
Development/Plasticity/Repair

Tbr2 Is Essential for Hippocampal Lineage Progression from
Neural Stem Cells to Intermediate Progenitors and Neurons
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Neurogenesis in the dentate gyrus has been implicated in cognitive functions, including learning and memory, and may be abnormal in
major neuropsychiatric disorders, such as depression. Dentate neurogenesis is regulated by interactions between extrinsic factors and
intrinsic transcriptional cascades that are currently not well understood. Here we show that Tbr2 (also known as Eomes), a T-box
transcription factor expressed by intermediate neuronal progenitors (INPs), is critically required for neurogenesis in the dentate gyrus of
developing and adult mice. In the absence of Tbr2, INPs are depleted despite augmented neural stem cell (NSC) proliferation, and
neurogenesis is halted as the result of failed neuronal differentiation. Interestingly, we find that Tbr2 likely promotes lineage progression
from NSC to neuronal-specified INP in part by repression of Sox2, a key determinant of NSC identity. These findings suggest that Tbr2
expression in INPs is critical for neuronal differentiation in the dentate gyrus and that INPs are an essential stage in the lineage from NSCs
to new granule neurons in the dentate gyrus.

Introduction
The dentate gyrus (DG) is one of only two regions in the brain in
which neurogenesis persists throughout adult life. Neurogenesis
in this region is thought to be involved in learning and memory
and may have a role in the regulation of emotional behaviors
(Dranovsky and Hen, 2006; Jessberger et al., 2009; Revest et al.,
2009; Deng et al., 2010). Progenitor cells in the DG are located in
the subgranular zone (SGZ) neurogenic niche adjacent to the
granule cell layer (GCL). Within the SGZ, neural stem cells
(NSCs) (type-1 and type-2a cells) generate intermediate neuro-
nal progenitors (INPs) (type-2b and type-3 cells) that, in turn,
give rise to newborn granule neurons, a population of glutama-
tergic cells that reside in the GCL (Kempermann et al., 2004).
Despite great interest in adult neurogenesis, little is known about

factors that regulate NSC maintenance and proliferation in the
DG. Recent studies suggest that some factors implicated in NSC
regulation during DG development, such as the Wnt, Shh, and
Notch signaling pathways, have continuing roles in the adult DG
(Lie et al., 2005; Breunig et al., 2007; Favaro et al., 2009; Kuwabara
et al., 2009; Ables et al., 2010).

Recent reports suggest that INPs may have a critical role in
regulating self-maintenance of the upstream NSC pool in the
SGZ, because loss of these cells profoundly impacts the prolifer-
ative characteristics of DG NSCs (Lavado et al., 2010). Previous
work from our laboratory and others showed that INPs in the
developing and adult DG characteristically and specifically ex-
press the transcription factor (TF) Tbr2 (Hodge et al., 2008;
Roybon et al., 2009), indicating that Tbr2 may have particular
functions within these INPs. Interestingly, Tbr2 is also expressed
in INPs in the embryonic cerebral neocortex (Englund et al.,
2005) and in the adult subventricular zone (SVZ) neurogenic
niche (Brill et al., 2009). In embryonic neocortex, in which the
functions of Tbr2 have been better delineated, loss of Tbr2 in
INPs has been shown to modulate INP proliferation, leading to
reduced neurogenesis of neocortical pyramidal neurons (Arnold
et al., 2008; Sessa et al., 2008), perhaps suggesting that Tbr2 may
have similar roles in DG INPs. Here we determined the actions of
Tbr2 in INPs using conditional gene ablation in embryonic, post-
natal, and adult DG. Our results indicate that, similar to its role in
embryonic neocortex, Tbr2 ablation leads to decreased granule
cell neurogenesis resulting from INP depletion and failed termi-
nal neuronal differentiation. Furthermore, we show that loss of
Tbr2 in INPs has additional novel functions in DG. Specifically,
we demonstrate that functional inactivation of Tbr2 consistently
results in increased proliferation of NSCs (Sox2�/Ki67� cells).
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In particular, Tbr2 ablation results in increased proliferation of
typically quiescent radial type-1 NSCs, as well as horizontal
type-2a NSCs, with accumulation of the latter attributable to
concurrent impaired neuronal differentiation. Finally, we pres-
ent evidence that Tbr2 is enriched at T-box binding sites in the
Sox2 locus and may suppress Sox2 expression, suggesting that
Tbr2 may promote progression from multipotent NSC to
neuronal-specified INP by directly regulating Sox2.

Materials and Methods
Animals. Tbr2 flox/flox, Nestin–Cre, Nestin–CreER T2, Z/EG, bacterial arti-
ficial chromosome (BAC) Tbr2–GFP, and Nestin–GFP mice were de-
scribed previously (Tronche et al., 1999; Novak et al., 2000; Mignone et
al., 2004; Imayoshi et al., 2006; Kwon and Hadjantonakis, 2007; In-
tlekofer et al., 2008). All mice were maintained on a C57BL/6 back-
ground, with the exception of BAC Tbr2–GFP mice, which were on a
CD1 background. Animals were housed in an Association for Assessment
and Accreditation of Laboratory Animal Care-approved facility at Seattle
Children’s Research Institute (SCRI). The Institutional Animal Care and
Use Committees at SCRI and the University of Washington approved
animal procedures. Both male and female mice were used in these stud-
ies. Embryonic animals were generated by timed matings, with the day of
the vaginal plug considered embryonic day 0.5 (E0.5), and collected as
described previously (Englund et al., 2005). Postnatal and adult animals
were anesthetized with Avertin (Sigma) and transcardially perfused with
4% paraformaldehyde (PFA). For experiments using embryonic mice,
controls were Nestin–Cre;Tbr2 flox/�;Nestin–GFP and Tbr2 conditional
knock-outs (Tbr2 cKO) were Nestin–Cre;Tbr2 flox/flox;Nestin–GFP. For
postnatal experiments (P19), control mice were Nestin–CreER T2;
Tbr2 flox/�;Z/EG, and inducible conditional Tbr2 knock-out animals
were Nestin–CreER T2;Tbr2 flox/flox;Z/EG (Tbr2 icKO). For experiments
with adult animals, controls were Nestin–CreER T2;Tbr2 flox/�, whereas
Tbr2 icKOs were Nestin–CreER T2;Tbr2 flox/flox.

Tamoxifen treatment. Tamoxifen (TAM) (Sigma) was dissolved in
corn oil (Thermo Fisher Scientific) at a concentration of 25 mg/ml. For
postnatal mice, TAM (180 mg/kg) was given subcutaneously on P5 and
P6, and animals were collected on P19. Control animals used for exper-
iments at P19 always received TAM to induce recombination of the Z/EG
Cre reporter. For experiments with adult mice, 8-week-old mice received
five TAM doses at 180 mg � kg �1 � d �1 delivered intraperitoneally on
consecutive days and were then allowed to rest for 1 week. After 1 week,
animals received two additional TAM injections (180 mg � kg �1 � d �1)
on consecutive days. Animals were collected at 12 postnatal weeks
(P12W), P14W, and P18W, 14, 30, and 60 d, respectively, after the last
TAM dose. For experiments with adult animals, control mice were
treated with either TAM or vehicle (corn oil), whereas Tbr2 icKO mice
always received TAM treatment. No difference was observed between
adult TAM- and oil-treated controls with regards to the number of NSCs,
INPs, and neuroblasts, so these animals were grouped together. For BrdU
pulse-chase experiments, adult animals were injected intraperitoneally
with 100 mg/kg BrdU on 2 consecutive days at the end of TAM dosing
and were collected at P14W.

Tissue preparation and immunohistochemistry. Brains of embryonic
animals were removed from the skull and placed in 4% PFA for 2 h,
transferred to 30% sucrose, and stored at 4°C. Brains were sectioned at 20
�m on a cryostat on Superfrost Plus glass slides (Thermo Fisher Scien-
tific) and kept at �80°C. Postnatal brains were fixed for 2 h after perfu-
sion with 4% PFA, sectioned at 40 �m free floating, and transferred to
cryoprotectant solution, as described previously (Hodge et al., 2008).
Adult brains were fixed for 2 h or overnight in 4% PFA and sectioned at
40 �m free floating. Primary antibodies are listed in Table 1, and sections
were processed as described previously (Hodge et al., 2008).

Cell counting. For embryonic tissues (n � 3 per group), cell densities
were determined using every 10th 20 �m section. Images were obtained
using a Carl Zeiss LSM 710 confocal microscope (40�, 1.3 NA oil-
immersion objective). Cells intersecting the top plane of focus were ex-
cluded from counts, and total cell numbers were divided by the total
counting area to give the number of cells per square millimeter. For

postnatal and adult tissues, cell counts were conducted as described pre-
viously (Hodge et al., 2008) on at least three animals per group. Briefly,
counts were conducted on every sixth 40 �m section through the entire
rostrocaudal extent of the DG (�0.94 to �3.80 mm from bregma) using
a modification of the optical disector principle (Hodge et al., 2008). For
counts of radial and horizontal NSCs, Z/EG GFP �/Ki67 �/Sox2 � radial
NSCs were defined as having cell body located in the SGZ and a radial
process extending through the GCL. Z/EG GFP �/Ki67 �/Sox2 � hori-
zontal NSCs had a cell body in the SGZ but lacked a clear radial process
and instead had short horizontal processes.

Live-cell two-photon microscopy. Tbr2–GFP BAC transgenic reporter
mice were anesthetized with isoflurane and decapitated. Brains were rap-
idly dissected in ice-cold ACSF and sectioned on a vibratome at 300 �m.
Slices were placed in an imaging chamber on an Olympus FV1000 mul-
tiphoton microscope and imaged using a 25�, 1.05 NA water-
immersion objective (Olympus). Images were acquired every 10 min,
and post-processing was conducted using Imaris software (Bitplane).

Plasmids and retrovirus production. Full-length mouse Tbr2 cDNA
(Open Biosystems) was subcloned into the pMES vector (B. R. Nelson,
University of Washington, Seattle, WA) containing an ires–GFP frag-
ment. The Tbr2–ires–GFP sequence from pMES was then subcloned into
the CAG retroviral backbone (F. H. Gage, Salk Institute, La Jolla, CA).
CAG–GFP virus (F. H. Gage) served as a control. Viruses were produced
using Phoenix-gp cells (Nolan Laboratories), pseudotyped with vesicular
stomatitis virus-glycoprotein, and concentrated using serial ultracentrif-
ugation as described previously (Zhao et al., 2006).

Adult hippocampal NSC cultures. Adherent monolayer adult hip-
pocampal NSC cultures were generated as described previously (Ray and
Gage, 2006) from 12-week-old C57BL/6 mice and maintained in prolif-
erating culture conditions with DMEM/F-12 (Omega Scientific), 20
ng/ml FGF2 (Peprotech), and 20 ng/ml EGF (Peprotech).

For retroviral experiments, cells were plated on glass coverslips at a
density of �10 5 cells per well in 24-well culture plates. Cultures were
transduced with appropriate viruses (CAG–GFP or CAG–Tbr2–ires–
GFP) 18 h after plating, maintained in proliferating conditions for 2.5 d,
and then fixed and processed for immunohistochemical detection of
antigens. Counts were conducted on five coverslips per group per on four
separate, randomly chosen fields (40�) per coverslip.

Identification of T-box binding sites in Sox2 locus and chromatin immuno-
precipitation. Sox2 gene sequences were scanned for evolutionary conserved
regions (ECRs) from aligned vertebrate genomes using the ECR Browser
(Ovcharenko et al., 2004) as described previously (Bedogni et al., 2010).
Potential Tbr2 binding sites were identified using TRANSFAC Professional
version 10.2 library of position-weight matrices (Wingender et al., 1996).
The Tbx5 matrix was used, as it is representative of T-box binding sites. PCR
primers were designed to candidate T-box binding sites and adjacent se-
quences. PCR primers amplifying a region in the Sox2 exon (primer set 9)
served as negative control. Primer sequences are provided in Table 2.

Table 1. List of primary antibodies used in the present study

Primary antibody Concentration Source

Rabbit anti-Tbr2 1:1000 R. F. Hevner (used in immunohistochemical experiments)
Rabbit anti-Tbr2 1:1000 Abcam (used in ChIP experiment)
Rabbit anti-Prox1 1:500 S. Pleasure
Rabbit anti-AC3 1:500 Cell Signaling Technologies
Rabbit anti-Ki67 1:500 Vector Laboratories
Rabbit anti-Blbp 1:500 Abcam
Rabbit anti-Gfap 1:1000 Dako
Rabbit anti-Olig2 1:500 Millipore
Goat anti-Sox2 1:400 Santa Cruz Biotechnology
Goat anti-NeuroD1 1:400 Santa Cruz Biotechnology
Goat anti-DCX 1:400 Santa Cruz Biotechnology
Mouse anti-reelin 1:1000 Calbiochem
Mouse anti-Ascl1 1:100 BD Biosciences
Mouse anti-NeuN 1:1000 Millipore
Rat anti-BrdU 1:500 Accurate
Rat anti-Ctip2 1:500 Abcam
Chicken anti-GFP 1:500 Abcam
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For chromatin immunoprecipitation (ChIP), NSCs were transduced
with CAG–Tbr2–ires–GFP retrovirus and maintained in proliferating
conditions for 2.5 d. Chromatin was isolated from cells, and samples were
prepared using the EZ ChIP kit (Millipore) according to the recommen-
dations of the manufacturer. To immunoprecipitate cross-linked pro-
tein–DNA complexes, 5 �g of rabbit anti-Tbr2 antibody (Abcam) was
used. Negative controls were prepared using an antibody against rabbit
IgG (Millipore), and ChIP with an antibody against acetylated histones
(EZ ChIP kit; Millipore) was used as a positive control. Quantitative PCR
(qPCR) was conducted using Power SYBR Green Master Mix (Applied
Biosystems). Data were normalized to IgG-negative controls, and fold
enrichments relative to the Sox2 exon-negative control sequence were
calculated.

Ex utero electroporation. E16.5 embryos were harvested into cold
HBSS (Invitrogen). The following plasmids were separately injected into
the ventricles of individual embryos: ires–GFP control, Tbr2–ires–GFP,
Tbr2–VP16 (Ryan et al., 2004), and Tbr2-engrailed (enR) (Ryan et al.,
2004). Embryos were electroporated with paddle electrodes across the
cerebrum, targeting the developing hippocampal field. After electropo-
ration, brains were dissected, sliced at 250 �m, and cultured on Millicell
inserts (Millipore) for 48 h. Slices were fixed briefly in 4% PFA and
immunostained for GFP and Sox2. Colocalization of signals and cell
counting was done using a confocal microscope. For each plasmid, cell
counts were conducted on five separate slices using a 40� oil-immersion
lens on the Carl Zeiss confocal LSM. At least 100 cells were counted for
each group.

Statistical analyses. Statistical analyses were conducted using either
ANOVA with Bonferroni’s post hoc analysis or a two-sample t test when
appropriate and as indicated using SPSS statistical software (IBM). Dif-
ferences were considered statistically significant at p � 0.05.

Results
Tbr2 is expressed in INPs in the DG throughout development
We first examined expression of Tbr2 protein at multiple stages
of development. Consistent with previous studies of the develop-
ing hippocampus (Li et al., 2009), we found that Tbr2 protein was
expressed in INPs throughout the course of DG development
(Fig. 1A–F10). By E14.5, the dentate neuroepithelium (DNe) was
present as a region of strong Nestin–GFP expression adjacent to
the cortical hem, which had weak expression of Nestin–GFP (Fig.
1A). On E14.5, Tbr2� INPs populated the SVZ adjacent to the
DNe and were typically Nestin–GFP� (Fig. 1A,A1). These Tbr2�

INPs were abundant during all early embryonic stages of DG
development (Fig. 1B,B1) and could be seen exiting the SVZ and
migrating to the DG via the dentate migratory stream (DMS) to
form the previously described subpial neurogenic zone (SPNZ), a

transient neurogenic compartment present in the developing DG
between E18.5 and P7 (Li et al., 2009). By P3 (Fig. 1C,C1), Tbr2�

INPs were abundant in the SPNZ, and their subsequent redistri-
bution from this temporary neurogenic zone to form the SGZ
was apparent by P7 (Fig. 1D,D1,E). Using a BAC transgenic
Tbr2–GFP reporter mouse (Kwon and Hadjantonakis, 2007), we
found that, although endogenous Tbr2 is transiently expressed,
most if not all of the granule neurons populating the GCL of the
DG were GFP� on P7, reflecting persistent expression of stable
GFP protein, suggesting that the majority of granule neurons
were derived from a Tbr2-expressing lineage (Fig. 1E). Live-cell
multiphoton time-lapse imaging of slice cultures from Tbr2–GFP
mice revealed the dynamics of Tbr2� INPs during DG develop-
ment. These experiments demonstrated that Tbr2� INPs actively
proliferate while migrating in the DMS en route to the DG (Fig.
1F–F10, arrowheads illustrate a cell dividing over a period of 90
min), confirming that Tbr2 is expressed in dividing INPs in the
developing DG.

Increased NSC proliferation and impaired neurogenesis in
Tbr2 cKO mice during DG development
To determine the role of Tbr2 in DG INPs during development,
we examined NSC proliferation and granule neurogenesis in con-
trol and Tbr2 cKO mice, in which Tbr2 was conditionally ablated
using Nestin–Cre on E11.5. NSCs express the TF Sox2 and
strongly express Nestin–GFP (Suh et al., 2007; Li et al., 2009;
Lugert et al., 2010). We examined these markers in control and
Tbr2 cKO mice at E16.5 when many NSCs and INPs exit the DNe
and migrate along the DMS to the DG. At E16.5, markedly in-
creased numbers of proliferating (Ki67�) cells were apparent in
the DMS in Tbr2 cKO mice (Fig. 2A–A2,B–B2) and many Ki67�

cells coexpressed Nestin–GFP, suggestive of increased NSC pro-
liferation. The total number of Nestin–GFP� cells likewise in-
creased within an expanded DMS in Tbr2 cKO mice at E16.5 (Fig.
2A2,B2). The increased abundance of proliferating cells in Tbr2
cKO mice was attributed to an increase in Sox2� cells in the DMS
(Fig. 2C–C2,D–D2), indicative of increased NSC numbers in mu-
tant mice. Quantification of the number of Sox2� cells revealed a
significant (203%, p � 0.001; Fig. 2) increase in Sox2� cells/mm 2

in Tbr2 cKO mice at E16.5. Correspondingly, there were signifi-
cant increases in Ki67� cells/mm 2 (200%, p � 0.001) and in
Sox2�/Ki67� cells/mm 2 (242%, p � 0.001) in Tbr2 cKO mice at
E16.5 (Fig. 2E–G). This increase in proliferating NSCs (Sox2�/
Ki67�) persisted to postnatal ages in Tbr2 cKO mice (218%, P0;
155%, P3), as did the increases in total Sox2� cells/mm 2 (137%,
P0; 130%, P3) and total Ki67� cells/mm 2 (200%, P0; 162%, P3).
The DMS remained expanded in Tbr2 cKO mice at P0 and was
occupied by increased numbers of Nestin–GFP�/Sox2� cells,
confirming augmented NSC number in neonatal mutant mice
(Fig. 2 J1,K1). However, the number of NeuroD1� INPs and
neuroblasts was markedly reduced in neonatal Tbr2 cKO, indi-
cating decreased granule neurogenesis and loss of INPs in the
absence of Tbr2 expression (Fig. 2H–I1). Correspondingly, the
number of Prox1� neuroblasts was decreased in the DG of mu-
tant mice at P0, with only a few Prox1� cells occupying a reduced
upper blade of the DG at this time (Fig. 2 J2,K2), consistent with
decreased granule neuron differentiation.

Tbr2 is required for postnatal and adult
hippocampal neurogenesis
To examine the functions of Tbr2 during postnatal and adult
granule neurogenesis, we used a Nestin–CreER T2 inducible con-
ditional knock-out strategy (Tbr2 icKO). Conditional ablation of

Table 2. Primer sequences for Sox2 locus ChIP

Primer 5� Primer 3� Primer

1 AACCGTGATGCCGACTAGAA GAAGCGCCTAACGTACCACT
2 CTTGTGTCAGGGTTGGGAGT GAGTCCTCTGCCCATGTAGC
3 CCTCGCTTAACCTCCCACTT AACCGAGGAGGATGGAAGAT
4 GCACAGTCGACAGTTCTTGC ACTGTCCATTGGCTGGAGTT
5 GCAGCTTAGGCGCTAACGTA TAAATCTGTGCAGCCAACCA
6 CTCAAATGCAGATGCAGGAG GAAGCCTTAACTGCCAAGCA
7 GGCAGATACCCTTGTGAACG TCCTTCCACTCTCTTGTTGGA
8 TCCGTGTAGCGACAACAAGA CAGGCTGTGGGAGAATGG
9 CTCTGCCAGCTTCCTGAAAT CAAGACGACAGCTCCTTTCC

10 TCAGGAGTTGTCAAGGCAGA CTCGGGCTCCAAACTTCTCT
11 CAAGATGCACAACTCGGAGA CTCCGGGAAGCGTGTACTTA
12 ATCTCTGCAGCTGGTACACG AATGTGATGAGAGCGCACAA
13 GCGCTACCCATTTCATTAGG CCTCGGAAAGAAGTCACAGG
14 CGGCTCTGTTATTGGAATCAG CAGGCATAATTTCAGTGTCCA
15 ACTGGGAACTTGGCAGTCAG CACCTTGGTGTCACCCTCTT
16 TAACGTCAAACGCTTCGTTG CGGAGCCAACTTATGAAACC

Primer numbers correspond to those illustrated in the schematic diagram of the Sox2 locus in Figure 6.
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Tbr2 during postnatal development was achieved by TAM treat-
ment initiated on P5 and analysis on P19 (Fig. 3A). In control
animals, Tbr2 protein expression was noted in the SGZ as ex-
pected (Fig. 3B,B1), whereas TAM treatment effectively elimi-
nated Tbr2 protein expression from the SGZ of Tbr2 icKO mice
by P19 (Fig. 3C,C1). Postnatal inactivation of Tbr2 resulted in
severely reduced neurogenesis in the DG. New neuroblasts, visu-
alized using NeuroD1, Prox1, and calretinin, were abundant in
control animals but were almost completely absent from the SGZ
of Tbr2 icKO mice by P19 (Fig. 3D–G). Tbr2 icKO mice exhibited
loss of late-stage (type-3) INPs as evidenced by decreased Neu-
roD1 expression in the SGZ (Fig. 3D,E), suggesting that reduced
granule neurogenesis resulted from failure of NSCs to differenti-

ate to produce INPs and postmitotic neuroblasts. Using a LacZ–
eGFP (Z/EG) Cre reporter animal, we tracked the fates of cells
undergoing Cre-mediated recombination (i.e., GFP� cells) in
the GCL. We found that many GFP� cells coexpressed NeuroD1
(Fig. 3D) and Prox1 (Fig. 3F) in controls, consistent with late-
stage INPs and newborn granule cells. Conversely, very few
GFP� cells were NeuroD1� (Fig. 3E) or Prox1� (Fig. 3G) in Tbr2
icKO mice, consistent with loss of INPs and decreased neurogen-
esis. To quantify the decrease in neurogenesis in mutant animals,
we determined the number of new neurons (GFP�/NeuN�)
produced in control and mutant animals (Fig. 3H–I1). We found
that the total number of new neurons (GFP�/NeuN� cells) was
severely decreased to �7% of control value (4048 � 525 GFP�/

Figure 1. Expression of Tbr2 protein throughout DG development. Tbr2 protein is expressed in INPs throughout DG development (red, A–D; grayscale A1–D1) in wild-type mice (C57BL/6). A, A1,
The DNe appears adjacent to the cortical hem (CH) by E14.5. Tbr2 � cells are located in the DNe and adjacent dentate SVZ at this time. B, B1, Tbr2 � INPs exit the DG ventricular zone (VZ) and migrate
along the DMS to the forming DG on E15.5. C, C1, By P3, Tbr2 � INPs are localized to the SPNZ around the pole of the DG. D, D1, These INPs translocate to the SGZ by P7. E, Live imaging of BAC
Tbr2–GFP transgenic mice at P7 shows that the majority of cells in the GCL are derived from a Tbr2-expressing lineage. Continued migration along the DMS to the developing GCL is apparent at this
time. Time-lapse imaging of the area of the DMS outlined in the dashed white box in E is shown at higher magnification in F. The dashed white box in F depicts a Tbr2–GFP � cell undergoing mitosis
in the DMS. High-magnification images of the cell outlined in F were acquired every 10 min as shown in F1–F10. Arrowheads in F1–F10 depict the cell undergoing mitosis to form two new
Tbr2–GFP � daughter cells over the course of 90 min, confirming that Tbr2 is expressed in rapidly diving progenitors. HF, Hippocampal fissure; FDJ, fimbriodentate junction. Scale bars: A, B, 100 �m;
C–E, 50 �m; F, 20 �m; F10, 15 �m.
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Figure 2. Increased NSC proliferation and impaired neurogenesis in Tbr2 cKO mice during DG development. A–B2, Increased numbers of Ki67 � and Nestin–GFP � (NesGFP) progenitor cells are
apparent in the DMS and DG in Tbr2 cKO mice (Nestin–Cre;Tbr2 flox/flox;Nestin–GFP). VZ, Ventricular zone. Sox2 � cells are increased in the DMS of Tbr2 cKO mice (D–D2) at E16.5 compared with
control animals (Nestin–Cre;Tbr2 flox/�;Nestin–GFP) (C–C2). Sox2 � cells are increased across multiple ages (E16.5 to P3) in Tbr2 cKO mice (E, red bars) compared with control animals (E, gray bars;
ANOVA, n � 3). Ki67 � cells (F ) and Ki67 �/Sox2 � cells (G) are also significantly increased in Tbr2 cKO mice between E16.5 and P3 (ANOVA, n � 3). H–I1, By P0, the number of NeuroD1 � INPs
(type-3 cells) is notably reduced in the DG of Tbr2 cKO mice. J–K3, On P0, the DMS remains visibly expanded in Tbr2 cKO mice, and increased numbers of Nestin–GFP (NesGFP) and Sox2 � cells are
readily apparent. At this time, the number of Prox1 � cells is reduced in the forming upper blade of the DG in Tbr2 cKO mice (K2) compared with controls (J2), indicating reduced granule neurogenesis
in mutant mice. Scale bar: A, H, 100 �m; J, 50 �m. Graphs represent the mean � SEM for each group. ***p � 0.001.
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Figure 3. Ablation of Tbr2 results in loss of INPs and impairs postnatal and adult neurogenesis. A, TAM was administered to mice on P5 and P6, and animals were collected on P19. In
control mice (Nestin–CreER T2;Tbr2 flox/�;Z/EG), Tbr2 protein is present in the SGZ as expected (B, B1), whereas in Tbr2 icKO mice (Nestin–CreER T2;Tbr2 flox/flox;Z/EG) it is essentially
absent (C, C1). Highlighted regions in dashed boxes in B and C are shown in higher magnification in B1 and C1, respectively. Markers of INPs (NeuroD1) and neuroblasts (Prox1) are almost
completely absent in Tbr2 icKO mice (E, G), whereas they are abundant in controls (D, F ). Expression of calretinin (CalR) in new neuroblasts in the SGZ is strongly decreased in mutant mice
(G, blue), as is expression of Prox1 (G, red). Use of a reporter strain to monitor the fate of recombined cells (Z/EG, GFP � cells) shows reduced GFP � cells with neuronal morphology in
Tbr2 icKO mice (C, E, G, I ), and fewer GFP � cells are NeuroD1 � (E) or Prox1 � (G) in mutant mice. At P19, most GFP � cells are NeuN � new neurons in control mice (H; region highlighted
in dashed box is shown in high magnification in H1), whereas very few GFP � cells colocalize with NeuN in mutant mice (I, I1, arrows). High-magnification image of cells in Tbr2 icKO mice
shows that most GFP � cells do not have typical neuronal morphology (I1), whereas many GFP � cells have typical granule neuron morphology in controls (H, H1, arrows). J, Schematic
diagram of TAM and BrdU administration to adult mice. After administration of TAM, adult animals were collected at P12W, P14W, and P18W. K–L1, Tbr2 protein expression is present
in the SGZ of control animals (Nestin–CreER T2;Tbr2 flox/�) at P12W (K, K1, arrows) but is essentially absent from Tbr2 icKO mice (Nestin–CreER T2;Tbr2 flox/flox) at this time (L, L1). M–O1,
DCX staining of type-3 INPs and new neuroblasts in the SGZ remains consistent between P12W and P18W in control mice, with only a slight apparent reduction attributable to an
age-related decline in neurogenesis (M–O, arrows). In Tbr2 icKO mice, DCX � INPs and neuroblasts are reduced by P12W and continue to decline through P14W (M1–N1, arrows). By
P18W, very few DCX � INPs and neuroblasts remain in Tbr2 icKO mice (O1). P, P1, By P14W, NeuroD1 � INPs and neuroblasts are depleted from the SGZ in Tbr2 icKO mice. Q, Quantification
of the total number of NeuroD1 � cells in control and mutant animals confirms decreased numbers of INPs and neuroblasts in Tbr2 icKO mice at P12W and P14W (n � 3, ANOVA, p �
0.01). R–T, BrdU pulse-chase (administered according to the schedule in J ) shows that, in control mice, most BrdU � cells colocalize with NeuN at P14W (R), whereas the proportion of
BrdU � cells coexpressing NeuN is reduced in Tbr2 icKO mice (S, T, orange bars; t test, p � 0.01, n � 4). U, Quantification of the total number of AC3 shows that the number of cells
undergoing apoptosis in the SGZ does not differ between control and Tbr2 icKO mice at any stage examined (P19, P12W, P18W; ANOVA, p 	 0.05, n � 3). Graphs represent the mean �
SEM for each group. **p � 0.01. Scale bars: B, D, H, K, M, P, 50 �m; B1, H1, K1, 20 �m; R, 100 �m.
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NeuN� cells) in Tbr2 icKO mice (288 � 123 GFP�/NeuN� cells;
t test, p � 0.01). Accordingly, the proportion of GFP�/NeuN�

cells decreased in Tbr2 icKO mice (Fig. 3 I, I1; 5.58 � 1.99% of
total GFP� cells), consistent with reduced granule neuron gen-
eration, whereas a much larger proportion of GFP� cells in con-
trols were NeuN� (48.32 � 3.73%), indicating that most became
new granule neurons (Fig. 3H,H1). Despite reduced neurogen-
esis, there was no evidence of increased gliogenesis in Tbr2 icKO
mice. We did note the presence of some GFP� cells with glial
morphology in the hilus of Tbr2 icKO mice (Fig. 3C,E,G), al-
though these cells were often present in controls as well (Fig.
3B,F). These observations led us to quantify the proportion of
Olig2�/GFP� cells and GFP� cells with astrocytic morphology
present in the hilus in Tbr2 icKO mice and controls at P19. We
found that the proportion of GFP� cells in the DG coexpressing
Olig2 did not significantly differ between groups (control, 3.36 �
2.17%; Tbr2 icKO, 6.41 � 0.41%; t test, p � 0.08) nor did the
proportion of hilar GFP� cells with astrocytic morphology (con-
trol, 23.93 � 5.19%; Tbr2 icKO, 32.17 � 4.58%; t test, p � 0.30).

We then examined whether Tbr2 expression was similarly re-
quired during adult neurogenesis in the DG (Fig. 3J). TAM was
administered to animals exclusively during adult neurogenesis
(beginning at P8W, Fig. 3J), and animals were collected at P12W,
P14W, and P18W. Consistent with our data at P19, TAM treat-
ment effectively eliminated Tbr2 protein expression from the
SGZ by P12W (Fig. 3K–L1). Doublecortin (DCX) immunostain-
ing revealed marked reductions in new neuroblasts in Tbr2 icKO
mice by P12W (Fig. 3M,M1). DCX expression declined further at
later time points such that it was essentially absent from the DG of
Tbr2 icKO mice by P18W (Fig. 3N–O1). Similar to our findings in
P19 DG, we found that the number of NeuroD1� INPs was re-
duced in adult Tbr2 icKO mice by P12W and progressively de-
clined thereafter (Fig. 3P,P1,Q). Quantitatively, the total number
of NeuroD1� cells was significantly decreased by 67% in P12W
DG (ANOVA, p � 0.01; Fig. 3Q) and by 77% in P14W Tbr2 icKO
DG (ANOVA, p � 0.001; Fig. 3Q). To examine neurogenesis in
the adult DG, we used a BrdU pulse-chase experiment, with BrdU
administered after TAM dosing and animals collected at P14W
(Fig. 3J). The total number of BrdU� cells per DG was reduced in
Tbr2 icKO mice by 55% (Fig. 3R,S; control, 774 � 109.4 cells per
DG; Tbr2 icKO, 346 � 110.5 cells per DG; t test, p � 0.05) com-
pared with controls at P14W. We characterized the phenotypes of
BrdU� cells by double immunostaining with DCX (immature
neurons) and NeuN (mature neurons). In control animals,
86.68 � 4.08% of total BrdU� cells were NeuN�, whereas this
number declined to 45.79 � 0.76% in Tbr2 icKO mice (Fig. 3T).
Consistent with downregulation of DCX as newborn granule
neurons mature, the percentage of BrdU � cells coexpressing
DCX did not differ significantly between genotypes and rep-
resented a small fraction of total BrdU � cells in both groups
(Fig. 3T ).

To determine whether the decrease in neurogenesis observed
in Tbr2 icKO mice resulted in part from increased cell death in the
SGZ, we quantified the total number of activated Caspase-3�

(AC3) cells in control and mutant animals at several time points
(Fig. 3U). Interestingly, there was no significant difference in the
number of AC3� cells per DG between control and Tbr2 icKO
mice regardless of time point (P19, P12W, P18W). These results
suggest that decreased neurogenesis in Tbr2 icKO mice may not
result from increased cell death in the SGZ; however, given that
apoptotic cells are rapidly cleared by resident microglia in the
SGZ (Sierra et al., 2010), it is possible that increased cell death
may occur in Tbr2 icKO mice, but demonstrating a quantifiable

change may be beyond the temporal resolution of the methods
used to measure apoptosis in the present study.

Increased NSCs in postnatal and adult Tbr2 icKO mice
We next aimed to analyze whether conditional inactivation of
Tbr2 impacted the proliferation or differentiation of NSCs dur-
ing postnatal and adult DG neurogenesis. Again using an induc-
ible conditional knock-out strategy (Tbr2 icKO; Fig. 3A, J), we
examined expression of the NSC markers Sox2 and Ascl1 (Fig. 4).
We began by counting the total numbers of Sox2� (type-1 and
type-2a NSCs and INPs; Fig. 4A–B1) and Ascl1� (type-1 and
type-2a NSCs and INPs; Fig. 4C–D1) cells per DG in mutant mice
and controls at P19 (Fig. 4). Remarkably, the total number of
Sox2� cells was significantly increased by 46.5% (p � 0.001; Fig.
4A1–B1,E) in Tbr2 icKO mice, and notable accumulation of
Sox2� cells was apparent in the SGZ of mutant animals. Simi-
larly, Ascl1� cells increased in number in Tbr2 icKO mice, ex-
ceeding control animals by 56.6% (p � 0.001; Fig. 4C–D1,E) and
likewise accumulated in the SGZ. We next assessed the fates of
Cre-recombined cells (Z/EG GFP�) at P19. In controls, 24.88 �
3.18% of GFP� cells were Sox2�, and 3.72 � 1.25% of GFP�

cells were Ascl1� (Fig. 4F). In Tbr2 icKO mice, the proportion of
GFP� cells expressing Sox2 was significantly higher (69.72 �
4.48%; Fig. 4F, p � 0.001), as was the proportion of GFP� cells
expressing Ascl1 (20.10 � 0.72%; Fig. 4F, p � 0.001). Together,
these findings indicated that in the absence of Tbr2, neurogenesis
from NSCs was impaired, and NSCs accumulated in the Tbr2-
deficient SGZ.

Previous studies have distinguished two types of NSCs in the
DG, identified as “quiescent” or “radial” NSCs with a radial pro-
cess extending through the GCL and “active” or “horizontal”
NSCs with short horizontal processes but no radial process
(Lugert et al., 2010). To determine whether the accumulation of
Sox2� NSCs in Tbr2 icKO mice was attributable to one or both
NSC types, we classified recombined Sox2�/GFP� cells morpho-
logically and counted the numbers of each cell type in control and
mutant animals (Fig. 4G,H). The total number of Sox2�/GFP�

radial NSCs did not differ significantly between groups (Fig. 4 I; t
test, p 	 0.05). However, the total number of Sox2�/GFP� hor-
izontal NSCs was significantly increased in Tbr2 icKO DG by
�105% (Fig. 4 I; t test, p � 0.01). To determine whether NSC
proliferation was elevated in Tbr2 icKO mice, we quantified the
total number of Ki67� cells and found a significant overall 117%
increase (t test, p � 0.01) in Tbr2 icKO mice (12,912 � 639 cells
per DG) when compared with controls (5690 � 575 cells per
DG). Next, we counted Ki67�/GFP� (recombined) cells and
classified them by radial or horizontal morphology (Fig.
4G,H, J,K). The total number of Ki67�/GFP� cells was signifi-
cantly increased by �210% (Fig. 4 J; t test, p � 0.01) in the DG of
mutant animals. Interestingly, radial Ki67�/GFP� NSCs, which
were rarely observed in control animals, were greatly increased in
mutants (Fig. 4H, arrows). In fact, these proliferating radial
NSCs were increased more than eightfold in the SGZ of Tbr2
icKO mice versus controls (Fig. 4 J; t test, p � 0.05), indicating
that more radial NSCs actively proliferated after ablation of Tbr2.
Accordingly, these cells, which represented �1% of the total
number of Z/EG GFP� cells in control mice, increased to account
for �4.8% of total GFP� cells in Tbr2 icKO mice (Fig. 4K; t test,
p � 0.05). Consistent with increased horizontal Sox2� NSCs in
Tbr2 icKO mice, the total number of Ki67�/GFP� horizontal
NSCs was also significantly increased in mutant mice (182% in-
crease; Fig. 4 J; t test, p � 0.01). These cells represented a substan-
tially greater proportion of total Z/EG GFP� cells in mutant mice
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(31.2 � 2.6%) than in controls (6.5 � 0.9%), consistent with
increased horizontal NSC proliferation in Tbr2 icKO mice (Fig.
4K; t test, p � 0.01). Thus, the proliferation of both radial and
horizontal NSCs was increased in the DG of juvenile (P19) Tbr2
icKO mice.

We next analyzed the proliferation and differentiation of
NSCs in Tbr2 icKO mice during adult neurogenesis. Total Ki67�

cells were significantly increased in the SGZ of Tbr2 icKO mice by
P12W (57% increase; ANOVA, p � 0.001; Fig. 5A–C) and further
increased at P14W (87% increase; ANOVA, p � 0.001; Fig. 5A–
C). Somewhat surprisingly, this increase in Ki67� cells did not
decline over time but, rather, was persistent in Tbr2 icKO mice up
to at least P18W compared with age-matched controls (136%
increase; ANOVA, p � 0.001; Fig. 5C). However, mutant mice
did exhibit the normal age-related decrease in SGZ progenitor
proliferation typically observed in rodents.

To determine whether increased proliferation in adult Tbr2
icKO mice led to an increase in the total number of NSCs, we
analyzed the number of Sox2� cells at P14W in mutant and
control animals (Fig. 5D–F2). Indeed, the total number of Sox2�

cells was increased 	1.5-fold in the SGZ of Tbr2 icKO mice (t
test, p � 0.05; Fig. 5D,E–F2), and the density of Sox2� cells in the
SGZ and hilus increased in parallel (Fig. 5E–F2). Additionally, the

total number of proliferating Ki67�/Sox2� cells increased in
Tbr2 icKO animals at P14W (142%; t test, p � 0.01; Fig. 5D),
indicating augmented proliferation of NSCs in adult mutant
mice, consistent with our data at P19.

Overexpression of Tbr2 suppresses expression of Sox2 and
Ascl1 proteins in NSCs
To investigate mechanisms of Tbr2 action in NSCs, we began by
studying adult hippocampal NSC monolayer cultures. NSCs
maintained in proliferating conditions (FGF2 and EGF included
in the culture media) were transduced with a retrovirus express-
ing Tbr2 and GFP (CAG–Tbr2–ires–GFP) or a control GFP ret-
rovirus (CAG–GFP) and examined 2.5 d later. In control
cultures, the majority of GFP� cells (75.5 � 2.7%) maintained
expression of Sox2 protein (Fig. 6A,E). However, only 12.1 �
3.2% of Tbr2–GFP-expressing cells maintained Sox2 expression
(Fig. 6B,E), indicating a significant (t test, p � 0.001) reduction
in Sox2� NSCs after Tbr2 overexpression. Similarly, Ascl1 pro-
tein expression was reduced in Tbr2–GFP transduced NSCs, with
only 4.9 � 0.6% of Tbr2–GFP� cells expressing Ascl1 (Fig. 6D,E)
compared with 23.8 � 2.5% in control GFP� cells (t test, p �
0.001; Fig. 6C,E).

Figure 4. Proliferation of NSCs is increased after postnatal conditional ablation of Tbr2. A, A1, Most Z/EG GFP� (Cre recombined) cells are Sox2 � in control (Nestin–CreER T2;Tbr2 flox/�;Z/EG)
mice, consistent with most of these cells being newborn neurons (see Fig. 3). B, B1, In Tbr2 icKO mice (Nestin–CreER T2;Tbr2 flox/flox;Z/EG), many GFP � cells coexpress Sox2, indicating that these cells
persist as NSCs in mutant mice. Increased numbers of Sox2 � cells are qualitatively apparent in the SGZ of mutant mice (B, B1, red) versus controls (A, A1, red). C, C1, Ascl1 is discretely expressed
in control mice and is present in relatively few GFP � cells. Consistent with increased Sox2 expression, Ascl1 is also upregulated in the SGZ of Tbr2 icKO mice (D, D1, red), and increased numbers of
GFP � cells coexpress Ascl1 in mutant mice, including some cells with typical radial NSC (type-1) morphology (D1, arrow). E, Quantification of total cell numbers (per DG) shows increased numbers
of Sox2 � and Ascl1 � cells (n � 3, ANOVA p � 0.001). F, Correspondingly, Sox2 � and Ascl1 � cells account for a greater proportion of total GFP � cells in Tbr2 icKO mice compared with controls
(n � 3, ANOVA, p � 0.001). G, H, In Tbr2 icKO mice, there is an increase in Ki67 � cells (red) in the SGZ, and many GFP � cells, including radial NSCs (arrows, H), coexpress Ki67, whereas these cells
are extremely rare in control animals (G). I, Quantification of the total number of Sox2 �/GFP � with radial (type-1) NSC morphology shows no significant difference between groups. However, the
total number of Sox2 �/GFP � cells with horizontal (type-2a) NSC morphology is significantly increased in Tbr2 icKO mice (I; t test, n � 3). J, The total number of Ki67 �/GFP � cells is significantly
increased in Tbr2 icKO mice (n � 3, t test). Similarly, the total number of proliferating (Ki67 �/GFP �) cells with radial NSC morphology is increased in Tbr2 icKO mice, as is the total number of
Ki67 �/GFP � horizontal NSCs (J; n � 3, t test). K, Correspondingly, Ki67 �/GFP � radial NSCs and horizontal NSCs account for a greater proportion of the total number of Z/EG GFP � cells in mutant
mice (n � 3, t test). A1, B1, C1, and D1 are high-magnification images of regions outlined in dashed boxes in A, B, C, and D. Graphs represent the mean � SEM for each group. *p � 0.05, **p �
0.01, ***p � 0.001. Scale bars: A, G, 50 �m; A1, 25 �m.
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Tbr2 binding is enriched at the Sox2 promoter
Given that Sox2� NSCs increased after Tbr2 conditional ablation
at multiple stages of development (Figs. 2–5) and that Sox2 pro-
tein was reduced after retroviral overexpression of Tbr2 in NSCs
(Fig. 6), we sought to determine whether Tbr2 might directly
bind to the Sox2 promoter. The mouse Sox2 locus was searched
using bioinformatics tools for putative T-box (Tbx5) binding
sites, and three such sites were located. Two sites were upstream
of the Sox2 start codon, �2.5 and 1.0 kb, respectively (Fig. 6F),
well within the 5.5 kb upstream region that constitutes the Sox2

promoter in NSCs (Suh et al., 2007; Ehm
et al., 2010). A third site was located in the
3� UTR, �4.5Kb after the end of exon 1
(Fig. 6F). Locus-style ChIP was con-
ducted to determine in an unbiased man-
ner whether Tbr2 bound specifically to
T-box sites in the Sox2 locus. PCR primers
were designed to amplify potential T-box
sites, as well as a control region within the
Sox2 exon (Fig. 6F, primer set 9; Table 2).
ChIP was conducted using antibodies
against Tbr2 on chromatin from adult
hippocampal NSCs transduced with
CAG–Tbr2–ires–GFP expressing retrovi-
rus and maintained in proliferating con-
ditions, followed by qPCR using site-
specific PCR primers. All three putative
T-box sites were enriched in chromatin
from Tbr2 ChIP when compared with the
exon control region (Fig. 6F) and with
IgG negative controls (data not shown).
The highest degree of enrichment (more
than ninefold) was found at the T-box site
just 1.0 kb upstream from the Sox2 start
codon (Fig. 6F). We independently con-
firmed these results with a second anti-
body against Tbr2 (data not shown).
These results suggest that Tbr2 directly as-
sociates with the promoter region of Sox2,
implying that Tbr2 might be involved in
regulating Sox2 in hippocampal NSCs
(Figs. 6F, 7).

Sox2 is reduced in the presence of Tbr2
overexpression and repressor
constructs in vivo
To determine whether Tbr2 might contrib-
ute to the regulation of Sox2 expression in
an in vivo context, we compared the effects
of overexpression of Tbr2 (Tbr2–GFP) with
the effects of expression of Tbr2-repressor
(engrailed repressor, Tbr2–enR) or Tbr2-
activator (Tbr2–VP16) constructs. Ex utero
electroporation was used to target con-
structs expressing control GFP, Tbr2–GFP,
Tbr2–enR (Ryan et al., 2004), or Tbr2–
VP16 (Ryan et al., 2004) into the hippocam-
pal field of E16.5 embryos, which were then
examined 2 d later (Fig. 6G–K2). The per-
centage of total GFP� cells coexpressing
Sox2 protein was determined for each
group. In control animals, the majority of
GFP� cells coexpressed Sox2 protein

(77.4 � 2.8%; Fig. 6H–H2,L, green bars). Similarly, in embryos elec-
troporated with constitutively active Tbr2–VP16, the majority of
GFP� cells were Sox2� (65.3 � 1.2%; Fig. 6I–I2,L). Conversely, in
animals electroporated with either Tbr2–ires–GFP or Tbr2–enR, the
percentage of GFP� cells coexpressing Sox2 decreased significantly
(Fig. 6J–K2,L; Tbr2–ires–GFP, 18.3 � 3.7%; Tbr2–enR, 12.2 �
1.0%; p � 0.001, ANOVA), and the majority of GFP� cells were
Sox2�. These results show that expression of native Tbr2 decreases
Sox2 protein expression in vivo, consistent with our finding that
Tbr2 overexpression decreased Sox2 expression in NSC cultures.

Figure 5. NSC proliferation is increased after conditional Tbr2 ablation during adult neurogenesis. A, B, Ki67 � cells are in-
creased in Tbr2 icKO mice (Nestin–CreER T2;Tbr2 flox/flox) (B) compared with controls (Nestin–CreER T2;Tbr2 flox/�) (A), indicating
increased overall proliferation in mutant mice as early as P12W. C, Quantification of Ki67 � cells in control (red bars) and Tbr2 icKO
(gray bars) mice illustrates increased Ki67 � cells on P12W, P14W, and P18W, suggesting persistent upregulation of proliferation
in mutant mice (ANOVA, n � 3). D, The total number of Sox2 � NSCs in the SGZ is increased in Tbr2 icKO mice (n � 3, t test, p �
0.05) as is the total number of proliferating Sox2 �/Ki67 � cells (n � 3, t test, p � 0.01) at P14W. E–F2, Single-channel images
of Sox2 � (E, controls; F, Tbr2 icKO) and Ki67 � (E1, controls; F1, Tbr2 icKO) cells illustrate accumulation of these cell populations
in the SGZ of Tbr2 icKO mice at P14W. Merged images (E2, control; F2, Tbr2 icKO, arrows) illustrate increased Sox2 �/Ki67 � cells
in Tbr2 icKO mice. Graphs represent the mean � SEM for each group. *p � 0.05, **p � 0.01, ***p � 0.001. Scale bars: A, 100
�m; E, 50 �m.
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Additionally, our results demonstrate that expression of a Tbr2–enR
repressor construct, but not a Tbr2–VP16 activator construct, phe-
nocopies expression of native Tbr2 by similarly decreasing Sox2 ex-
pression. Together, these findings support the notion that Tbr2 may
promote INP generation and neuronal fate commitment, at least in
part, by negatively regulating Sox2.

Discussion
Tbr2 expression is associated with the generation of glutamater-
gic neurons in developing neocortex, olfactory bulb, and cerebel-
lum, as well as adult SVZ and hippocampus (Hevner et al., 2006;
Brill et al., 2009; Hodge and Hevner, 2011). Here we describe the
functional roles of Tbr2 in DG neurogenesis. We show that the
majority of DG granule neurons are derived from a Tbr2-
expressing lineage and that Tbr2 is essential for the generation of
INPs (type-2b cells). Additionally, we show that failure to gener-
ate INPs in the absence of Tbr2 expression leads to impaired
neuronal differentiation. Loss of INPs and neuroblasts after Tbr2
ablation impacts the NSC pool, leading to increased activation of
quiescent radial Sox2� NSCs (Fig. 7). Concomitantly, horizontal

Sox2� NSCs proliferate and accumulate in the SGZ of Tbr2 icKO
mice. Finally, Tbr2 not only drives neuronal differentiation but
may also promote progression from multipotent NSC to
neuronal-specified INP, in part, by decreasing the expression of
Sox2 (Fig. 7).

As NSCs divide to generate INPs in the DG, they transition
through expression of a number of TFs (Fig. 7A). Although the
functions of some of these TFs (e.g., Sox2, NeuroD1, and Prox1)
have been well described (Kim et al., 2007; Suh et al., 2007; Gao et
al., 2009; Lavado et al., 2010; Lugert et al., 2010; Karalay et al.,
2011; Kim et al., 2011), relatively little is known about their
downstream targets or about potential direct interactions be-
tween TFs that may orchestrate granule neurogenesis. Our find-
ing that Tbr2 is enriched in the Sox2 locus at several putative
T-box binding sites may constitute a novel mechanism of action
for a TF in regulating the NSC/INP pool in the DG. Although our
results do not explicitly demonstrate direct transcriptional regu-
lation of Sox2 by Tbr2 and it is likely that many different factors
dynamically regulate Sox2 expression, we do present several

Figure 6. Tbr2 suppresses expression of Sox2 and Ascl1 in NSCs and binds the Sox2 locus. A, NSCs transduced with control virus (CAG–GFP) highly express Sox2, and many GFP � cells are Sox2 �

(arrows). B, In NSCs transduced with Tbr2 expressing virus (CAG–Tbr2–ires–GFP), few GFP �/Sox2 � cells are apparent. C, D, Many control GFP � cells coexpress Ascl1, and very few cells expressing
CAG–Tbr2–ires–GFP coexpress Ascl1. E, Quantification of the proportion of GFP � cells expressing Sox2 and Ascl1 in CAG–GFP (blue bars) and CAG–Tbr2–ires–GFP (purple bars) transduced NSC
cultures (n � 5, t test, ***p � 0.001). F, Tbr2 binding is enriched at T-box binding sites (red T) identified in the mouse Sox2 locus. Blue dashes illustrate regions of the Sox2 locus over which primer
sets were designed. F, Tbr2 ChIP shows enrichment of Tbr2 at all three candidate T-box binding sites with the highest enrichment at the T-box binding site nearest the Sox2 transcriptional start site.
G–K2, Electroporation of constructs expressing control GFP (G, H–H2), Tbr2–VP16 (I–I2), Tbr2–ires–GFP (Tbr2–GFP) (J–J2), or Tbr2– enR (K–K2) was conducted at E16.5, and embryos were
examined 2 d later. G, Low-magnification image of the area of the developing hippocampal field targeted during electroporation. H–H2, Many control GFP � cells coexpress Sox2 protein, as do many
of the GFP � cells electroporated with the activator Tbr2–VP16 construct (I–I2). However, the number of GFP �/Sox2 � cells is significantly reduced in cells expressing either Tbr2–GFP (J–J2) or
the repressor Tbr2– enR (K–K2). L, Quantification of the percentage of GFP � cells expressing Sox2 protein after electroporation with the constructs listed above (ANOVA, p � 0.001, n � 5). Graphs
represent the mean � SEM. ***p � 0.001. Scale bars: A, 25 �m; G, 100 �m; H, 20 �m.
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pieces of evidence that suggest that Tbr2-mediated regulation of
Sox2 may be involved in neuronal lineage commitment in the
DG. First, we show that brief overexpression of Tbr2 in NSCs
results in a marked decrease in Sox2 protein. Additionally, over-
expression of native Tbr2 in vivo results in a similar decrease in
Sox2 expression. These results are phenocopied by expression of
a Tbr2-repressor construct (Tbr2– enR), which likewise results in
decreased Sox2 protein, further implying that Tbr2 impacts Sox2
expression. Previously, we showed that Sox2 and Tbr2 were co-
expressed in �35% of Tbr2� cells, most of which were morpho-
logically consistent with horizontal NSCs and type-2a INPs,
suggesting that these TFs transiently overlap as NSCs become
neuronal lineage specified (Hodge et al., 2008). There is prece-
dent for interaction between a T-box TF and Sox2, because Tbx6
has been shown to negatively regulate Sox2 during mesoderm
formation (Takemoto et al., 2011). Furthermore, Tbr2 itself has
been shown to bind directly to Sox2 in ChIP experiments from
human embryonic stem cells, and Tbr2 overexpression decreases
Sox2 in these cells (Teo et al., 2011). Interestingly, Sox2 directly

binds to and negatively regulates Tbr2
during endoderm specification, and
knockdown of Sox2 in this context results
in increased Tbr2 expression, perhaps
suggesting a reciprocal relationship be-
tween these TFs (Teo et al., 2011). How-
ever, additional work is required to reveal
additional targets of Tbr2 during DG neu-
rogenesis to fully understand its undoubt-
edly complex role in regulating neuronal
commitment.

One of the most intriguing findings of
our studies is the consistent increase in NSC
number and proliferation in the DG after
Tbr2 ablation. We show that NSCs accumu-
late in the SGZ after Tbr2 ablation, suggest-
ing that the activated NSC pool expands
when Tbr2� INPs are absent. Although the
mechanism by which loss of Tbr2� INPs in-
fluences the NSC pool is not entirely clear
from our studies, several possible explana-
tions exist. First, INPs may act via a feedback
mechanism to regulate the proliferation and
differentiation of the NSC pool. In fact, an-
other study of cKO mice lacking Prox1 (a
TF expressed downstream of Tbr2 in the
dentate lineage) showed loss of Tbr2�

INPs and a resultant similar, albeit tran-
sient, increase in NSC proliferation. In-
creased NSC proliferation in Prox1
mutants was shown to be attributable, at
least in part, to defective Notch signaling
in INPs, supporting an INP-mediated
feedback mechanism regulating the NSC
pool (Lavado et al., 2010). However, we
have also observed Tbr2 expression in a
small fraction of radial type-1 cells and in
some Sox2� NSCs (Hodge et al., 2008),
perhaps suggesting that Tbr2 may func-
tion cell autonomously in these NSCs to
regulate their proliferation. Given that
small alterations in NSC proliferation can
have large impacts on the overall progen-
itor pool (Dranovsky et al., 2011), it is

possible that loss of Tbr2 within these NSCs may contribute to the
increases in NSC proliferation we observe, and it will remain for
future studies to determine the exact mechanisms by which Tbr2
ablation results in augmentation of the NSC pool in the SGZ.

Recent reports have described distinct subtypes of type-1
NSCs in the SGZ with different proliferative characteristics. Spe-
cifically, quiescent radial NSCs have been distinguished from
rapidly dividing horizontal NSCs, which constitute a larger pro-
portion of proliferating cells in the SGZ (Lugert et al., 2010). Our
studies of Tbr2 icKO mice provide novel insight into the regula-
tion of these subtypes of NSCs by showing that both subtypes
respond to loss of Tbr2� INPs, albeit in distinct ways. Radial
NSCs do not increase in total number in Tbr2 icKO mice, sug-
gesting that they do not accumulate in the SGZ. Rather, radial
NSCs divide at a greater frequency after Tbr2 ablation, indicating
increased activation of these normally quiescent NSCs. In addi-
tion, Tbr2 ablation alters the pool of active horizontal NSCs,
increasing both the total number of horizontal NSCs and the
proliferation of this cell population, resulting in substantial accu-

Figure 7. Schematic diagram summarizing the effects of Tbr2 knock-out on the stem cell niche in the DG. A, In control animals,
type-1 Sox2 � NSCs (green) give rise to Tbr2 � INPs (light green) that in turn produce type-3 INPs (yellow) and neuroblasts, which
differentiate into immature granule neurons (orange). Should these cells survive, they ultimately become integrated into the GCL
as mature neurons (red). In controls, Tbr2 represses expression of Sox2 as neuronal fate commitment is initiated, as illustrated by
the solid line in A connecting these two TFs. The NSC pool is dynamically regulated by INPs and/or neuroblasts as illustrated by the
dashed arrows demonstrating feedback from the INPs/neuroblasts onto the NSC pool in A. B, In Tbr2 knock-out animals, Tbr2-
mediated repression of Sox2 is absent. NSCs are activated (pink nuclei) at a greater frequency in Tbr2 knock-out mice, resulting in
more proliferation of these cells and their subsequent accumulation in the SGZ. In the absence of Tbr2 expression, NSCs fail to
differentiate to produce INPs and, accordingly, new granule neurons are not produced.
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mulation in the SGZ. This suggests that horizontal NSCs undergo
more self-renewing divisions when Tbr2� INPs are depleted but
are incapable of producing INPs without Tbr2. Because the total
number of radial NSCs does not change in Tbr2 icKO mice, we
suggest that increased division of these cells contributes to expan-
sion of the horizontal NSC pool in mutant animals. However, the
exact lineage relationship between radial NSCs, horizontal NSCs,
and type-2a INPs is not currently known (Lugert et al., 2010;
Bonaguidi et al., 2011; Dranovsky et al., 2011), so we can only
postulate a direct sequential relationship between these different
cell types. Regardless, our results suggest that the NSC niche re-
sponds dynamically to changes in the downstream INP/neuro-
blast compartment.

Much of the currently available knowledge about Tbr2 func-
tions comes from studies of embryonic neocortex, in which Tbr2
is similarly expressed in INPs (Arnold et al., 2008; Sessa et al.,
2008). In embryonic neocortex, INP proliferation is decreased
after Tbr2 ablation, and fewer pyramidal projection neurons are
generated overall. However, many glutamatergic cortical neu-
rons are, nonetheless, generated in the absence of Tbr2 (Arnold et
al., 2008; Sessa et al., 2008), suggesting that Tbr2 is dispensable for
much of embryonic neocortical neurogenesis and implying that
neocortical progenitors may possess redundant transcriptional
programs that facilitate neurogenesis in the absence of Tbr2. Al-
ternatively, disparities between DG and neocortex in their re-
quirement for Tbr2 expression may reflect differences in the
capacity of NSCs in these brain regions to use alternate modes of
neurogenesis. In cortex, pyramidal neurons can be generated di-
rectly from radial glial NSCs in the ventricular zone or indirectly
through INPs in the SVZ (Haubensak et al., 2004; Miyata et al.,
2004; Noctor et al., 2004; Kowalczyk et al., 2009). The modes of
neurogenesis used in the DG are not as well defined, but DG
NSCs have been reported to divide symmetrically to produce
more NSCs (self-renewing divisions) or asymmetrically to pro-
duce an NSC and an INP (Steiner et al., 2006; Bonaguidi et al.,
2011). INPs generally divide symmetrically to produce more
INPs or terminally to generate neurons (Steiner et al., 2006).
However, recent reports suggest flexibility in the lineage of adult
hippocampal NSCs (Lugert et al., 2010; Bonaguidi et al., 2011;
Dranovsky et al., 2011; Encinas et al., 2011), with evidence indi-
cating that the probability that INPs will serve as a transit-
amplifying population is directly related to environmental
stimuli (e.g., enrichment, social isolation, and exercise) (Hodge
et al., 2008; Dranovsky et al., 2011). Our results do not speak
directly to lineage relationships between DG NSCs. However,
they suggest that, regardless of the mode of neurogenesis, very
few, if any, granule neurons are produced without passing
through a transient Tbr2� progenitor phase.

In conclusion, the data presented here establish Tbr2 as a crit-
ical regulator of granule cell fate, indispensable for the majority of
neurogenesis throughout DG development and in the adult neu-
rogenic niche. Tbr2 expression is required for the production of
INPs, and loss of INPs after ablation of Tbr2 profoundly impacts
the NSC pool, resulting in activation of both radial and horizon-
tal NSCs. Finally, we show that Tbr2 directly binds Sox2, a key
regulator of NSC identity, suggesting that Tbr2 may influence the
progression from uncommitted NSC to fate-specified INP by
interacting with other key TFs in the dentate lineage.
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