
Development/Plasticity/Repair

The Timing of Upper-Layer Neurogenesis Is Conferred by
Sequential Derepression and Negative Feedback from
Deep-Layer Neurons

Kenichi Toma,1,2 Takuma Kumamoto,1 and Carina Hanashima1,2

1Laboratory for Neocortical Development, RIKEN Center for Developmental Biology, Kobe 650-0047, Japan, and 2Department of Biology, Graduate School
of Science, Kobe University, Kobe 657-8501, Japan

The prevailing view of upper-layer (UL) neurogenesis in the cerebral cortex is that progenitor cells undergo successive rounds of
asymmetric cell division that restrict the competence and production of UL neurons later in development. However, the recent discovery
of UL fate-committed early progenitors raises an alternative perspective concerning their ontogeny. To investigate the emergence of UL
progenitors, we manipulated the timing and extent of cortical neurogenesis in vivo in mice. We demonstrated that UL competence is
tightly linked to deep-layer (DL) neurogenesis and that this sequence is determined primarily through derepression of Fezf2 by Foxg1
within a closed transcriptional cascade. We further demonstrated that the sequential acquisition of UL competence requires negative
feedback, which is propagated from postmitotic DL neurons. Thus, neocortical progenitors integrate intrinsic and extrinsic cues to
generate UL neurons through a system that controls the sequence of DL and UL neurogenesis and to scale the production of intracortical
projection neurons based on the availability of their subcortical projection neuron counterparts during cortical development and
evolution.
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Introduction
Upper-layer (UL) projection neurons in the cerebral cortex es-
tablish interhemispheric synaptic connections and mediate
higher-order information processing through bilateral cortical
information integration. Complex cognitive and associative
behaviors expand with the increased number and diversity of
these unique glutamatergic subtypes in mammalian vertebrates
(Aboitiz and Montiel, 2003; Schoenemann et al., 2005). Until
recently, the prevailing view concerning UL neurogenesis was
that neural stem cells, known as radial glial cells (RGCs), undergo
successive rounds of asymmetric cell division to produce the
principal layer-specific subtypes [preplate, deep-layer (DL), and
UL neurons] in a fixed order determined by temporal changes in
cell competence (Frantz and McConnell, 1996; Desai and McCo-
nnell, 2000; Yu et al., 2009). However, recent studies have dem-

onstrated the early segregation of progenitors dedicated to
producing UL neurons (Franco et al., 2012). Thus, the emergence
of UL progenitors and the regulation of UL neuron differentia-
tion timing remain open questions (Guo et al., 2013).

Disproportionate expansion of neocortical surface area is one
significant feature of neocortical development and evolution. Re-
cent studies have shown that expansion in cortical neuron num-
bers relies on the acquisition of novel progenitor types, such as
outer RGCs (Hansen et al., 2010). In a broader evolutionary con-
text, UL neurogenesis regulation requires a developmental pro-
cess that balances the production of newer UL with older DL
neurons (Striedter, 2005; Abdel-Mannan et al., 2008). Conse-
quently, the mechanisms involved must use a system adaptable to
increases in cortical size, gestational period, cell cycle, and divi-
sion modes during mammalian evolution (Fietz and Huttner,
2011; Lui et al., 2011).

Notably, the layer-specific subtype production order can be
partially recapitulated in both mouse- and human-derived corti-
cal cells in vitro as follows: Reelin-expressing (Reelin�) preplate
cells are generated, followed by the production of Ctip2� DL
neurons, and finally, Satb2� and Cux1� UL neurons (Shen et al.,
2006; Eiraku et al., 2008; Gaspard et al., 2008; Shi et al., 2012).
However, in mouse embryonic stem cell (ESC)-derived cortical
cells, Cux1� and Satb2� UL neurons are underrepresented com-
pared with observed cell proportions in vivo, and the UL neuron
number is influenced by culture conditions (i.e., low-density vs
aggregate culture; Eiraku et al., 2008; Gaspard et al., 2008). Low-
density culture conditions are also insufficient to effectively in-
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duce UL neurons in human ESCs and induced pluripotent stem
cells (Espuny-Camacho et al., 2013; Kadoshima et al., 2013).
These observations suggest that the full complement of UL neu-
ron production may require progenitor cells to integrate intrinsic
and extrinsic cues to enable their differentiation.

To test this hypothesis, we manipulated the timing and extent
of cortical neurogenesis in vivo. We demonstrated that UL com-
petence is tightly linked to DL neurogenesis, and this sequence is
determined primarily through derepression of DL identity by
Foxg1. Furthermore, the sequential acquisition of UL compe-
tence requires negative feedback propagated from postmitotic
DL neurons. Our studies revealed that neocortical progenitors
integrate intrinsic and extrinsic cues to generate UL neurons, a
system that scales intracortical projection neuron production
based on the availability of their subcortical projection neuron
counterparts during development and evolution.

Materials and Methods
Mice. Foxg1tetOFoxg1 conditional mice were generated by crossing Foxg1tTA/�

mice with Foxg1lacZ/�;tetOFoxg1–IRESlacZ double-heterozygous mice
(Kumamoto et al., 2013). Foxg1tTA/� heterozygous littermates were used
as controls. Foxg1 constitutive knock-out mice (Foxg1lacZ/lacZ) were ob-
tained by intercrossing Foxg1lacZ/� heterozygotes (Xuan et al., 1995). To
perform a lineage analysis of Foxg1-induced cells in Foxg1�/� mice, we
generated Foxg1�/�;Rosa26loxp–stop–loxp–YFP/� mice by crossing
Foxg1LacZ/� heterozygotes with Foxg1tTA/�;Rosa26loxp–stop–loxp–YFP/� re-
porter mice (Srinivas et al., 2001). For neuronal ablation of DL cells,
Neurog2CreER/� mice (Zirlinger et al., 2002) were crossed with the
Rosa26loxp–stop–loxp–dta/� mouse line (Ivanova et al., 2005). To evaluate
Cre recombination in vivo, we crossed Neurog2CreER/� or NestinCreER/�

mice (Balordi and Fishell, 2007) with Rosa26loxp–stop–loxp–lacZ/� mice (So-
riano 1999) and Neurog2CreER/� with Rosa26loxp–stop–loxp–YFP/� and
Rosa26CAG–loxp–stop–loxp–tdTomato/� mice (Ai9 reporter; Madisen et al.,
2010). Noon on the day of vaginal plug detection was designated embry-
onic day 0.5 (E0.5). Male and female mice were used in the experiments.
The animals were housed in the Animal Housing Facility of the RIKEN
Center for Developmental Biology (Kobe, Japan), and the experiments
were conducted under the institutional guidelines.

Doxycycline and tamoxifen administration. To manipulate Foxg1
expression in vivo, pregnant female mice obtained from Foxg1lacZ/�;
tetOFoxg1–IRESlacZ and Foxg1tTA/� mice crosses were administered
250 �l of 8 �g/ml doxycycline (Dox) in 5% sucrose from E9.5 until the
designated developmental day. The mice were maintained on 2 �g/ml
Dox administered in drinking water that contained 5% sucrose. For
Foxg1 induction, Dox water bottles were replaced with normal drinking
water at noon on E14.5, E15.5, or E16.5. Embryos were harvested at the
indicated stages. To suppress Foxg1 expression in vivo, pregnant female
mice obtained from Foxg1lacZ/�;tetOFoxg1–IRESlacZ and Foxg1tTA/�

mice were administered 250 �l of 800 �g/ml Dox in 5% sucrose from
E9.5 until the designated developmental day. The mice were maintained
under 200 �g/ml Dox in drinking water that contained 5% sucrose. For
constitutive suppression of Foxg1 expression, Dox solution bottles were
changed every other day.

To induce Cre-mediated recombination in Rosa26 reporter lines,
pregnant dams were orally administered 10 mg/40 g body weight of
tamoxifen (Sigma), which was dissolved in 20 mg/ml corn oil (Sigma),
using silicon-protected needles at the indicated stages. For the DL abla-
tion experiments, tamoxifen was administered to pregnant dams at noon
on E11.5, E12.5, and E13.5 (once per day, three times total).

Immunohistochemistry. Brains from the indicated developmental stage
animals were dissected and fixed in 1 or 4% paraformaldehyde (PFA) for
1 h at 4°C. For E16.5 and older stages, the brains were perfused with PBS
and subsequently with 1 or 4% PFA before fixation. After 30% sucrose
replacement overnight at 4°C, the fixed brains were embedded in OCT
compounds, and 12 �m (all experiments except the ones shown in Fig.
7 B, C) or 50 �m (see Fig. 7 B, C) frozen sections were cut using a cryostat
(Microm HM550; Carl Zeiss). The following antibodies were used for

immunostaining: rat anti-Ctip2 (1:1000; Abcam), rabbit anti-Zfpm2
(FOG2; 1:100; Santa Cruz Biotechnology), goat anti-SOX2 (Y-17 1:250;
Santa Cruz Biotechnology), rabbit anti-Tbr1 (1:500; Abcam), chicken
anti-Tbr1 (1:500; Millipore), mouse anti-Satb2 (1:100; Abcam), rabbit
anti-Satb2 (1:1000; a gift from V. Tarabykin, Institute for Cell Biology
and Neurobiology, Center for Anatomy, Charite, Berlin, Germany), rab-
bit anti-Cux1 (CDP1; 1:100; Santa Cruz Biotechnology), rabbit anti-
Olig2 (1:20,000; a gift from C. Stiles, Dana-Farber Cancer Institute,
Boston, MA), chicken anti-GFP (1:500; Abcam), rabbit anti-RFP (1:500;
Abcam), goat anti-Foxg1 (N-15; 1:200; Santa Cruz Biotechnology), rab-
bit anti-Foxg1 (1:500; StemCulture), rabbit anti-Foxg1 (1:1000; Abcam),
rabbit anti-Foxg1 (1:1000; a gift from Y. Sasai), mouse anti-Tuj1 (1:1000;
Covance), rabbit anti-Tbr2/Eomes (1:400; Abcam), mouse anti-Ki67 (1:
500; BD Pharmingen), and rabbit anti-Fezf2 (1:100; IBL). For Satb2 (Ab-
cam) detection, the sections were incubated at 105°C in sodium citrate
buffer with 0.05% Tween 20, pH 6.0, for 10 min before incubation with
the primary antibody. For Ctip2 and Zfpm2 double immunohistochem-
istry, the sections were incubated at 70°C in Histo VT One (Nacalai
Tesque) for 20 min before incubation with the primary antibody. The
primary antibodies were detected with Alexa Fluor-conjugated second-
ary antibodies (Invitrogen and Jackson ImmunoResearch). The nuclei
were stained with 4�,6-diamidino-2-phenylindole dihydrochloride
(DAPI), and the sections were mounted on slides (Matsunami glass)
using SlowFade antifade reagents (Invitrogen). Data acquisition was per-
formed using an Axio Imager Z1 fluorescence microscope (Carl Zeiss; all
experiments except the experiments shown in Fig. 3B–G) or an LSM710
confocal microscope (Carl Zeiss; see Fig. 3B–G).

For Tbr1 and Foxg1 immunohistochemistry, multiple antibodies were
assessed for protein detection: Tbr1, rabbit anti-Tbr1 (Abcam), and
chicken anti-Tbr1 (Millipore); and Foxg1, goat anti-Foxg1 (Santa Cruz
Biotechnology), rabbit anti-Foxg1 (Abcam), rabbit anti-Foxg1 (Stem-
Culture; previous and current antibody Lots), and rabbit anti-Foxg1 (a
gift of Y. Sasai, RIKEN Center for Developmental Biology, Kobe, Japan).
Immunohistochemistry comparing the two Tbr1 antibodies revealed
similar expression patterns, except that rabbit anti-Tbr1 antibody (Ab-
cam) showed slightly higher sensitivity to Tbr1 protein than chicken
anti-Tbr1 antibody (Millipore), as observed in the differences between
Figure 6C�,D� (rabbit anti-Tbr1 antibody) and Figure 6E�,F� (chicken
anti-Tbr1 antibody). The following Tbr1 antibodies were used to allow
double immunohistochemistry in combination with other antibodies:
rabbit anti-Tbr1 (Abcam; see Figs. 4, 5, 6C–D�) and chicken anti-Tbr1
(Millipore; see Fig. 6E–F��,G–G��). Comparison between the different
Foxg1 antibodies revealed similar expression patterns, but the detection
levels varied between the antibodies tested. All antibodies detected Foxg1
protein within the cortical plate (CP), and among these, goat anti-Foxg1
antibody (Santa Cruz Biotechnology) and rabbit anti-Foxg1 antibody
(StemCulture; previous antibody Lot) showed the highest sensitivity.
Within the ventricular zone (VZ), rabbit anti-Foxg1 antibody (StemCul-
ture; previous antibody Lot) showed the highest detection levels, and
rabbit anti-Foxg1 antibody (StemCulture; new antibody Lot), rabbit
anti-Foxg1 antibody (a gift from Y. Sasai), and goat anti-Foxg1 antibody
(Santa Cruz Biotechnology) revealed weaker detection levels. Immuno-
histochemistry using rabbit anti-Foxg1 antibody (Abcam) revealed very
low detection levels in the VZ. The following Foxg1 antibodies were used
to allow double immunohistochemistry in combination with other anti-
bodies: rabbit anti-Foxg1 (StemCulture; Figs. 2, 3) and goat anti-Foxg1
(Santa Cruz Biotechnology; Fig. 4).

�-Galactosidase (�-gal) histochemistry was performed as described
previously (Hanashima et al., 2002). �-gal-stained sections were coun-
terstained with nuclear Fast Red (Merck).

Neuronal birthdating. Pregnant dams were administered a single pulse
of BrdU and a single pulse of EdU (both 50 mg/kg body weight) by
intraperitoneal injection at the indicated stages. Embryos were harvested
at E18.5, perfused, and fixed in 4% PFA for 1 h. For BrdU double immu-
nohistochemistry, BrdU immunostaining was performed after the detec-
tion of the first antigen with the indicated antibodies. The sections were
sequentially treated with 1N HCl at 55°C (10 min), 1.25 �g/ml proteinase
K (Roche) at 37°C (10 min), and 4% PFA (10 min; postfixation) and then
washed in PBS. The tissue sections were incubated overnight at 4°C with
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mouse anti-BrdU antibody (1:100; Santa Cruz Biotechnology) or with
rat anti-BrdU antibody (1:100, AbD Serotec). For EdU double immuno-
histochemistry, EdU was visualized using a Click-iT EdU kit (Invitrogen)
after the detection of the first antigen. To obtain accurate birthdating, the
nuclei that contained full BrdU/EdU content were quantified in Figure
1AM. This eliminated cells that underwent more than one cell division
after BrdU or EdU incorporation.

Plasmids. The Foxg1 expression vector (pCAGGS–Foxg1) was con-
structed as follows. The 1–2070 fragment from the Foxg1 cDNA clone
mN3 (Tao and Lai, 1992) was PCR amplified, blunt-end treated, and
inserted into the XhoI site of the pCAGGS vector (Niwa et al., 1991). For
the luciferase reporter assays, a Tbr1 5� flanking fragment (GenBank
accession number AB032374) was amplified by PCR using genomic
DNA from E14.5 CD1 mice and cloned into the EcoRV site of the
pGL4.10[luc2] vector (Promega) using an In-Fusion cloning kit
(Takara). The following oligonucleotide sequences were used for con-
struction of the plasmids: Foxg1 forward, 5�-ATGCTGGACATGG
GAGATAGG-3�; Foxg1, reverse, 5�-TTATCATTTACAATGCAAATG-
3�; Tbr1–5� forward, 5�-GCTAGCCTCGAGGATGGATCCCAAAC
GTCATTTG-3�; and Tbr1–5� reverse, 5�-AGGCCAGATCTTG
ATAGCTCTAGAACCTGAACGC-3�.

In utero electroporation. Pregnant dams were deeply anesthetized via
an intraperitoneal injection of Nembutal sodium solution (Lundbeck),
and the uterine horns were exposed. Electroporation was performed us-
ing a CUY21EDIT electroporator (Nepagene). To visualize the injection
site, 0.1% Fast Green (Wako) was added to the DNA solution. One
microliter of DNA solution was introduced by trans-utero injections into
the lateral ventricles of the recipient embryos using 0.75-mm-inner-
diameter pulled capillary tubing (Fredrick Haer), and 50-ms-on, 950-
ms-off, 33-V square pulses were delivered four times using a platinum
electrode (CUY650P5; Nepagene). After electroporation, the abdominal
walls and skin of the pregnant dams were sutured, and the dams were
maintained on a 37°C heating plate until recovery. The DNA concentra-
tions used were as follows: pCAGGS–GFP, 1 �g/�l; pCAGGS–Foxg1, 4
�g/�l; and pCAGGS–Cre, 1 �g/�l.

Transcriptome analysis. To identify the transcriptional network re-
sponsible for layer subtype specification downstream of Foxg1, we used
previous datasets in which the temporal cohorts of CD133 � cells after
Foxg1 induction in vivo were FACS sorted and subject to Affymetrix
high-density oligonucleotide arrays for Mus musculus (Mouse Genome
430 2.0), which contained 45,038 probes (Kumamoto et al., 2013). To
identify differentially expressed genes, the expression values were sum-
marized using the robust multi-array average method, and one-way
ANOVAs with post hoc tests were performed for each probe set. Multiple
comparisons were corrected using false discovery rates (FDRs); an FDR
of �0.05 was chosen as significant (i.e., significantly differentially ex-
pressed genes). A supervised clustering analysis, for which 30 template
binary patterns with repeated permutations (0,1; length � 5, and not
0,0,0,0,0 or 1,1,1,1,1) were prepared, was used for classification. For each
probe set in the significantly differentially expressed gene set, Pearson’s
correlation coefficients between the mean expression values in the five
experimental conditions, (E14.5, E15.0, E15.5, E16.5, and E15.5
Dox�) � (A, B, C, D, and E), and every binary pattern were calculated,
and the most highly correlated pattern was chosen as the expression
pattern. The probe sets in which (A, B, C, D, E) � (1,0,0,0,1), (1,1,0,0,1),
(1,1,1,0,1) and (0,1,1,1,0), (0,0,1,1,0), (0,0,0,1,0) were categorized as sig-
nificantly downregulated and upregulated group sets, respectively. Genes
that corresponded to the transcripts of these six groups were considered
Foxg1-responsive genes. These genes were depicted and presented as
a heat map that represents the relative fold change in gene expression
between E16.5 Foxg1tetOFoxg1 cortex/E14.5 Foxg1tetOFoxg1 cortex (see
Fig. 4C).

Luciferase reporter assay. A neuroblastoma cell line (Neuro2a; Japanese
Collection of Research Bioresources Cell Bank number IFO50081) was
cultured in medium that contained 50% DMEM and 50% Opti-MEM I
(Invitrogen) supplemented with 10% fetal bovine serum. For luciferase
assays, 9 	 10 3 cells were plated in 96-well plates and transfected the next
day with a firefly luciferase reporter (pGL4.10, 100 ng/well; Promega), a
Renilla luciferase vector (pGL4.74, 100 ng/well; Promega) to normalize

transfection efficiency, and a pCAGGS–Foxg1 vector (500 ng/well). The
transfection was performed using Fugene6 transfection reagent accord-
ing to the protocol of the manufacturer (Promega). The cells were har-
vested 48 h after transfection and processed using the Dual-Glo
Luciferase Assay System (Promega). Luciferase activity was measured
using a 1420ARVOsx-1 luminometer (PerkinElmer Life and Analytical
Sciences). The data were obtained in quadruplicate from four indepen-
dent experiments.

Quantification. For quantifying neurons in DL-ablated and control
cortices, the total number of cells that expressed the indicated markers
per 100 �m cortical strip from the dorsolateral cortex were counted, with
the exception of the total cell counts in Figure 8I–X, which were obtained
from 260 �m cortical strips.

Statistical analysis. The quantitative data are presented as the mean 

SEM from representative experiments (n � 3). For all statistical analyses,
the data were evaluated using Student’s t test. p values �0.05 were con-
sidered significant.

Results
The sequence of DL and UL neurogenesis is fixed regardless of
the timing of projection neuron induction in vivo
To investigate the emergence of UL neurons, we first assessed the
temporal window in which UL projection neurons can be in-
duced in vivo. We established previously a transgenic mouse line
in which the onset of neocortical projection neuron production
can be synchronously manipulated using the expression of a fork-
head transcription factor (TF), Foxg1 (Kumamoto et al., 2013).
In this mouse line, endogenous Foxg1 sequences are replaced
with a lacZ coding sequence and a tet-transactivator (tTA) coding
sequence (Foxg1tTA/lacZ knock-in null mice), which drives Foxg1
expression under the regulation of the tetO minimal promoter of
an independent tetOFoxg1 transgenic allele (Foxg1tetOFoxg1 mice;
Fig. 1A). Foxg1 expression is suppressed in the presence of Dox,
whereas Dox removal results in Foxg1 induction (Tet-off sys-
tem). In Foxg1tetOFoxg1 mice, we demonstrated previously that the
delayed Foxg1 induction by Dox withdrawal at E14.5 is sufficient
to switch to DL neurogenesis after a prolonged period of earliest-
born Reelin� Cajal–Retzius (CR) neuron production (Kumamoto
et al., 2013). Therefore, we induced Foxg1 at progressively later
stages of corticogenesis, at E14.5, E15.5 and E16.5, to assess the
temporal window in which UL projection neurons can be in-
duced in vivo (Fig. 1B). To circumvent the early developmental
defects that result from the loss of Foxg1, Dox was administered
starting at E9.5 (Fig. 1B), when the size differences between the
Foxg1 heterozygote and homozygote cortices are minimal (Xuan
et al., 1995). To label the temporal cohorts of neurons born after
Foxg1 induction, we injected pulses of BrdU and EdU at a 24 h
interval and monitored layer-specific subtype production at
E18.5 (Fig. 1B). To assess the relative proportions of neurons that
were produced at each time point, BrdU- or EdU-labeled cells
that were colabeled with Ctip2 (DL neuron marker) or Satb2 or
Brn2 (UL neuron markers) of the total BrdU- or EdU-labeled
cells were quantified per 100 �m strip of dorsolateral cortices
through the VZ to the marginal zone (MZ; Fig. 1C–AM). To
obtain accurate birthdating, the nuclei that contained full BrdU/
EdU content were quantified to eliminate cells that underwent
more than one cell division after BrdU/EdU incorporation (see
Materials and Methods). Consistent with previous results (Ku-
mamoto et al., 2013), when Foxg1 was induced at E14.5, we ob-
served a shift in the production of Ctip2� DL neurons that were
colabeled primarily with BrdU (Foxg1tetOFoxg1 cortex, 72.6 

2.6% Ctip2�/E14.5 BrdU� cells; control cortex, 5.9 
 0.7%
Ctip2�/E14.5 BrdU� cells; Fig. 1C–D�,I–J�,AM). Additional
analyses that used sequential E14.5 BrdU and E15.5 EdU labeling
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Figure 1. The sequence of DL and UL neurogenesis is fixed regardless of the timing of projection neuron induction in vivo. A, Schematic diagram of the Foxg1tetOFoxg1 mice. Foxg1 transgene
expression was initially repressed by Dox administration, and Foxg1 expression was induced by Dox withdrawal. B, Experimental design. After Dox administration at E9.5, Foxg1 was induced by Dox
withdrawal at the indicated embryonic stages, and the dams were subsequently administered pulses of BrdU (red arrowheads) and EdU (blue arrowheads) at the specified time points. All embryos
were analyzed at E18.5 (green arrowheads). C–Z, AA–AL, Double immunohistochemistry for the indicated markers in coronal sections from E18.5 Foxg1tTA/� control and Foxg1tetOFoxg1 mice. C�–Z�,
AA�–AL�, Enlarged views of the boxed regions shown in C–Z and AA–AL. The arrowheads indicate cells that were double labeled with respective markers (Ctip2, Satb2, or Brn2 with BrdU or EdU).
Asterisks indicate nonspecific background staining of blood vessels by mouse monoclonal antibody. AM, Quantitative analysis of the percentage of BrdU � and EdU � cells that expressed Ctip2,
Satb2, or Brn2 in the indicated genotypes. Cells in the entire 100 �m radial strips (as represented in C–Z, AA–AL) from the dorsolateral cortices, including VZ cells, were counted. The results are
expressed as the mean 
 SEM. **p � 0.01. Scale bars: C�–Z�, AA�–AL�, 20 �m.
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indicated that Ctip2� neuron production preceded Satb2� or
Brn2� UL neuron generation (Foxg1tetOFoxg1 cortex, 22.1 
 4.5%
Brn2�/E14.5 BrdU� cells, 75.2 
 6.8% Brn2�/E15.5 EdU�

cells, 15.1 
 2.5% Satb2�/E14.5 BrdU� cells, and 54.6 
 12.6%
Satb2�/E15.5 EdU� cells; control cortex, 88.1 
 8.1% Brn2�/
E14.5 BrdU� cells, 18.8 
 7.1% Brn2�/E15.5 EdU� cells, 32.0 

5.3% Satb2�/E14.5 BrdU� cells, and 16.2 
 3.2% Satb2�/E15.5
EdU� cells; Fig. 1E–H�,K–N�,AM). Notably, although both
BrdU- and EdU-labeled cells in the control cortex migrated into
the CP (Fig. 1C–H�), the majority of BrdU� and EdU� cells in
the Foxg1tetOFoxg1 cortex failed to integrate into the preceding
neuronal layer and accumulated beneath the overlying CP. This
overlying CP in the Foxg1tetOFoxg1 cortex consists of supernumer-
ary CR cells that were generated during the period of Foxg1 sup-
pression (data not shown and Kumamoto et al., 2013) and thus
resemble the migration termination of projection neurons be-
neath the CR cell containing MZ during normal development
(Fig. 1I–N�).

Next, we performed the same analysis in a 1-d-later shifted
experiment, in which we induced Foxg1 at E15.5 by Dox removal
(Fig. 1B, middle row). We determined that E15.5 Foxg1 induc-
tion was also sufficient to induce both DL and UL subtypes (Fig.
1U–Z�,AM). E15.5 BrdU and E16.5 EdU injections revealed that
Satb2� and Brn2� neurons were also generated later compared
with Ctip2� neurons in these mutants; Ctip2� DL neurons were
predominately generated at E15.5 (37.3 
 6.8% Ctip2�/E15.5
BrdU� cells and 0% Ctip2�/E16.5 EdU� cells; Fig. 1U–V�,AM),
and Satb2� and Brn2� cells were generated at E16.5 (16.7 

5.0% Satb2�/E15.5 BrdU� cells, 34.6 
 0.6% Satb2�/E16.5
EdU� cells, 27.7 
 3.6% Brn2�/E15.5 BrdU� cells and 35.4 

2.9% Brn2�/E16.5 EdU� cells, respectively; Fig. 1W–Z�,AM).
Together, these results suggested that UL progenitors could not
bypass DL competence for their production even at the latest
period of corticogenesis. This finding was consistent with the
results obtained when we further induced Foxg1 1 d later at E16.5
by Dox removal (Fig. 1B, bottom row). We observed that Ctip2�

cells were not detectable in the cortex (Fig. 1AG–AH�), and
Satb2� and Brn2� UL neurons were absent (Fig. 1AI–AL�,AM).
The chase period after BrdU and EdU injections (at E16.5 and
E17.5, respectively) may not have provided sufficient time for
these markers to be turned on in these mice; however, we identi-
fied a low proportion of BrdU- or EdU-labeled cells that ex-
pressed Satb2 and Brn2 in the control cortex but not in the
Foxg1tetOFoxg1 cortex (Fig. 1AC�–AF�, arrowheads). These data
indicated that these birthdates correspond to the latest period of
neurogenesis (Hevner et al., 2003) and to the onset of gliogenesis
(Seuntjens et al., 2009) during normal development. The results
also suggested that Foxg1 induction is sufficient to initiate se-
quential DL–UL competence but cannot override gliogenic com-
petence. Consistent with these observations, the contribution of
E16.5-born progenitors to Olig2� glial cells was comparable be-
tween the Foxg1tetOFoxg1 and control cortices (30.1 
 1.5 and
19.5 
 5.9%, respectively; data not shown), which was similar to
the result of a previous study (Seuntjens et al., 2009). Collectively,
these data demonstrate that cortical progenitors have a re-
stricted competence window in vivo, such that UL competence
strictly follows DL competence and is terminated by gliogenic
competence.

UL progenitors arise from the Foxg1 � cell lineage
The conserved sequence of DL and UL competence throughout
the corticogenesis period indicates the following two potential,
non-mutually exclusive, mechanisms of UL neurogenesis: neo-

cortical progenitors use intrinsic cues that induce bias toward DL
competence over UL competence and/or feedback signaling from
DL neurons is necessary to trigger UL neurogenesis during cor-
tical development. These mechanisms are supported by the ob-
servations that DL neurons are generated more efficiently
compared with UL neurons in vitro (Espuny-Camacho et al.,
2013) and that UL neurons favor high-density aggregate condi-
tions compared with low-density cultures for their induction
(Shen et al., 2006; Eiraku et al., 2008; Gaspard et al., 2008; Ka-
doshima et al., 2013). To test the former mechanistic hypotheses,
we induced neocortical projection neurons in a restricted num-
ber of cells by electroporating pCAGGS–Foxg1 and pCAGGS–
GFP constructs into E14.5 Foxg1 constitutive knock-out
(Foxg1�/�) cortices (Fig. 2A–D�), which lack DL and UL neuron
production and exhibit CR cell overproduction (Kumamoto et
al., 2013). Consistent with the role of Foxg1 in switching from
early CR cells to DL neurogenesis (Kumamoto et al., 2013),
Ctip2� DL neurons were induced in the GFP� cells in the
pCAGGS–Foxg1 and pCAGGS–GFP-introduced cortex (Fig. 2I).
Notably, within this cluster, we also detected Satb2� cells (Fig.
2J) and Brn2� cells (Fig. 2R), which were mostly complementary
to Ctip2� cells (Fig. 2K,S). However, within Satb2� neurons,
GFP was either not expressed in these cells or only expressed at
low levels (Fig. 2L–L�, open arrowheads). We further assessed the
expression of Foxg1 protein in Satb2� cells by double immuno-
histochemistry of Foxg1 and Satb2 and found that Foxg1 expres-
sion was either undetectable in Satb2� cells (Fig. 2AB–AB�, open
arrowheads) or expressed at very low levels (Fig. 2AB–AB�, filled
arrowheads). This was in contrast to Ctip2� cells, which gener-
ally expressed high levels of Foxg1 protein (Fig. 2X–X�, filled
arrowheads). This result suggested that, during Foxg1 induction,
Satb2� cells may be generated later within the Foxg1� lineage;
thus, the GFP and Foxg1 plasmid is diluted through multiple
rounds of cell division.

To directly test this hypothesis, we coelectroporated
pCAGGS–Foxg1 and pCAGGS–Cre constructs into Foxg1�/�;
Rosa26loxp–stop–loxp–YFP/� mice to label all progeny of E14.5 Foxg1-
introduced progenitors and examined the yellow fluorescent
protein (YFP)� cells at E18.5 (Fig. 3A–G). We identified Satb2�

(Fig. 3F–F�,G, arrowheads) and Ctip2� (Fig. 3D–D�,E, arrow-
heads) expression in YFP� cells but not in YFP-negative (YFP�)
cells (Fig. 3D–D�,F–F�). Therefore, we defined the emergence of
Satb2� cells as originating from cells with a Foxg1 lineage after
the onset of Foxg1 expression. Cell birthdating studies that used
consecutive E14.5 BrdU and E15.5 EdU injections (Fig. 3H) con-
firmed that Satb2� cell generation followed Ctip2� cell genera-
tion in the same cluster (Ctip2�/BrdU� cells, 39.4 
 1.2%;
Ctip2�/EdU� cells, 14.7 
 1.8%; Satb2�/BrdU� cells, 16.0 

1.7%; and Satb2�/EdU� cells, 36.5 
 2.1%; Fig. 3I–L�,M). No-
tably, within these restricted neocortical neuron clones, the num-
ber of Satb2� and Brn2� cells did not exceed the number of
Ctip2� cells generated in the same cluster (Fig. 2K,S and data not
shown).

Foxg1 confers the sequence of DL and UL competence
through Tbr1 repression within a closed transcriptional
cascade
The Foxg1 lineage studies indicated that the cascade downstream
of Foxg1 triggers the sequential competence of DL and UL neu-
ron production. Next, we identified the transcriptional cascade
that determines this sequence of layer neurogenesis. Previous
genetic studies have indicated that the segregation between the
principal layer subtypes of the cerebral cortex is established on a
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Figure 2. UL neurons are induced in a restricted number of cortical cells. A, Experimental design. I.U.E.P., In utero electroporation. Foxg1�/� constitutive knock-out mice were used. B,
Lower-magnification views of the cortex, which indicate representative GFP electroporated areas. Control pCAGGS–GFP electroporated cells are dispersed randomly in the CP, whereas Foxg1-
introduced GFP � cells are clustered. C, D, pCAGGS–GFP alone or pCAGGS–GFP and pCAGGS–Foxg1 were introduced in a restricted number of Foxg1�/� cells. E–G, I–K, GFP, Ctip2, and Satb2
immunohistochemistry. E–G and I–K are each from the same section showing different channels. H–H� and L–L� indicate enlarged views of the sections shown in E–G and I–K. M–O, Q–S, GFP,
Ctip2, and Brn2 immunohistochemistry. M–O and Q–S are from the same section showing different channels. P–P� and T–T� indicate enlarged views of the sections shown in M–O and Q–S. U–W,
Y–AA, Ctip2, Satb2, and Foxg1 immunohistochemistry. U–W and Y–AA are each from the same section showing different channels. X–X�and AB–AB� indicate enlarged views of the sections shown
in U–W and Y–AA. Filled arrowheads indicate layer marker � cells that express GFP or Foxg1, and open arrowheads indicate layer marker � cells that are negative for GFP or Foxg1. Scale bars: B,
100 �m; C–D� E–G, I–K, M–O, Q–S, U–W, Y–AA, 50 �m; H-H�, L–L�, P–P�, T–T�, X–X�, AB–AB�, 10 �m.
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closed transcriptional network, in which cross-repression be-
tween the four TFs, namely, Fezf2, Ctip2, Satb2, and Tbr1, is
sufficient to establish the subcerebral, intracortical, and cortico-
thalamic projection identities within the postmitotic neurons

(Alcamo et al., 2008; Britanova et al., 2008; Chen et al., 2008; Han
et al., 2011; McKenna et al., 2011; Srinivasan et al., 2012). We
hypothesized that triggering a sequence of neurogenesis requires
a break in this equilibrium, which occurs through a derepression

Figure 3. UL progenitors arise from the Foxg1 � cell lineage. A, Experimental design. I.U.E.P., In utero electroporation. B–G, Foxg1, YFP, Ctip2, and Satb2 immunohistochemistry images acquired
by confocal microscopy. C, E, G, Higher-magnification views of the boxed regions shown in B�, D�, and F�, respectively. Arrowheads indicate neurons that are double positive for the two indicated markers. In
the Rosa26loxp–stop–loxp–YFP/� reporter, YFP predominantly localizes to the cytoplasm. H, Experimental design. I–L�, Double detection of BrdU or EdU with the following neuronal subtype markers: DL neurons,
Ctip2; UL neurons, Satb2. Arrowheads indicate Ctip2 � or Satb2 � cells double labeled with BrdU, and open arrowheads indicate Ctip2 � or Satb2 � cells double labeled with EdU. M, Quantitative
analysis of the percentage of BrdU � and EdU � cells that express Ctip2 or Satb2. The results are expressed as the mean 
 SEM. **p � 0.01. Scale bars: B–B�, D–D�, F–F�, I–L�, 50 �m; C, E, G,
10 �m.
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of one of the genes in the transcriptional loop (Fig. 4A). Thus, we
examined which of these TFs respond in vivo to Foxg1 induction.
We assessed previous gene expression data in which E14.5, E15.0,
E15.5, and E16.5 Foxg1tetOFoxg1 neocortical progenitors were iso-
lated after Foxg1 induction by E14.5 Dox removal (Kumamoto et
al., 2013; Fig. 4B). Using these datasets, one-way ANOVAs with
post hoc tests were performed to identify differentially expressed
transcripts (Fig. 4C; see Materials and Methods). According to
these unbiased criteria, among the four TFs, only Tbr1 exhibited
a significant response to Foxg1 induction [E16.5 Foxg1 induc-
tion/E14.5 control � �0.9445 (log2), corresponding to �1.9245
(log10)-fold change; Fig. 4C)]. These results suggest that, within
the aforementioned transcription network (Fig. 4A), Foxg1 may
determine the sequence of layer neurogenesis primarily through
Tbr1 repression. Notably, Tbr1 has been reported to be expressed
in the majority of early-born glutamatergic neurons of the cere-
bral cortex, including preplate CR cells and subplate (SP) neu-
rons (Hevner et al., 2001). Therefore, we assessed Tbr1
expression regulation during normal cortical development.
Immunohistochemistry was performed using Tbr1 antibodies
(Abcam rabbit anti-Tbr1 in Fig. 4D–H and Millipore chicken
anti-Tbr1, data not shown) and Foxg1 antibodies (Santa Cruz
Biotechnology goat anti-Foxg1 in Fig. 4D–H). At E11.5, Tbr1
protein expression in preplate neurons preceded the onset of
Foxg1 expression in the postmitotic neurons (Fig. 4D), which is
consistent with the absence of Foxg1 expression in CR neurons
(Hanashima et al., 2004). Instead, the Foxg1 protein was weakly
detected in progenitor cells at this stage, in which the detection
levels slightly varied between the different antibodies that were
tested (Santa Cruz Biotechnology goat anti-Foxg1, Abcam rabbit
anti-Foxg1, StemCulture rabbit anti-Foxg1, and rabbit anti-
Foxg1 from Y. Sasai; see Materials and Methods; Fig. 4D and data
not shown). At E13.5, Foxg1 expression increased in progenitor
cells and postmitotic neurons, in which its expression partially
overlapped with Tbr1� cells in the CP (Fig. 4E). The expression
levels of the Foxg1 protein were higher in postmitotic neurons
compared with progenitor cells in all stages that were examined;
however, we observed downregulation of the Foxg1 protein dur-
ing migration (Fig. 4E,F), which is consistent with a previous
report (Miyoshi and Fishell, 2012). At E15.5, Tbr1 expression was
downregulated in the cells of the upper part of the CP that were
Foxg1�, which consisted primarily of postmigratory layer V neu-
rons (Fig. 4F). By postnatal day 4 (P4), Tbr1 and Foxg1 exhibited
complementary expression patterns; Tbr1 was detected in L6 and
SP within cells that were low or undetectable for the Foxg1 pro-
tein (Fig. 4G,H).

Next, we examined whether Foxg1 can regulate Tbr1 tran-
scription by searching for Foxg1 consensus binding sites (Tao
and Lai, 1992) within 10 kb of the transcription start site of the
Tbr1 gene (Fig. 4I). We identified a 4 kb region of the mouse Tbr1
promoter that consists of multiple conserved Foxg1 binding
sequences (Fig. 4I), which were cloned upstream of the luciferase
reporter gene to assess transcription. Cotransfection of
pCAGGS–Foxg1 reduced the luciferase reporter activity in
Neuro2a cells by 31.0 
 2.9% (p � 0.01; Fig. 4J). These results
indicated that Foxg1 can repress Tbr1 promoter activity in vitro.

We next assessed whether Foxg1 can repress Tbr1 expression
in vivo. We used Foxg1�/� constitutive knock-out brains in
which a loss of Foxg1 results in excessive production of the
earliest-born CR cells in the cortex (Kumamoto et al., 2013). As
expected in these cortices, we observed Tbr1 upregulation in the
CP because of its expression in CR cells (Fig. 5B�; Hevner et al.,
2001). Therefore, we coelectroporated pCAGGS–Foxg1 with

pCAGGS–GFP constructs into E14.5 Foxg1�/� cortices and ex-
amined Tbr1 expression at E18.5 (Fig. 5A). Foxg1 induction cell-
autonomously repressed Tbr1 expression within this GFP� cell
cluster (Fig. 5C–C�, compared with control pCAGGS–GFP-only
transfected cells in Fig. 5B–B�); Ctip2 (Fig. 5C�) and Fezf2 (Fig.
5D�) expression were only induced in this Tbr1� GFP� popula-
tion (Fig. 5C�,D–D�).

To further assess whether Foxg1 primarily represses Tbr1 ex-
pression to derepress Fezf2/Ctip2 rather than indirectly induces
Fezf2/Ctip2 expression through the repression of other TFs and
thereby represses Tbr1 as a downstream target gene within the
transcription loop (Fig. 4A), we harvested pCAGGS–Foxg1 elec-
troporated brains at an earlier time point (24 h after electropora-
tion); we then examined Tbr1 and Ctip2 expression within the
GFP� cells (Fig. 5A,E–L�). Notably, 24 h was sufficient to repress
Tbr1 in Foxg1 electroporated GFP� cells (Fig. 5G–H,H�). Fur-
thermore, this downregulation of Tbr1 preceded the onset of
Ctip2 and Fezf2 protein induction (Fig. 5H�,K–K�,L–L�). More-
over, in contrast to the control pCAGGS–GFP-only electropo-
rated cortices, in which GFP� cells migrated into the Tbr1� CR
cell layer (Fig. 5B–B�,E,F), the Foxg1-introduced GFP� neurons
failed to integrate into the overlaying supernumerary CR cell
layer and accumulated beneath this layer (Fig. 5C–C�,G,H).
These distribution patterns again resembled the migration termi-
nation of projection neurons beneath the CR cell containing MZ
during normal development.

Next, we assessed whether conditional removal of Foxg1 ex-
pression during normal development resulted in Tbr1 upregula-
tion in vivo. We generated Foxg1 conditional knock-out mice
(cKO), in which Foxg1 was inactivated from E12.5 by Dox ad-
ministration in the Foxg1tetOFoxg1 mice and examined cortices at
E14.5 (E12.5 Foxg1 cKO harvested at E14.5; Fig. 6A,B). Notably,
although Tbr1 expression was primarily restricted to postmigra-
tory neurons within the CP in control cortices (Fig. 6C–C�), the
Tbr1 protein was highly upregulated in early differentiating neu-
rons that were Tuj1� in the Foxg1 E12.5 cKO cortices (Fig. 6D–
D�). This upregulation was accompanied by the loss of Fezf2 in
the CP (Fig. 6F,F�,F��). Furthermore, in the Foxg1 cKO cortices,
we identified a loss of Ctip2 high-expressing cells in the upper
part of the CP; however, low Ctip2 expression persisted through-
out the CP, and Tbr1 and Ctip2 were coexpressed in these neu-
rons (Fig. 6F�,F�,F��). These results further indicated that Tbr1
upregulation in these mutants is attributed to the loss of Foxg1
expression rather than to the loss of Ctip2 expression within the
transcriptional network (Fig. 4A), thus repressing Fezf2 indepen-
dent of Ctip2 expression regulation (Fig. 4A). Consistent with
this view, the segregation between Fezf2� and Tbr1� cells in the
CP was detectable during normal development at E14.5 (control
cortex; Fig. 6E,E�) and primarily complementary at E15.5 (wild-
type cortex; Fig. 6G,G�,G�,G��), at which point Ctip2 expression
still broadly overlapped with Fezf2� and Tbr1� cells (Fig. 6E–
E��,G–G��). Together, these data show that continued repres-
sion of Tbr1 by Foxg1 is required for the acquisition of Fezf2� DL
neuron identity in the neocortex. Collectively, these results dem-
onstrate that Tbr1 repression by Foxg1 confers the sequence of
DL and UL competence by establishing the DL (Fezf2 ON/
Satb2 OFF/Ctip2 HI) identity (Fig. 4A).

Ablation of early postmitotic DL neurons prolongs DL
competence at the expense of UL neurogenesis
Tbr1 repression by Foxg1 favors the acquisition of a DL fate over
an UL identity within the transcriptional network (Fig. 4A). Be-
cause of its nature, the subsequent transition from DL to UL
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Figure 4. Foxg1 regulates Tbr1 transcription in vitro. A, Schematic model of identified genetic interactions between the layer-subtype TFs. B, Experimental scheme of the transcriptome analysis
performed by Kumamoto et al., 2013. Temporal cohort of CD133 � cells isolated from Foxg1tetOFoxg1 mice, in which Foxg1 was induced from E14.5, was used as samples. C, Colored values represent
relative fold changes in gene expression between the E16.5 Foxg1tetOFoxg1 cortex/E14.5 Foxg1tetOFoxg1 cortex of all TFs that significantly responded to Foxg1 based on a five-dataset (E14.5, E15.0,
E15.5, E16.5, and E15.5 Dox � negative control) ANOVA cluster analysis. Tbr1 probe: E16.5/E14.5-fold change (log2) ��0.9445 (log10 ��1.9245). D–H, Developmental expression of Tbr1 (red)
and Foxg1 (green) in E11.5, E13.5, E15.5, E18.5, and P4 wild-type cortices. Rabbit anti-Tbr1 (Abcam) and goat anti-Foxg1 (Santa Cruz Biotechnology) antibodies were used. Tissues from different
stages were processed at identical conditions, with the exception that E18.5 (G) and P4 (H ) brains were perfused before 1 h fixation. I, View of the mouse Tbr1 gene locus (top), placental mammal
basewise conservation by PhyloP (middle) and predicted Foxg1 binding sites of the Tbr1 promoter region (bottom). J, Luciferase reporter assay that used Tbr1 promoter regions. Expression of
pCAGGS–Foxg1 repressed the luciferase activity of the Tbr1 promoter constructs by 31.0 
 2.9%. Error bars represent the SEM obtained from four replicates. Statistical analysis was performed using
Student’s t test, **p � 0.01. Scale bars: D–H, 50 �m. iz, Intermediate zone; ppl, preplate.
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Figure 5. Foxg1 represses Tbr1 expression before Fezf2 and Ctip2 expression onset. A, Experimental scheme. Foxg1�/� constitutive knock-out mice were used. I.U.E.P., In utero electroporation.
B–D�, GFP, Tbr1, Ctip2, and Fezf2 immunohistochemistry of E18.5 coronal sections from electroporated Foxg1�/� cortices. B–B�, C–C�, and D–D� indicate a combination of different channels
taken from the same sections. E–L�, GFP, Tbr1, Ctip2, and Fezf2 immunohistochemistry of E15.5 coronal sections from electroporated Foxg1�/� cortices. F–F�, H–H�, J–J�, and L–L� indicate
enlarged views of the boxed regions indicated in E, G, I, and K, respectively. Filled arrowheads indicate GFP � cells that are Tbr1 � and Ctip2 �. Open arrowheads indicate GFP � cells that are Tbr1 �

in controls. Scale bars: B–D�, E–E�, G–G�, I–I�, K–K�, 50 �m; F–F�, H–H�, J–J�, L–L�, 10 �m.
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competence requires the repression of DL determinants to termi-
nate DL competence. Shortly after Foxg1 induction in the
Foxg1�/� cortices (24 h after electroporation; Fig. 7A), Foxg1-
introduced GFP� cells established apical and basal processes that
contacted the ventricular surface and the CP (Fig. 7C, filled ar-
rowheads and open arrowheads, respectively). Based on previous

observations that UL neurons favor aggregate culture conditions
(Shen et al., 2006; Eiraku et al., 2008; Gaspard et al., 2008; Ka-
doshima et al., 2013), we hypothesized that repressing the DL
identity may require short-range negative feedback signals pro-
vided directly by the DL neurons. To directly assess whether post-
mitotic neurons propagate negative feedback signals that regulate

Figure 6. Conditional inactivation of Foxg1 at E12.5 results in Tbr1 upregulation and loss of Fezf2 expression. A, Experimental scheme. Foxg1tetOFoxg1 mice were used. Dox was administered at 200
�g/g for constitutive suppression of Foxg1. B, Dox was administered from E12.5 (Foxg1 OFF) onward, and the embryos were harvested at E14.5. C–C�, D–D�, Tbr1, Tuj1 immunohistochemistry,
and DAPI staining. E–E��, F–F��, Tbr1, Fezf2, and Ctip2 immunohistochemistry. G–G��, Tbr1, Fezf2, and Ctip2 immunohistochemistry in wild-type cortex at E15.5. C–C�, D–D�, E–E��, F–F��,
and G–G�� indicate a combination of different channels taken from the same sections. Scale bars: C–C�, D–D�, E–E��, F–F��, 50 �m; G–G��, 20 �m. iz, Intermediate zone.
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DL competence, we ablated postmitotic DL neurons using ge-
netic approaches. To selectively manipulate DL neurons, we first
assessed the termination of DL competence during normal devel-
opment. E14.5 wild-type mice were labeled with a pulse of BrdU
(50 mg/kg body weight) and were subsequently administered
BrdU in their drinking water (1.5 mg/ml); then, DL neurogenesis
was examined at E18.5 (Fig. 7D). We used Ctip2 and Zfpm2
(merged in green channel) immunohistochemistry to detect all
DL neurons (layer V neurons, Ctip2�; layer VI and SP neurons,
Zfpm2�; Kwan et al., 2008) and determined that almost no DL
neurons were generated from E14.5 onward during normal de-
velopment (1.1 
 0.4% Ctip2�Zfpm2�/BrdU� cells; Fig.
7E–G�).

To ablate postmitotic neurons, we used Neurog2 gene expres-
sion. A previous study reported dynamic Neurog2 protein ex-
pression during the cortical progenitor cell cycle; Neurog2
expression is low in the Ki67� cycling progenitors, but it is ele-
vated in neuronally committed (Ki67�) cells (Miyata et al.,
2001). We hypothesized that Neurog2 expression onset will allow
the manipulation of early postmitotic neurons before the matu-
ration of the DL identity necessary for negative feedback signal
propagation. Therefore, we used the Neurog2 gene locus to drive
the ablation of this population (Neurog2CreER/� mice) (Zirlinger
et al., 2002). First, we crossed the Neurog2CreER/� mice with three
distinct reporter lines to assess recombination within the cortical
cells (Fig. 7H,N,R). We crossed Neurog2CreER/� mice with
Rosa26loxp–stop–loxp–LacZ/� reporter mice (Soriano 1999). When ta-
moxifen was administered at E12.5 and the cortices were exam-
ined at E13.5 (Fig. 7H), we identified a few labeled cells outside
the VZ (Fig. 7I), and these labeled neurons occupied deeper laminar
positions at E18.5 (Fig. 7J). This result was in contrast to the findings
derived from a Nestin–CreER transgenic mouse line (Balordi and
Fishell, 2007) crossed with the same Rosa26loxp–stop–loxp–lacZ/� mice,

in which recombination of the reporter allele occurred within the
progenitors and labeled all progenitors and postmitotic neurons
from E12.5 onward (Fig. 7K–M). We further crossed
Neurog2CreER/� mice with Rosa26loxp–stop–loxp–YFP/� reporter mice
(Srinivas et al., 2001) and administered tamoxifen at E13.5 to
induce recombination; the embryos were analyzed 18 h later (Fig.
7N–Q). Double immunohistochemistry of GFP and Unc5d,
which is a subventricular zone (SVZ) marker, confirmed labeled
cells within the SVZ but not the VZ. We further used a
Rosa26CAG–loxp–stop–loxp–tdTomato/� reporter mouse line that ex-
presses high levels of reporter fluorescent protein during recom-
bination (Madisen et al., 2010). Tamoxifen was administered on
3 consecutive days (noon of E11.5, E12.5 and E13.5) to induce
recombination, and the embryos were analyzed at E14.5 (Fig.
7R). Double immunohistochemistry of Sox2 (a radial glial pro-
genitor marker), Tbr2 (a basal progenitor marker), and Ki67 (a
proliferating cell marker that is expressed in all mitotic cells) with
RFP confirmed Neurog2CreER/� recombination in postmitotic
neurons during tamoxifen administration at E11.5–E13.5 but not
the Sox2� (Fig. 7S–U), Tbr2� (Fig. 7V–X), or Ki67� (Fig. 7Y–
AA) progenitor cell populations (Fig. 7S–AA).

To ablate early postmitotic DL neurons, we used diphtheria
toxin A chain (DTA) expression driven from the same Rosa26
locus (Rosa26loxp–stop–loxp–dta/� line; Ivanova et al., 2005).
Neurog2CreER/� mice crossed with Rosa26loxp–stop–loxp–dta/� mice
were administered tamoxifen at E11.5, E12.5, and E13.5 to induce
cell death in the DL cells (Fig. 8A). Consistent with the ablation of
DL neurons, we confirmed a significant decrease in Ctip2/
Zfpm2� neurons at E14.5 (merged in red, 150.0 
 23.2 cells in
DL-ablated cortices and 408.0 
 14.3 cells in controls, p � 0.01;
Fig. 8B–C�,F). In contrast, Tbr2� cell number was maintained
(276.3 
 27.6 cells in DL-ablated cortices and 258.3 
 6.9 cells in
controls, p � 0.63, not significant; Fig. 8D–E�,G), indicating that
progenitor cells were not eliminated by this ablation, consistent
with the absence of Neurog2CreER/�-mediated recombination in
this population (Fig. 7S–AA). Therefore, we assessed the effects of
DL ablation on neocortical neurogenesis by quantifying the
number of DL and UL neurons at E18.5 (Fig. 8H). We deter-
mined that the number of Ctip2� neurons also decreased at this
stage (501 
 45 cells in DL-ablated cortices vs 713 
 8.6 cells in
controls, p � 0.01; Fig. 8 I, J,O). Notably, at E18.5, the production
of Satb2� neurons in these animals also slightly decreased (677 

85 cells in DL-ablated cortices vs 1079 
 61 cells in controls, p �
0.05; Fig. 8K,L,O), and the proportion of Ctip2� and Satb2�

cells was comparable with the controls (Ctip2� cells/all marker�

cells; 40.8 
 1.8% in DL-ablated cortices vs 39.4 
 1.4% in con-
trols, p � 0.63, not significant, Satb2� cells/all marker� cells;
54.2 
 1.6% in DL-ablated cortices vs 59.2 
 1.6% in controls,
p � 0.1, not significant; Fig. 8M–N�,P). To confirm these results,
we used an alternative marker for UL neurons, Cux1, which is
expressed in most UL neurons (Nieto et al., 2004). The ablation
of DL neurons also reduced the number of Cux1� cells at E18.5
(1206 
 74 cells in DL-ablated cortices vs 1393 
 75 cells in
controls, p � 0.01; Fig. 8S,T,W). This ablation resulted in a sim-
ilar ratio of Ctip2�/Cux1� neurons compared with controls at
E18.5, in which the proportions of Ctip2� or Cux1� cells were
not significantly different (Ctip2� cells/all marker� cells; 36.2 

0.8% in DL-ablated cortices vs 37.0 
 1.1% in controls, p � 0.58,
not significant, Cux1� cells/all marker� cells; 63.6 
 0.8% in
DL-ablated cortices vs 62.7 
 1.0% in controls, p � 0.48, not
significant; Fig. 8U–V�,X).

Because the relative DL neuron/UL neuron ratio was main-
tained despite the ablation of a significant number of DL neurons

4

Figure 7. Neurog2CreER/� mice recombine early postmitotic neurons in the neocortex. A,
Experimental scheme. Foxg1�/� constitutive null mice were used. I.U.E.P., In utero electropo-
ration. B, C, GFP immunohistochemistry of 50 �m cortical slices. Foxg1-introduced GFP � cells
established apical processes contacting the ventricular surface (filled arrowheads) and ex-
tended basal processes (open arrowheads). D, Wild-type mice were used. Pregnant dams were
administered a single-pulse BrdU injection at E14.5, and BrdU was subsequently administered
in the drinking water. E–G, Ctip2 and Zfpm2 (merged in green) and BrdU immunohisto-
chemistry in coronal sections (12 �m) of E18.5 cortex. G�, Enlarged view of the boxed
regions shown in G. H, K, Schematic diagram of mouse lines crossed to assess Cre recom-
bination. Tamoxifen was administered at the indicated dates to induce recombination,
and neuronal labeling was analyzed at E13.5 and E18.5. I, J, �-gal histochemistry (blue)
of Neurog2CreER/�;Rosa26loxp–stop–loxp–LacZ/� mice. L, M, �-gal histochemistry (blue) of
NestinCreER/�;Rosa26loxp–stop–loxp–LacZ/� mice. When tamoxifen was administered at E12.5 and
examined at E13.5, a few labeled cells were observed outside the VZ (I). These labeled neurons
had acquired deep laminar positions at E18.5 (J). This result was in contrast to that derived from
a Nestin–CreER transgenic mouse line crossed with the same Rosa26loxp–stop–loxp–lacZ/� mice, in
which recombination of the reporter allele occurred within the progenitors and labeled all
progenitors and postmitotic neurons from E12.5 onward (L, M). N, Schematic diagram of the
mouse lines. Neurog2CreER/� mice were crossed with Rosa26loxp–stop–loxp–YFP/� reporter mice.
Tamoxifen was administered at E13.5 to induce recombination, and the embryos were analyzed
18 h after tamoxifen administration. O–Q, Double immunohistochemistry of GFP and Unc5d, an SVZ
marker. These data confirmed labeled cells within the SVZ but not within the VZ. R, Schematic dia-
gram of the mouse lines that were crossed to label early postmitotic neurons using a distinct reporter
line, Rosa26CAG--loxp–stop–loxp–tdTomato/�, which expresses high levels of reporter fluorescent protein.
Tamoxifen was administered on the indicated dates to induce recombination, and the embryos
were analyzed at E14.5. S–AA, Double immunohistochemistry of Sox2 (radial glial progenitor
marker; S–U), Tbr2 (basal progenitor marker; V–X), and Ki67 (proliferative cell marker; Y–AA)
with RFP. These data suggested that the Neurog2CreER/� line is capable of labeling postmitotic
neurons, but not progenitor cell populations, during serial tamoxifen administration at E11.5–
E13.5. Scale bars: B–C, E–G, S–AA, 50 �m; G�, 20 �m. iz, Intermediate zone.
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Figure 8. Neuronal subtype ratio is maintained despite genetic DL neuron ablation. A, Schematic diagram of the mouse lines that were crossed to ablate DL neurons. Tamoxifen was administered
on the indicated dates to induce neuronal ablation. The embryos were analyzed at E14.5. B–E�, Immunohistochemistry of Pan-DL markers (Ctip2 and Zfpm2, merged in red; B–C�) and Tbr2 (D–E�)
in Neurog2CreER/�;Rosa26loxp–stop–loxp–dta/� mice (DL-ablated) and tamoxifen-administered wild-type littermate controls. F, G, Quantitative analysis. The total number of cells that expressed Ctip2
and Zfpm2 (F) or Tbr2 (G) per 100 �m cortical strip from the dorsolateral cortex was counted. The data represent the mean 
 SEM values. **p � 0.01. N.S., Not significant. H, Schematic diagram
of the mouse lines that were crossed to ablate DL neurons. Tamoxifen was administered on the indicated dates to induce neuronal ablation. The embryos were analyzed at E18.5. I–N, Ctip2 and Satb2
immunohistochemistry in Neurog2CreER/�;Rosa26loxp–stop–loxp–dta/� mice (DL-ablated) and Rosa26loxp–stop–loxp–dta/� mice (controls). M�, N�, Enlarged view of the boxed regions shown in M and
N. O, Quantitative analysis of absolute marker � cell number per unit area: Satb2 � only (red), Ctip2 � only (green), and Ctip2 � and Satb2 � (yellow) cells. The total number of cells per 260-�m-wide cortical
strips from the dorsolateral cortices was counted. P, Quantitative analysis of the proportion of marker � cells in same radial strips used in O: Satb2 � only (red), Ctip2 � only (green), and Ctip2 � and
Satb2 � (yellow) cells of the total cells that expressed either of the two (Ctip2 or Satb2) markers. Q–V, Ctip2 and Cux1 immunohistochemistry in Neurog2CreER/�;Rosa26loxp–stop–loxp–dta/� mice
(DL-ablated) and Rosa26loxp–stop–loxp–dta/� mice (controls). U�, V�, Enlarged view of the boxed regions shown in U and V. W, Quantitative analysis of absolute marker � cell number per unit area:
Cux1 � only (red), Ctip2 � only (green), and Ctip2 � and Cux1 � (yellow) cells. The total number of cells per 260-�m-wide cortical strips from the dorsolateral cortices was counted. X, Quantitative
analysis of the proportion of marker � cells in same radial strips used in W: Cux1 � only (red), Ctip2 � only (green), and Ctip2 � and Cux1 � (yellow) cells of the total cells that expressed either of
the two (Ctip2 or Cux1) markers. The data represent the mean 
 SEM values. *p � 0.05, **p � 0.01. Scale bars: B–E�, I–N�, Q–V�, 50 �m. N.S., Not significant.
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(Fig. 8B–C�,F), this finding prompted us to investigate whether
the elimination of DL neurons affects the temporal window for
DL competence. We injected EdU at E14.5 to monitor the neu-
rons that were born from progenitors in post-ablated cortices
(Fig. 9A) using pan-DL neuronal markers. Consistent with the

previous results (Fig. 7D–G�), we found
almost no Ctip2/Zfpm2� cells that were
colabeled with EdU in the control
(Rosa26loxp–stop–loxp–dta/�) cortices (3.1 

1.1%; Fig. 9B–B�,D). Remarkably, in
Neurog2CreER/�;Rosa26loxp–stop–loxp–dta/�

(DL-ablated) cortices, 23.7 
 2.2% (p �
0.01) of EdU� cells were colabeled with
Ctip2 or Zfpm2 (Fig. 9C–C�,D), which
indicates that the ablation of DL neurons
prolonged the production period of DL
neurons. These results also suggest that
the observed total number of DL neurons
at E18.5 (Fig. 8O) included neurons that
were generated after ablation, and there-
fore, the number of ablated neurons
appears under-represented in this popu-
lation. Next, we assessed whether feed-
back signaling propagated from DL
neurons is required only to terminate the
DL competence or this signaling also
drives UL competence. In the latter case,
the number of UL neurons born at E14.5
was expected to decrease in the DL-ab-
lated cortices compared with the controls.
Consistent with the general decrease in
the Satb2� neuron population (Fig. 8O),
we determined that Satb2� cells born at
E14.5 (EdU� cells) also decreased at the
expense of increased DL production
(77.5 
 8.2% in control cortices and
43.5 
 7.8% in DL-ablated cortices,
Satb2 �/EdU � cells, p � 0.05; Fig. 9F–
F�,G). The Cux1 analysis confirmed these
findings; the number of Cux1� neurons
generated at E14.5 was also significantly
decreased (40.3 
 3.0% in control corti-
ces and 16.1 
 5.0% in DL-ablated corti-
ces, Cux1 �/EdU � cells; p � 0.05; Fig.
9I–I�,J). Collectively, these results dem-
onstrate that the onset of UL neuron gen-
eration is controlled by the termination of
DL competence, which is propagated
through postmitotic DL neurons. To our
knowledge, this study provides the first
evidence that progenitor cells use negative
feedback cues to regulate the neocortical
subtype transition.

Discussion
In this study, we report that progenitor
cells of the cerebral cortex integrate in-
trinsic (genetic derepression) and extrin-
sic (negative feedback) cues to produce
UL projection neurons at the correct time
(Fig. 9K). Although the classical view con-
cerning cortical neurogenesis was that
progenitors progressively restrict their
competence through successive cell divi-

sions to produce the DL and UL neurons in a fixed order (Frantz
and McConnell, 1996; Desai and McConnell, 2000), the lineage
relation between DL and UL subtypes has only recently been
directly assessed (Yu et al., 2009; Franco et al., 2012; Yu et al.,

Figure 9. Ablation of postmitotic DL neurons prolongs DL competence at the expense of UL neurogenesis. A, Experimental scheme.
B–I, Immunohistochemistry of EdU and pan-DL markers (Ctip2 and Zfpm2, merged in green) or UL markers (Satb2 and Cux1). B�–I�,
Filled arrowheads indicate Ctip2 �/Zfpm2 �, Satb2 �, or Cux1 � cells double labeled with EdU, and open arrowheads indicate Satb2 � or
Cux1 � EdU � cells. D, G, J, Quantitative analysis of the percentage of EdU � cells that expressed pan-DL markers (Ctip2 and Zfpm2) or UL
markers (Satb2 and Cux1). The results are expressed as the mean 
 SEM. *p � 0.05, **p � 0.01. Scale bars, 50 �m. K, A model for the
switch in layer-specific subtypes. Before Foxg1 expression, preplate cells express Tbr1 by default, most likely through one or more transcrip-
tion activator(s) binding to the Tbr1 promoter region. The mechanism of Satb2 repression in preplate cells is unclear; Satb2 expression may
require appropriate transcription activator(s) downstream of Foxg1. After its induction, Foxg1 initiates general projection neuron compe-
tence through global gene suppression (Kumamoto et al., 2013) and also suppresses Tbr1, which causes progenitor cells to acquire the DL
(Fezf2 ON/Satb2 OFF/Ctip2 ON) identity. Finally, the transition from DL to UL neurogenesis requires a feedback signal from postmitotic DL cells
that represses Fezf2/Ctip2 and, thus, confers the UL (Fezf2 OFF/Satb2 ON/Ctip2 OFF) identity.
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2012; Guo et al., 2013). In particular, the presence of UL-
committed progenitors from the earliest phase of corticogenesis
has provided an alternative view of cortical neurogenesis (Franco
et al., 2012). This finding has left open questions regarding the
emergence of UL neurons and the regulation of the timing of
their differentiation. Our studies position the emergence of UL
progenitors downstream of the Foxg1 gene cascade, in which the
onset of Foxg1 switches the transcriptional program to acquire
projection neuron identity and, concomitantly, to confer the se-
quence of DL and UL neurogenesis.

Although the identities of distinct layer subtypes are clearly
established through a gene repression network, when the com-
mitment of cell fate occurs during differentiation remains un-
clear. Of the TFs that compose the laminar subtype network (Fig.
4A), only Fezf2 has been detected in cortical progenitors (Hirata
et al., 2004); others (Tbr1, Ctip2, and Satb2) are only detectable in
postmitotic neurons at protein levels (Hevner et al., 2001; Arlotta
et al., 2005; Alcamo et al., 2008; Britanova et al., 2008). Consistent
with their expression onset after cell cycle exit, Tbr1/Ctip2, Tbr1/
Fezf2, and Ctip2/Satb2 overlap during the initial phase of their
expression (Fig. 6E�,E�,G��,G��; Alcamo et al., 2008). Fezf2 tran-
scription is complexly regulated by a combinatorial activity of
multiple enhancers that surround the Fezf2 gene locus that drives
its expression independently within the progenitors and DL neu-
rons (Eckler et al., 2014). Because the endogenous Fezf2 mRNA
expression in cortical progenitors commences in a caudomedial
to rostrolateral gradient (Hirata et al., 2004; Allen Brain Atlas,
http://developingmouse.brain-map.org), which is opposite to
the Foxg1 expression gradient in the VZ (Kumamoto et al., 2013),
Fezf2 activation within progenitors may be independent of Foxg1
regulation. Foxg1 protein expression also exhibits a dynamic ex-
pression pattern; its expression is developmentally increased
within the progenitor cells, shuts off during migration, and re-
expresses during entry into the CP (Fig. 4D–H; Miyoshi and
Fishell, 2012). The expression onset of Tbr1 in CP neurons pre-
cedes that of Foxg1 (Fig. 4D), which indicates that its transcrip-
tion is readily activated before Foxg1 expression. Because the
Tbr1 protein is not detectable in progenitor cells (Fig. 4D), its
expression regulation by Foxg1 is likely mediated in postmitotic
neurons after Foxg1 protein upregulation during CP entry in
which their expression initially overlaps (Fig. 4E) and later segre-
gates (Fig. 4F–H). However, because the Tbr1 transcript is signif-
icantly decreased within the CD133� population during Foxg1
induction in vivo (Fig. 4B,C), we cannot exclude the possibility
that Foxg1 also functions in precursor cells to repress its tran-
scriptional activity. Consistent with this view, the onset of Tbr1
protein expression was accelerated within Tuj1� early differen-
tiating cells in the Foxg1 E12.5 cKO (Fig. 6D–D�).

Our in vitro assay further suggests that this regulation of Tbr1
expression by Foxg1 is mediated at a transcriptional level (Fig.
4 I, J). Importantly, the response of Tbr1 to Foxg1 induction in
vivo is slower compared with the major transcription targets of
Foxg1 (Kumamoto et al., 2013). Because these Foxg1-binding
sequences are conserved among forkhead-box TFs (Badis et al.,
2009), Foxg1 may compete with pre-bound forkhead transcrip-
tional activators to decrease their activity during Foxg1 expres-
sion onset. The gain of function of Foxg1 by electroporation
driven from a pCAGGS promoter results in a rapid induction of
Foxg1 at high levels (Fig. 2D�); thus, the clear switch from Tbr1�

neurons to Ctip2/Fezf2� neurons in the Foxg1�/� cortex (Fig. 5)
may result in the sharp segregation of expression at a shorter time
lag compared with the normal developmental situation, in which
the Foxg1 protein is expressed at lower and variable levels in

progenitors and dynamically regulated during migration and dif-
ferentiation (Fig. 4D–F; Miyoshi and Fishell, 2012; Kumamoto et
al., 2013), which may permit Tbr1 expression in a longer tempo-
ral window from preplate to layer VI corticothalamic projection
neurons. Another possibility is that Foxg1 may trigger multiple
independent transcriptional cascades in parallel that converge
onto the derepression of Fezf2/Ctip2 expression. In this case, the
highly Foxg1-responsive TFs (Kumamoto et al., 2013) may act as
repressors of Fezf2/Ctip2 or, alternatively, as activators of Tbr1.

One consideration that concerns the timing of the switch from
DL to UL neurogenesis is that, if these transitions rely on feed-
back signals that are propagated from postmitotic DL neurons,
then the transition timings may vary across different clones/
progenies according to the various timings of DL neuron differ-
entiation during development. This consideration is consistent
with the finding that, although DL competence is sharply termi-
nated by E14.5 (Fig. 7E–G�), the onset of UL neurogenesis par-
tially overlaps with later DL neurogenesis populations
(Takahashi et al., 1999; Hevner et al., 2003). Another interesting
possibility that cannot be excluded is that these negative feedback
signals may regulate the transition between subcerebral to intra-
cortical projection neuron production rather than DL to UL neu-
rons per se. The current distinction between the DL and UL
Satb2� callosal projection neurons relies on their relative posi-
tion to the L4 granular cell layer because these neurons share
common molecular expression/axon projection patterns; thus,
the laminar organization (DL or UL) may be regulated secondary
to cell specification (Ctip2� subcerebral projection or Satb2�

intracortical projection) during development.
Our results further suggest that, although some UL progeni-

tors are assigned their fate (Franco et al., 2012) shortly after Foxg1
expression, their differentiation is tightly inhibited in the absence
of cues from postmitotic DL neurons. Although the idea of neg-
ative feedback signals that regulate neurogenesis has been an at-
tractive hypothesis in both vertebrate and invertebrate CNSs
(Taghert et al., 1984; Belliveau and Cepko, 1999), to our knowl-
edge, this study provides the first evidence of negative feedback
regulation during subtype transition in the neocortex. Interest-
ingly, this signal appears to act qualitatively rather than quanti-
tatively in vivo. Within the clones that were examined, the
numbers of Satb2� and Brn2� cells did not exceed the number of
Ctip2� cells in the same cluster (Fig. 2K,S and data not shown).
Although the number of UL neurons induced by this approach
may be restricted because of the limited competence window of
neurogenesis by the late (E14.5) Foxg1 induction, these results
demonstrated that only a few postmitotic DL neurons are re-
quired to induce UL neurogenesis in this reductionist neocortex
model (Fig. 2) compared with the requirements in vitro. This
finding raises the possibility that the feedback signals may be
propagated through direct cell contact within the clone. Such a
short-range feedback system may enhance the precise generation
and connectivity between clonally related sister intracortical and
subcortical projection neurons (Yu et al., 2009, 2012).

How do these results fit with the alternative lineage-restricted
progenitor cell model? Although the fate-mapping studies indi-
cate that both DL and UL lineages are generated downstream of
the Foxg1 cascade (Figs. 2, 3A–G) and that UL neurons undergo
multiple cell divisions within the Foxg1 lineage (Figs. 2, 3H–L�),
these data alone do not distinguish between whether the genera-
tion timing differences between the DL and UL neurons is
achieved through temporal changes in competence within com-
mon progenitors or through extended mitosis specifically in
UL-committed cells. Because both common-lineage and
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restricted-lineage models require the termination of DL compe-
tence, negative feedback from postmitotic neurons may be the
primary source of this cue in both cases, whereas the latter model
would require additional mechanisms to extend mitosis in UL-
committed cells. Although the observed decrease in Satb2� and
Cux1� cells generated at the expense of extended DL neurogen-
esis shortly after ablation (Fig. 9D,G,J) suggests the presence of
common progenitors that can contribute to both DL and UL
neurons, it is possible that the prolonged DL production as a
result of ablation may result in extended proliferative cues for UL
cells. This regulation has been observed in Sip1� postmitotic
neurons that control the expression of Ntf3; accumulative levels
of Ntf3 are required to induce the differentiation of UL progen-
itors (Seuntjens et al., 2009). The extended DL neurogenesis
achieved through the ablation of DL neurons themselves may
sustain low Ntf3 signaling, thereby maintaining the UL-
committed cells as progenitor cells for a prolonged period of
time.

Considering the differences in the cell cycle length, gestational
period, and neocortical size among different mammals (Arai et
al., 2011; Reillo and Borrell, 2012; Betizeau et al., 2013), relying
exclusively on an intrinsic transcriptional program appears to be
a daunting task to balance neuronal output during development
and evolution. The mechanism identified in this study may pro-
vide one explanation as to how the timing and number of UL
neurons produced are adjusted according to the overall genera-
tion of their DL counterparts on a species-specific developmental
time scale.
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