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The embryonic subventricular zone (SVZ) is a critical
site for generating cortical projection neurons; however,
molecular mechanisms regulating neurogenesis specifi-
cally in the SVZ are largely unknown. The transcription
factor Eomes/Tbr2 is transiently expressed in cortical
SVZ progenitor cells. Here we demonstrate that condi-
tional inactivation of Tbr2 during early brain develop-
ment causes microcephaly and severe behavioral defi-
cits. In Tbr2 mutants the number of SVZ progenitor cells
is reduced and the differentiation of upper cortical layer
neurons is disturbed. Neurogenesis in the adult dentate
gyrus but not the subependymal zone is abolished. These
studies establish Thr2 as a key regulator of neurogenesis
in the SVZ.
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In mammals highly diverse populations of neurons are
organized into the complex structure of the six-layered
neocortex. Projection neurons populating each layer are
generated sequentially in proliferative zones adjacent to
the ventricle in an “inside-out” fashion (Rakic 1974). In
early neurogenesis, radial glial cells (RG) in the ventricu-
lar zone (VZ) generate mainly lower-layer pyramidal cor-
tical neurons through asymmetric divisions directly at
the apical surface of the ventricle. As neurogenesis pro-
ceeds, RGs additionally generate intermediate progeni-
tor cells (IPCs) that undergo symmetrical divisions pre-
dominantly in the subventricular zone (SVZ) (Hauben-
sak et al. 2004; Noctor et al. 2004), giving rise to neurons
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destined for upper cortical layers (Wu et al. 2005). Hence,
the early embryonic SVZ contains at least two distinct
neural cell populations: migrating neurons and IPCs
(Tarabykin et al. 2001). The substantial enlargement of
the SVZ and upper cortical layers in mammalian phylog-
eny suggests that IPC-derived neurons have markedly
contributed to the evolutionary expansion of the cortex
(Smart et al. 2002; Kriegstein et al. 2006). This view is
supported by the absence of SVZ mitoses in the devel-
oping reptilian and avian dorsal cortex, which lack
equivalent cortical layers II-IV (Cheung et al. 2007). The
molecular mechanisms that specifically regulate prolif-
eration and differentiation of IPCs are largely unknown.
Few genes display predominant SVZ expression, notably
subventricular-expressed transcript 1 (Svetl) (Tarabykin
et al. 2001), the transcription factors cut-like 2 (Cux2)
(Zimmer et al. 2004), and the T-box transcription factor
Tbr2 (Englund et al. 2005). Expression of Svetl and Cux2
appears to persist in IPC-derived upper cortical layer
neurons, suggesting they represent SVZ markers for up-
per-layer progenitors (Molyneaux et al. 2007). This is
consistent with recent studies demonstrating that Cux2
knockout mice display increased IPC proliferation and
upper cortical layer thickness (Cubelos et al. 2007).

In contrast, Tbr2 is only transiently expressed during
SVZ neurogenesis. Tbr2 expression initiates between
embryonic day 10 (E10) and E12 in a few differentiated
preplate neurons including Cajal-Retzius cells. Highest
Tbr2 expression is detected between E12 and E16 in IPCs
coincident with the peak of murine cortical neuro-
genesis and decays after E17 (Englund et al. 2005;
Molyneaux et al. 2007). In humans a homozygous chro-
mosomal translocation that disrupts Tbr2 expression is
associated with microcephaly, polymicrogyria, corpus
callosum (CC) agenesis, cognitive deficits, and severe
motor delay with hypotonia (Baala et al. 2007). In mice
Tbr2 is required for development of the trophectoderm
and during germ layer formation, leading to embryonic
death before onset of neurogenesis (Russ et al. 2000;
Arnold et al. 2008). To study Tbr2 function during brain
development we conditionally inactivated Tbr2 in the
CNS.

Results and Discussion

Animals lacking Tbr2 expression in the CNS were gen-
erated by crossing Tbr2/Eomes©~/*;Sox] Cre to Tbr2/
Eomes“*/“* mice (Arnold et al. 2008). Soxl Cre mice
(Takashima et al. 2007) strongly express Cre throughout
the neural tube from E9.5 before the onset of Tbr2 ex-
pression in the CNS at E10.5 (Bulfone et al. 1999). As a
control, Soxl Cre mice crossed to the R26R reporter
strain activate LacZ expression throughout the neural
tube at E10.5 (Supplemental Fig. 1A). Excision of the
conditional allele in E13.5 brains was confirmed by RT-
PCR and Western blots (Supplemental Fig. 1B,C).
Mutant animals (Tbr2/Eomes““/“4,;Sox1 Cre) were vi-
able and fertile but displayed severe behavioral abnor-
malities. Mutants were readily identifiable due to their
enhanced aggressiveness upon handling. Breeding of mu-
tant females (n = 4, eight litters) to wild-type males and
vice versa (n = 2, four litters) gave viable offspring; how-
ever, pups were invariantly subject to infanticide at
birth. If mutant males were removed, offspring survived
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Figure 1. CNS-specific Tbr2 inactivation causes microcephaly and
behavioral abnormalities. (A) Dorsal and lateral views show a sig-
nificantly reduced size of the cortex (note the more exposed tectum,
arrowhead) and OB in adult mutant brains. (B) Brain, but not body,
weight is significantly decreased at P1 and P60. (C) Mutants display
substantial hyperactivity in the open field. (D) Hang wire exam re-
veals reduced grip strength. (E) Layer-specific immunostaining
shows significantly reduced upper cortical layers, however normal
layering is maintained (n = 3 per group). (F) The CC is thinner and
smaller in the rostro-caudal dimension (red arrow, also cf. in G) and
the DG lacks the lower blade (arrowhead). (G) Coronal sections
show normal ventricles and absence of the anterior commissure
(arrowheads). (n = animal number in bars, mean + SEM, t-test.)

normally. Additionally mutants showed a remarkable
hyperactivity. Behavioral examination in the open field
test showed their substantially increased exploratory be-
havior (Fig. 1C). Similar to hypotonia in Tbr2-deficient
humans, mutant mice display significantly reduced grip
strength (Fig. 1D).

Gross examination of mutant brains showed a mark-
edly reduced brain size (Fig. 1A). In contrast, mutant
body weight was normal (Fig. 1B). The size of the cortex
and the olfactory bulbs (OBs) was markedly reduced.
These differences were detectable at birth, suggesting Tbr2
requirements during embryonic neurogenesis (Fig. 1B).

Histological examination revealed several morpho-
logical defects. Mutants displayed a reduction in cortical
thickness. Analysis with layer-specific markers Cuxl
(layers II-1V), ER81 (V), and Foxp2 (VI) demonstrates that
upper-layer thickness is reduced (Fig. 1E). Consistent
with reduced upper cortical layers as the principal source
of callosal projection neurons (Jensen and Altman 1982),
the CC was smaller (Fig. 1F,G). Furthermore, the contra-
lateral projecting fibers from olfactory nuclei and tem-
poral lobes (Zhou et al. 2008), which form the anterior
commissure, were absent (Fig. 1G). In the hippocampal
dentate gyrus (DG) the suprapyramidal but not the infra-
pyramidal blade developed (Figs. 1G, 5 [below]). In addi-
tion, the mutant OB lacked the characteristic mitral cell
layer (Supplemental Fig. 2).

To further explore these abnormalities, we analyzed
proliferation, apoptosis, and migration during cortical
development. Proliferation of VZ and SVZ cortical pro-
genitors was evaluated by phosphohistone H3 (pH3) im-
munoreactivity. The number of dividing cells at the ven-
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tricular surface was normal. However, a significant de-
crease of nonventricular surface (nVS) proliferation
suggested mutants display reduced SVZ neurogenesis
(Fig. 2A). To test whether the reduced number of nVS
mitosis is due to prolonged cell cycle of SVZ progenitors
or reduced production of IPCs in the VZ, we performed
BrdU, Ki67 double-labeling (Chenn and Walsh 2002). Fol-
lowing a 30-min BrdU pulse to label S-phase cells, we
performed double-immunostaining for pan-proliferation
marker Ki67 and BrdU, consistent with a reduced num-
ber of abventricular pH3" cells, we found significantly
reduced numbers of Ki67* cells in the mutant SVZ (Fig.
2B). However, there were no significant differences in
the ratio of BrdU", Ki67" double-labeled cells over total
Ki67* cells, indicating that SVZ precursors cycle at simi-
lar rates (Fig. 2B). To test whether Tbr2 might be required
for the generation of IPCs we examined cell cycle re-entry
at E16 after pulse labeling with BrdU 24 h earlier. Cells
remaining in the cell cycle were identified as BrdU* and
Ki67* double-labeled (see the Materials and Methods). The
ratio of Ki67*, BrdU" double-labeled cells over total BrdU*
cells in mutants was significantly decreased (Fig. 2C), in-
dicating reduced cell cycle commitment.

To evaluate whether increased apoptosis contributes
to the reduced brain size, caspase3 activity was analyzed
at E15. There was no evidence for enhanced cell death in
the mutant cortex (Fig. 2D).

Next we explored potential migration deficits. We
found normal Reelin staining, suggesting normal posi-
tioning and function of Cajal-Retzius cells; furthermore,
Calretinin staining showed normal preplate splitting.
Expression of mDABI and p35, genes with key roles in
neuronal migration (Ayala et al. 2007), did not reveal
abnormalities (Supplemental Fig. 4). Thus, correct lami-
nar position of cortical neurons and normal expression of
developmental markers suggest that Tbr2 inactivation
does not overtly affect cortical neuronal migration, con-
sistent with the observed down-regulation of Tbr2 in mi-
grating neurons (Englund et al. 2005).

To explore whether Tbr2 deficiency impacts more spe-
cifically on neurogenesis in the cortical SVZ, we exam-
ined the expression of Pax6, marking RGs in the VZ, and
the SVZ marker genes Svetl and Cux2. Pax6 expression
in the cortical VZ was unaffected, suggesting normal de-
velopment of VZ progenitors (Fig. 3A). Likewise, expres-
sion of Pax6 at later stages and additional VZ progenitor
markers (Hes5, Sox2) was normal (Supplemental Fig.
3A). In contrast, expression of Svetl and Cux2 showed a
severe and disproportional reduction with respect to the
~25% decrease of proliferating cells in the mutant SVZ
(Fig. 3A). This does not simply reflect a developmental
delay since similar observations were made at later
stages (Supplemental Fig. 3B).

Consistent with decreased IPC proliferation, NeuroD
and Tbrl staining revealed reduced numbers of newly
formed neurons (Fig. 3B).

To analyze neurogenesis independently from marker
expression, we performed birthdating experiments by in-
jecting BrdU at E16 and analyzing the number of BrdU*
neurons at postnatal day 10 (P10), when neuronal migra-
tion is largely completed. The number of BrdU™ cells was
significantly reduced in mutant upper cortical layers, but
as judged by correct laminar positions of BrdU™" cells,
neuronal migration is unaffected (Fig. 3C).

Does transient Tbr2 expression in IPCs also direct the
differentiation of their neuronal progeny? Expression of
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Satb2, known to be required for speci-
fication of upper-layer neurons (Brit- A
anova et al. 2008), is substantially re-
duced in mutants (Fig. 4A). Intrigu-
ingly, expression of Brn2 (Sugitani et
al. 2002) was markedly reduced spe-
cifically in upper cortical layers II/III,
while expression in layer V was un-
perturbed (Fig. 4B). Similarly, expres-
sion of lower cortical layer markers
Ctip2, ER8I1 (layer V), Otx1 (layers V
and VI), and Nurrl (layer VIb) (Fig.
4C,D; data not shown) did not reveal
differences. As judged by expression
of the pan-neuronal markers NeuN c
(Fig. 4E) and MAP-2 (Supplemental
Fig. 5), loss of Tbr2 does not simply
cause a general delay in neuronal
differentiation. Normal immuno-
staining with SMI-32, MAP-2, and
Golgi impregnation shows that the
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with gross abnormalities in dendritic
arborization (Supplemental Fig. 5).
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neurons, and CC agenesis in Tbr2-de-
ficient humans led us to investigate
potential abnormalities of interhemi-
spheric connections. Dil tracing ex-
periments reveal Probst bundles in
the mutants (Fig. 4F). Thus, a frac-
tion of callosal axons are misrouted.
Collectively, our experiments dem-
onstrate that transient Tbr2 ex-
pression is required for normal dif-
ferentiation of upper cortical layer
neurons.

The neuronal differentiation defects prompted us to
explore the characteristic somatotopic organization in
the Barrel cortex. Using either serotonin transporter
(SHTT/SERT) immunohistochemistry or Dil tracing of
thalamic afferents, we detected normal thalamic projec-
tion into supragranular layers. However, the typical in-
put-related patterning was strongly diminished (Fig.
4G, H). Bisbenzimide staining also revealed the loss of
cytoarchitectonic barrel pattern (Supplemental Fig. 4).
Thus, Tbr2 is essential for normal development of pe-
ripheral input-related pattern formation and cytoarchi-
tectonic differentiation in layer IV of the somatosensory
cortex.

The sequential generation of supra- and infrapyrami-
dal granule neurons in the DG is reminiscent of the neu-
rogenic phases of lower and upper cortical layer neurons
in the VZ and SVZ, respectively. Neurons of the supra-
pyramidal blade are primarily derived from early cell di-
visions in the dentate neuroepithelium near the ven-
tricle. In contrast, the infrapyramidal blade originates
mainly postnatally during a subsequent wave of neuro-
genesis in the dentate migration stream and hilus (Alt-
man and Bayer 1990). To investigate neurogenesis in
the DG, we performed Tbr2, Ki67 double-staining in
wild types at P5. Tbr2 shows strongest expression in the
dentate migration stream and hilus, and ~66 7%
(mean = SD) of Tbr2* cells (n = 600) expressed Ki67 (Fig.
5A). Conversely, among the population of Ki67* cells

unaffected.

Figure 2. Decreased proliferation in the mutant SVZ. (A) pH3 staining reveals similar num-
bers of mitoses on the VS but significantly reduced numbers of mitosis in nVS areas. (B) Ki67,
BrdU double-staining following 30-min BrdU pulse labeling shows reduced numbers of Ki67+*
SVZ progenitors. Cell cycle length of mutant SVZ progenitors is unchanged as indicated by
similar ratios of Ki67*, BrdU* double-positive cells over total Ki67* cells. (C) Ki67, BrdU
double-staining following BrdU pulse labeling 24 h earlier reveals increase rate of cell cycle
exit in Tbhr2 mutants, indicated by the reduced ratio of Ki67*, BrdU* double-positive cells over
total BrdU* cells. (D) Activated caspase3 staining of the E15 cortex demonstrates apoptosis is

(n = 606), ~52 + 14% were Tbr2*. In the early postnatal
DG substantial gliogenesis occurs concomitantly with
the generation of granule neurons (Yuasa 2001). This po-
tentially masks effects of Tbr2 deficiency on prolif-
eration of neuronal precursors in mutants; indeed
Ki67 staining was indistinguishable between genotypes
(Fig. 5B). Interestingly, immunostaining for activated
caspase3 revealed significantly enhanced cell death in
the dentate migration stream (Fig. 5C) that partly ex-
plains the substantial reduction of neurogenesis in the
mutant dentate migration stream and the hilus as re-
vealed by NeuroD immunostaining (Fig. 5D).

In the adult brain, the DG and the periventricular sub-
ependymal zone are the principal sites of neurogenesis.
In the mutant DG, the number of Ki67* (Fig. 5E) and
BrdU" (data not shown) cells was strongly reduced and
we never observed newly formed neurons as revealed by
Doublecortin (DCX) (Fig. 5F) or Calretinin (data not
shown) staining (Kempermann et al. 2004). Interestingly,
while neurogenesis in the DG was completely absent,
neurogenesis in the subependymal zone of adult mutants
appeared normal as revealed by DCX staining in the ros-
tral migratory stream (Fig. 5G). These findings suggest
that Tbr2 is developmentally required for establishment
of neuronal progenitors in the adult DG but not for the
adult subependymal zone.

Finally, we explored Tbr2 contributions to the genera-
tion of OB mitral cells. The typical layer of mitral cells,
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normally seen in Nissl staining, was undetectable
(Supplemental Fig. 2A). Reelin staining revealed de-
creased numbers of mitral cells that failed to organize in
a single layer and rather appear ectopically scattered
(Supplemental Fig. 2B). In Dil tracing experiments, back-
labeling of mitral cells from the lateral olfactory tract
revealed fewer cells that were not confined to the mitral
cell layer (Supplemental Fig. 2C). Anterograde labeling
from the OB showed reduced fibers and more diffuse pro-
jections into the lateral olfactory tract (Supplemental
Fig. 2D).

In summary, we show several critical functions for
Tbr2 in cortical neurogenesis. Loss of Tbr2 leads to a
reduced number of proliferating cells in the SVZ. Tbr2 is
expressed at early stages of IPC development concomi-
tant with progressive down-regulation of Pax6, thus
marking the transition from RG to IPC (Englund et al.
2005). The generation of Tbr2* progenitors and upper
cortical layer neurons is reduced in Pax6-deficient mice

(Tarabykin et al. 2001; Quinn et al. 2007). Similarly, the
transcription factor tailless (tlx, alias Nr2el) is expressed
in cortical progenitors slightly earlier than Tbr2, and tlx
mutant mice also show a reduced size of the SVZ and
specific reduction of upper cortical layers. As for Tbr2
mutants, they also display enhanced aggressiveness and
infanticide (Monaghan et al. 1997; Land and Monaghan
2003). Similar to Tbr2-deficient mice, neither of these
mutants shows complete loss of SVZ progenitors, sug-
gesting heterogeneous molecular mechanisms for IPC
formation. The reduced Svetl and Cux2 expression lev-
els in Thr2 mutants are more severe than the reduction
of SVZ progenitor numbers. Similarly, the decreased
NeuroD expression is more pronounced than the reduc-
tion of neuronal numbers deduced from cortical thick-
ness measurements. This suggests that loss of Tbr2 af-
fects the specification of IPCs and the differentiation of
their neuronal progeny.
Despite reduced SVZ progenitor numbers, the major-
ity of upper cortical layer neurons
form in the absence of Tbr2. Further-

Pax 6

more, the expression of specific neu-
ronal markers (Satb2 and Brn2) ap-
pears more affected than others (Cux1
and NeuN]). Thus, subprograms of
neuronal specification are likely to be
differentially regulated by Tbr2. In

Svet 1

this context most CC fibers devel-
oped and crossed the midline but only
a fraction of callosal projections dis-
plays pathfinding defects. This is in
contrast to the observed CC agenesis
in humans (Baala et al. 2007) and

Cux 2

might indicate species-specific differ-
ences.

In the mutant OB mitral projection
neurons are reduced and their organi-
zation and projection disturbed, simi-
lar to Tbrl mutant mice (Bulfone et

NeuroD
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al. 1998), suggesting a lineage rela-

tionship with Tbr2. Despite the close
similarity of Tbrl and Tbr2 T-box
DNA-binding domains, both family
members seem to have evolved for
distinct functions in brain develop-
ment. Indeed the decreased reelin ex-
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pression, defective preplate splitting,
and cortical migration deficits charac-
teristic of Tbrl mutants are not ob-
served in Tbr2 mutants (Hevner et al.
2001).

Loss of Tbr2 function severely com-
promises DG development. Enhanced
ek E‘mT apoptosis in the dentate migration

stream contributes to the premature
exhaustion of DG neurogenesis and
profoundly affects the late developing
lower blade. Similar to the neocortex,
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Figure 3. Reduced expression of SVZ markers and decreased neuronal output. (A) In situ
hybridization for the VZ marker Pax6 is largely unaffected, whereas expression of the SVZ
markers Svetl and Cux2 is markedly reduced in Tbr2 mutants. (B) Immunostaining for NeuroD
and Tbrl reveals reduced numbers of cortical neurons generated in the mutant cortex. (C)
Birthdating experiment of P10 cortical sections showing BrdU-labeled neurons at E16. Gen-
eration of upper cortical layer neurons is significantly ([*] P < 0.05; [***] P < 0.005) reduced in

Tbr2 mutants.
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the substantially reduced NeuroD ex-
pression in the developing mutant
DG probably reflects Tbhr2 require-
ments during early neuronal differen-
tiation. The reduced numbers of adult
DG progenitors implicate Tbr2 func-
tions in both developing and adult
progenitor populations. During devel-
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opment Tbr2 is required to establish the pool of adult
DG progenitors. Additionally, in the adult DG, Tbr2 ex-
pression in IPCs potentially regulates cell cycle re-entry
(Hodge et al. 2008). This dual requirement is reminiscent
of tlx mutants, which display underdeveloped infrapyra-
midal blades (Monaghan et al. 1997), while tlx is inde-
pendently required for adult DG neurogenesis (Shi et al.
2004). Further studies in inducible conditional mutant
mice are necessary to rigorously discern Tbr2 functions
in DG neurogenesis in the developing and adult brain.

Materials and methods

For cell cycle length studies, E15 mice were injected with 50 mg/kg BrdU
i.p. and brains were recovered 30 min later. Randomly selected Ki67*
cells (n = 1500 per genotype) in the SVZ were identified; subsequently,
BrdU labeling was determined by switching to the corresponding fluo-
rescence channel (Chenn and Walsh 2002). SVZ precursor cells were
identified as those set apart from the characteristic dense layer of BrdU*
precursors in the upper VZ as described (Cubelos et al. 2007).

To study cell cycle re-entry, E15 mice were injected with 50 mg/kg
BrdU i.p. and brains were recovered 24 h later. The interval allows for
VZ-derived cells to become Tbr2* IPCs (Siegenthaler et al. 2008). Ran-
domly selected BrdU* cells (n = 1500 per genotype) in the VZ and VZ/
SVZ interface were analysed for Ki67 expression. The SVZ was excluded
from the counting frame to minimize contributions of IPC-derived BrdU*
cells, which were in S phase at the time of injection. The boundary was
defined by a characteristic band of strongly BrdU* cells due to the 2-h
interval of maximum bioavailability of a 50 mg/kg BrdU pulse (Takaha-
shi et al. 1992) and the typical ellipsoid shape and vertical orientation of
VZ nuclei (Takahashi et al. 1995; Calegari et al. 2005).

Additional Materials and Methods are provided as Supplemental Ma-
terial.

WT

Figure 4. Tbr2 is required for differentiation and functional orga-
nization of upper cortical layer neurons. (A,B) Expression of Satb2
(A) and Brn2 (B) in upper cortical layers is reduced, whereas Brn2 in
layer V is maintained (red arrows). (C,D) Expression of lower cortical
layer markers Otx1 (layers V, VI) (C) and Ctip2 (layer V) (D) appears
unaffected. (E) The reduced expression of upper-layer markers is not
due to a general differentiation defect as indicated by normal ex-
pression of NeuN. (F) Dil tract tracing of the interhemispheric con-
nections reveals the development of Probst bundles indicative of
misrouted callosal axons (arrows). (G,H) 5HTT staining (G) and Dil
tracing (H) of thalamo-cortical afferents demonstrate disturbed so-
matotopic organization of the Barrel cortex (arrows depict an ex-
ample for the characteristic clustering of thalam-cortical afferents in
layer IV).
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Figure 5. Tbr2 is required for DG development. (A) Tbr2, Ki67
double-labeling at P5 shows Tbr2 expression in progenitors of the
dentate migratory stream. Most Tbr2* cells are proliferating; how-
ever, a substantial fraction of proliferating cells is Tbr2". (B) Overall,
the number of Ki67* cells in the developing mutant DG is indistin-
guishable from wild-type littermates. (C) Activated caspase3 stain-
ing shows substantially increased apoptosis (arrowheads) in the den-
tate migration stream and hilus. (D) Neurogenesis in the dentate
migration stream is strongly reduced as demonstrated by NeuroD
expression (arrow, hilus; arrowheads, migratory stream). (E) The
adult mutant DG shows strongly reduced number of Ki67* progeni-
tors. (F) DCX staining demonstrates the absence of neurogenesis. (G)
In contrast, neurogenesis in the adult SVZ is unaffected. (n = animal
number in bars, mean + SEM, t-test.)
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