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cells, demonstrating regionally unbiased recombination
(Supplemental Fig. 3B–G). Although no significant dif-
ferences were found at D9, the number of Gsx2+ cells in
the dlSVZ markedly decreased at D56 in cKO mice
compared with control (85% and 57% reductions in
the anterior and posterior SVZs, respectively) (Fig. 3A–
C). A smaller but significant decrease (43%) was also
observed in the RMS (Fig. 3D,E). We assume that this
delayed reduction of Gsx2+ cells is because of the
extremely slow turnover of GLAST+ adult NSCs (Doetsch
et al. 1999).

Nevertheless, once Gsx2 inactivation reached a signif-
icant level, it resulted in a severe reduction of neuro-
genesis in the dlSVZ. Ascl1+, Ki67+, and Dlx2+ cells were

substantially reduced in Gsx2 cKO mice, demonstrating
that the production of TAPs and NBs are attenuated (Fig.
3F–I). Importantly, such changes selectively occurred in
the dlSVZ but not in other SVZ subregions, indicating
that Gsx2 is a region-specific regulator of neurogenesis
(Fig. 3J). Smaller yet significant reductions of TAPs and
NBs were also detected in the RMS (Supplemental Fig.
3H–I9). The smaller impact of Gsx2 inactivation in the
RMS is probably because Gsx2 is inactivated only par-
tially in the RMS, and, moreover, NBs produced in all
SVZ subregions converge in this region en route to the
OB. In contrast, control and cKO mice showed no signif-
icant difference in the number of Olig2+ cells in the dlSVZ
or the percentage of Olig2+ cells among GFP+ progeny in

Figure 2. Expression of Gsx2 in NSCs and TAPs. (A–H0) Representative images of the dlSVZ costained for Gsx2 and a series of cell
type-specific markers. C–E are imaged from Gsx2GFP-KI/+ mice. Gsx2 and Gsx2-GFP are expressed in a subset of GFAP+ (A), Ki67+ (C),
Aslc1+ (D), and Dlx2+ (E) NSCs and TAPs but not in Dcx+ NBs (B) (higher-magnification views are in the insets in C–E). (F–F3) Confocal
images of Gsx2+ cells corresponding to a GFAP+/EGFP� qNSC (F1), GFAP+/EGFR+ aNSC (F2), and GFAP�/EGFR+ TAP (F3). (G–H9)
Gsx2+ cells colabeled with BrdU (arrowheads) after short-term (G–G90) and long-term (H–H0) labeling. (I–K0) Gsx2+ cells in neurospheres
derived from the adult SVZ. Coexpression of Gsx2 and Sox2 (I–I0), Gsx2-GFP and Sox2 (J–J0), and Pax6-GFP and Gsx2 (K–K0)
(arrowheads) are detected in neurospheres. (L) Schematic representations of the expression of Gsx2 and other markers in the stem cell
lineage. Bars: C–E, 100 mm; A,B,F,G–G0,H–H0,I–K0, insets in C–E, 20 mm; F1–F3, 10 mm; G90, 5 mm.
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Figure 3. Conditional inactivation of Gsx2 leads to region-specific attenuation of neurogenesis. (A–E) Time-dependent loss of Gsx2+

cells in the dlSVZ (A–C) and RMS (D,E) in Gsx2 cKO mice. The number of Gsx2+ cells in the anterior (a) and posterior (p) parts of the
SVZ (C) and RMS (E) is compared between Gsx2 cKO and control mice at D9, D56, and D182. (F–L) Region-specific attenuation of
neurogenesis following inactivation of Gsx2. Ki67+, Dlx2+, and Ascl1+ TAPs and NBs markedly decrease in the dlSVZ (F–J) but not
in the lSVZ or vSVZ (J) of Gsx2 cKO mice at D56. Olig2+ cells (I) and BrdU-LRCs (K–L) remain unchanged. To detect LRCs, animals
were treated with BrdU for 3 wk and subsequently left untreated for 4 wk before analysis. (M–R) Decrease of Sp8+ and Pax6+ cells in
the dlSVZ (M–O) and RMS (P–R) in Gsx2 cKO mice. Note that Pax6+ cells remain in the drSVZ in the mutant. Data are expressed as
mean 6 SEM of three animals. (*) P < 0.05 compared with control animals. Bars: A–B9,F–G9,K,K9,M–N9, 100 mm; D,D9,P–Q9, 20 mm.
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the OB, suggesting that gliogenesis is not affected by
Gsx2 inactivation (Fig. 3I).

We next asked at which step neurogenesis is blocked by
Gsx2 inactivation. We observed a substantial decrease of
both Ki67+ cells and Ascl1+ cells, suggesting that the
production of TAPs is blocked in the mutant (Fig. 3H,I).
However, the density of BrdU-LRCs in the dlSVZ was
indistinguishable between control and cKO mice both
10 and 26 wk after Tx treatment (Fig. 3K–L). We did
not detect significant differences in the percentages of
GFAP+/EGFR� qNSCs and GFAP+/EGFR+ aNSCs among
GFP+ cells between control and Gsx2 cKO mice at D56
either (data not shown). These results support the idea
that the NSC pool (qNSCs and aNSCs) is preserved in the
mutant dlSVZ. Nevertheless, we did not detect any
significant recovery of Gsx2+ cells or the overall neuro-
genic activity 26 wk after Gsx2 inactivation (Fig. 3C).
Thus, unlike in other organs or tissues, where expansion
of neighboring or remaining stem cells occurs following
a focal loss of stem cells (Simons and Clevers 2011), it
appears that few remaining Gsx2+ or Gsx2-nonexpressing
NSCs undergo compensatory proliferation and recover
the stem cell activity in the defective niche as previously
observed for Shh signaling-deficient NSCs (Balordi and
Fishell 2007). Together, these results demonstrate that
Gsx2 plays an essential role in the lineage progression
from aNSCs to TAPs in a subset of NSCs (see Fig. 5R,
below).

We next examined whether the regional identity of
NSCs is compromised in Gsx2 cKO mice. We found a
marked reduction of Sp8+ and Pax6+ cells in the dlSVZ of
Gsx2 cKO mice, although Pax6+ cells in the dorsal roof
region remained unaffected (Fig. 3M–O). We also detected
a large reduction of Sp8+ cells (45% of control) in the
RMS, whereas Pax6+ cells were mostly spared (83% of
control) (Fig. 3P–R). Thus, the generation of Sp8+ NBs
appears to strongly depend on Gsx2 in both the SVZ and
RMS, but Pax6+ cells depend on Gsx2 only in the dlSVZ.
Moreover, cells detected with the pan-Gsx antibody
diminished in the dlSVZ but remained unchanged in
other regions in the mutant, indicating no compensatory
dorsal expansion of ventrally located Gsx1+ cells (Supple-
mental Fig. 3J–K9), unlike in Gsx2 mutant embryos
(Toresson and Campbell 2001; Yun et al. 2003). The
ventrally restricted expression of Nkx2.1 was also in-
distinguishable between Gsx2 cKO and control mice
(Supplemental Fig. 3L,L9). These results support the idea
that inactivation of Gsx2 does not alter the regional
identity of NSCs in the dlSVZ or lead to compensatory
expansion of adjacent SVZ subdomains.

Gsx2 is required for production of selective subsets
of OB neurons

We next examined the impact of Gsx2 inactivation on the
specification of OB neuron subtypes. In both Gsx2 cKO
and control mice, the progeny of recombined NSCs are
genetically labeled as GFP+ cells so that the fate of OB
neurons that are generated after Tx treatment can be
tracked. Therefore, neuronal subtypes that have smaller

representations among the total GFP+ neurons in the
Gsx2 cKO OB compared with the control should be
considered Gsx2-dependent.

First, we examined the laminar distribution of GFP-
labeled new neurons in the OB at D56. In both control and
cKO mice, GFP+ cells were found in multiple layers,
including the glomerular layer (GL), the external and
internal plexiform layers (herein collectively called the
intermediate layer [IL]), and the granule cell layer (GCL)
(Fig. 4A). Although resident GLAST+ astrocytes were also
labeled as GFP+ cells in these mice, such glial cells were
easily distinguishable from GFP+ neurons by their mor-
phology and the lack of coexpression of Dlx2, a common
marker for OB interneurons (Fig. 4B). In control mice,
;70% of GFP+ neurons were found in the GCL, and
a disproportionally larger fraction of them (50%) resided
in its deeper one-third (dGCL), consistent with the
distribution pattern of adult-born neurons (Fig. 4K;
Lemasson et al. 2005). We detected no noticeable differ-
ences in the laminar distribution patterns between cKO
and control mice. However, a significantly smaller frac-
tion of GFP+ GCL neurons expressed Mef2c (Lyons et al.
1995) in the cKO mice, and such a reduction was more
pronounced in the dGCL (Fig. 4C,L). These results dem-
onstrate that Gsx2 is required for the proper production of
a selective subset of Mef2c+ GCL neurons.

We next examined the GL where a greater variety of
neuronal subtypes can be identified with a set of markers
(Fig. 4D–H). Previous studies have shown that cells
expressing calretinin (CR), neurocalcin (NC), calbindin
(CB), tyrosine hydroxylase (TH), and parvalbumin (PV)
represent discrete interneuron populations, except for a
partial overlap between CR+ and NC+ cells (Briñón et al.
1999; Parrish-Aungst et al. 2007). Among total GFP-
labeled GL neurons, a much smaller percentage of GFP+

neurons expressed CR, NC, and CB in Gsx2 cKO mice
than in the control, whereas the proportions of TH+ and
PV+ neurons remained unchanged (Fig. 4M). Moreover,
Sp8+ cells, which overlap with CR+ and NC+ neurons in
the GL (Waclaw et al. 2006; data not shown), were much
less represented in GFP+ neurons, whereas Pax6+ neurons
were unaffected in cKO mice (Fig. 4I,J,M). As a result,
a larger fraction of GFP-labeled adult-born neurons
remained negative for all of these markers, raising the
possibility that many GL neurons that normally differ-
entiate into CR+, CB+, and NC+ neurons either fail to
differentiate or transform into currently unidentifiable
neuronal subtypes. Tbr1+ and Tbr2+ glutamatergic in-
terneurons (Brill et al. 2009) were barely (<0.1%) labeled
with GFP in control mice and were not apparently
affected in Gsx2 cKO mice (data not shown).

Constitutive Gsx2 expression expands aNSCs
and blocks neurogenesis

The aforementioned results have demonstrated that
Gsx2 is required for neurogenesis in a regionally re-
stricted subset of NSCs. We next asked whether it is
sufficient to promote neurogenesis. To achieve tempo-
rally controlled overexpression, we used a combination of
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