal telencephalon

[37,125,126]. bRGs appear to be born from divisions with oblique

and horizontal cleavages of apical RGCs in mouse and human

[36,37]. Recent data have shown that bRGs in macaque and human

OSVZ can contain either or both apically directed and basal

processes and that these different morphological types can freely

transition back and forth, showing remarkable dynamics in bRG

U
pp

er
la

ye
rs

D
ee

p
er

la
ye

rs

(O
ut

er
)

S
ub

ve
nt

ri
cu

la
r

zo
ne

Ve
nt

ri
cu

la
r

zo
ne

N
eu

ro
na

l l
ay

er
s/

C
o

rt
ic

al
 p

la
te

In
te

r-
m

ed
ia

te
zo

ne

Gliogenesis

NEUROGENESIS LATE NEUROGENESISPRE-NEUROGENESIS

Time

CR

N

IP
TM

reelin

Thalamic
afferents 

RA

ECM

ECM

bRG
m

UL

DLDL

UL

NEC RG

IGF2, FGF2,
Wnt, Bmp, Shh,…CSF(ventricle) 

Environmental cues provided by

ECM Extracellular matrix

CSF Cerebrospinal fluid

Meninges Retinoic acid (RA)

N Neuron

CR Cajal-Retzius neuron

IP Intermediate progenitor

blood vessel

μ Microglia

TM Tangentially migrating neuron

Thalamic afferents

UL Upper layer neuron     

Cell types

NEC Neuroepithelial cell

RG Radial glial cell

N Neuron

CR Cajal-Retzius neuron

IP Intermediate progenitor

DL Deep layer neuron

bRG Basal radial glial cell

μ Microglia

UL Upper layer neuron

m Macroglia

Ntf3 Fgf9

Blood
vessel 

Meninges
μ

Figure 3. Environmental cues regulating NPC proliferation and differentiation.
For details, see text.
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SHH signaling requires the primary cilium
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Regulation of division pattern
1. What determines spindle orientation?
2. What determines daughter cell fates in asymmetric divisions?
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neuroblast

GMCRGC IPC/
neuron

NECNEC

In Drosophila neuroblasts, horizontal cleavage results in asymmetric distribution of fate 
determinants, leading to different fates of the two daughter cells.
 
In mammalian cortex, localizing the LGN complex to the lateral membrane is essential for a 
planar (vertical) division.  

Inheritance of basal process
-A planar division results in an inheritance of basal and apical structures by both daughter 
cells. Basal process is either split or one of the daughter cells regrows it after the division. 

-After an oblique division of an RGC, the daughter cell that inherits the basal process stays 
as an RGC and the other daughter cell that loses the basal process becomes an IPC or a 
neuron.
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Regulation of division pattern

centrosome asymmetry, ciliogenesis 
and daughter cell fate
Centrosome is composed of two 
orthogonally arranged centrioles (mother 
and daughter centrioles).

In interphase cells, the mother centriole 
forms the basal body at the base of the 
primary cilia. In oblique division of RGC, 
the daughter cell that inherits the other 
centriole maintains the cilial membrane and 
reforms the primary cilium into the 
ventricle. This cell stays as an RGC.

The other daughter cell that inherits the 
daughter centriole grows a primary cilium 
at the basolateral membrane, thereby not 
receiving growth factor signal from the CSF 
and differentiate.
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Many genes encoding centrosomal 
proteins are mutated in patients with 
primary microcephalies, a group of 
diseases resulting in a dramatic decrease 
in brain size at birth.
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Summary 3-regulators of cell division

Cell division is controlled at cell cycle progression (length, exit) and division mode 
(symmetric vs asymmetric).

Cyclins control cell cycle progression by activating CDKs, which control transition of 
different phases of the cell cycle by phosphorylating their targets.

For G1-S transition, CDKs phosphorylate Rb, which allows E2F transcription factors to 
promote transition to the S phase.

Many growth factors regulate the cell cycle in developing brain. They come from 
different sources and utilize various specialized structures of NECs and RGCs like basal 
and apical membranes (and primary cilium).

Spindle orientation determines symmetry vs asymmetry of the NEC/RGC division. 
Asymmetric division results in asymmetric distribution of both basal and apical 
components as well as many molecules.

Failed regulation of cell division may results in abnormal cell numbers in the brain.
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