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Titration of GLI3 Repressor Activity by Sonic Hedgehog
Signaling Is Critical for Maintaining Multiple Adult Neural
Stem Cell and Astrocyte Functions
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Sonic hedgehog (SHH), a key regulator of embryonic neurogenesis, signals directly to neural stem cells (NSCs) in the subventricular zone
(SVZ) and to astrocytes in the adult mouse forebrain. The specific mechanism by which the GLI2 and GLI3 transcriptional activators
(GLI2 A and GLI3 A) and repressors (GLI2 R and GLI3 R) carry out SHH signaling has not been addressed. We found that the majority of
slow-cycling NSCs express Gli2 and Gli3, whereas Gli1 is restricted ventrally and all three genes are downregulated when NSCs transition
into proliferating progenitors. Surprisingly, whereas conditional ablation of Smo in postnatal glial fibrillary acidic protein-expressing
cells results in cell-autonomous loss of NSCs and a progressive reduction in SVZ proliferation, without an increase in glial cell production,
removal of Gli2 or Gli3 does not alter adult SVZ neurogenesis. Significantly, removing Gli3 in Smo conditional mutants largely rescues
neurogenesis and, conversely, expression of a constitutive GLI3 R in the absence of normal Gli2 and Gli3 abrogates neurogenesis. Thus
unattenuated GLI3 R is a primary inhibitor of adult SVZ NSC function. Ablation of Gli2 and Gli3 revealed a minor role for GLI2 R and little
requirement for GLI A function in stimulating SVZ neurogenesis. Moreover, we found that similar rules of GLI activity apply to SHH
signaling in regulating SVZ-derived olfactory bulb interneurons and maintaining cortical astrocyte function. Namely, fewer superficial
olfactory bulb interneurons are generated in the absence of Gli2 and Gli3, whereas astrocyte partial gliosis results from an increase in
GLI3 R. Thus precise titration of GLI R levels by SHH is critical to multiple functions of adult NSCs and astrocytes.

Introduction
The subventricular zone (SVZ) lining the lateral ventricles of the
murine telencephalon is one of two sites where neurogenesis con-
tinues to occur in the adult (Alvarez-Buylla et al., 2008). Along
with a variety of supporting niche cells and vasculature, the adult
SVZ harbors three progenitor cell types: (1) slow-cycling glial-
like neural stem cells (NSCs) and their progeny, (2) transit-
amplifying cells (TACs), and (3) the more differentiated
neuroblasts (NBs) that migrate anteriorly to supplement the in-
terneuron and periglomerular cell populations of the olfactory
bulb (OB; Ihrie and Alvarez-Buylla, 2011). A considerable body
of evidence has established an essential role for Sonic hedgehog
(SHH) in SVZ neurogenesis (Machold et al., 2003; Balordi and
Fishell, 2007a, b; Han et al., 2008; Ihrie et al., 2011). In verte-
brates, the zinc-finger transcription factors GLI1, GLI2, and
GLI3, together with a receptor complex that includes smooth-

ened (SMO), propagate SHH signaling (Hui and Angers, 2011).
In the absence of ligand, GLI2 and GLI3 undergo proteolysis with
GLI3 being preferentially cleaved into an N-terminal repressor
form (GLI3 R). In contrast, high-level SHH signaling preferen-
tially converts GLI2 into an activator form (GLI2 A) and down-
regulates GLI3 R. Notably, Gli1 is a direct transcriptional target of
GLI2/3 A, and thus its expression serves as a readout of GLI A-
mediated SHH signaling (Bai et al., 2002; 2004). Whether activa-
tion of GLI2 A, the primary effector of SHH signaling in the spinal
cord (Bai et al., 2004), or loss of GLI3 R, dominant in the devel-
oping forebrain (Rallu et al., 2002), is central to maintaining
adult SVZ neurogenesis remains to be determined.

Gli1 fate-mapping and expression studies in the postnatal
forebrain have demonstrated that SHH signals to glial fibrillary
acidic protein (GFAP)-expressing NSCs in the ventral SVZ (Ahn
and Joyner, 2005; Ihrie et al., 2011), as well as to discrete astrocyte
populations (Garcia et al., 2010). Mosaic removal of Smo in SVZ
NSCs at postnatal day (P) 60 results in reduced proliferation and
deficient regeneration of the SVZ (Balordi and Fishell, 2007b),
whereas stimulation of SHH signaling in the mature brain aug-
ments both Gli1 transcription and SVZ proliferation (Machold et
al., 2003). High-level SHH signaling also can alter the proportion
of deep versus superficial OB interneurons produced (Ihrie et al.,
2011), indicating two roles for SHH in SVZ neurogenesis. In
addition, postnatal ablation of Smo causes cortical astrocytes to
transition into a partial reactive astrogliosis-like state (Garcia et
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al., 2010), suggesting a third function of SHH in the adult brain is
in maintaining astrocyte function.

Here we demonstrate that SHH signaling in the adult SVZ is
restricted to NSCs, and required to cell-autonomously maintain
label-retaining cells, progenitor proliferation, and OB neuron
generation. We further uncovered that, in the absence of Smo,
unattenuated GLI3 R and, to a lesser extent, GLI2 R cause the SVZ
phenotypes as well as defects in cortical astrocyte function. In
contrast, loss of GLI A function has little effect on either cell type.
Thus SVZ NSC maintenance and production of OB neurons, as
well as the function of cortical astrocytes, depend on the precise
titration of GLI R levels by SHH.

Materials and Methods
Animals. The following mouse lines were used and genotyped as previ-
ously described: Gli1nlacZ (Bai et al., 2002), Gli2nlacZ (Bai and Joyner,
2001), Gli3nlacZ (Garcia et al., 2010), mGfap-Cre (Garcia et al., 2004),
Nestin-FlpoER and Rosa26MASTR(frt-STOP-frt-GFPcre) (Lao et al., 2012),
Rosa26lox-STOP-lox-lacZ (Soriano, 1999), Rosa26lox-STOP-lox-tdTomato (Ma-
disen et al., 2010), Smolox (Long et al., 2001), Gli2lox (Corrales et al.,
2006), Gli2zfd (null allele of Gli2, referred to as Gli2�; Mo et al., 1997),
Gli3lox (Blaess et al., 2008), Gli3�699 (Böse et al., 2002). Unexpectedly, we
also found that the mGfap-Cre transgene recombines in the germline as
when both the Cre and lox alleles were paternally inherited, a deleted
allele was generated (referred to as “�”). All lines were maintained on an
outbred Swiss Webster background. Mice of either sex were used for the
analysis. Animals were housed on a 12 h light/dark cycle and were given
access to food and water ad libitum. Experiments were performed in
accordance with protocols approved by the Memorial Sloan-Kettering
Cancer Center’s Institutional Animal Care and Use Committee.

Bromodeoxyuridine administration. Bromodeoxyuridine (BrdU;
Sigma-Aldrich B9285) was administered via intraperitoneal injection. To
label slow-cycling NSCs in the SVZ or newly generated OB granule cell
interneurons (which incorporate the BrdU label during their last cell
division) in the adult, 2–3-month-old mice received 50 mg/kg BrdU once
a day for 5 d and were killed 3 weeks later. To label slow-cycling NSCs at
P15, pups received two 100 mg/kg BrdU once a day for 2 d and were killed
3 weeks later (at �P40). A 3 week chase was chosen to study adult OB
granule neuron generation based on previous evidence that all BrdU-
labeled progenitors reach their final deep-to-superficial position in the
OB by 3 weeks (Lemasson et al., 2005).

Tamoxifen administration. Tamoxifen (Sigma-Aldrich, T5648-1G)
was dissolved in corn oil (Sigma-Aldrich, C8267-500ML) at 20 mg/ml
concentration, and then administered via oral gavage or intraperitoneal
injection. For Gli1CreER/�;Rosa26YFP/� fate-mapping, adult (2–3-month-
old) mice received three 250 �g/g doses of tamoxifen over the course of
3 d and were killed for analysis 30 d later. For conditional mosaic ablation
of Smo, P21 Nestin-FlpoER/�; Rosa26MASTR/�; Smolox/� mice or Nestin-
FlpoER/�; Rosa26MASTR/�; Smolox/� controls were administered tamox-
ifen via intraperitoneal injection once a day, every other day, for a total of
three injections. Tamoxifen-induced animals were killed for analysis 5
weeks after the last injection.

Tissue processing. For immunohistochemistry and immunofluores-
cence stainings, animals were anesthetized and transcardially perfused
with PBS followed by chilled 4% paraformaldehyde (Fisher Scientific,
T353-500). Brains were postfixed for 2–3 h and cryoprotected in 30%
sucrose before freezing in Cryo-OCT (VWR, 25608-930). Frozen brains
were sectioned on a cryostat and 40 �m sections were collected in 0.05%
sodium azide in PBS and stored at 4°C until further processing. Brains
from Smo mosaic mutant and control animals were cryosectioned at 20
�m and sections were stored at �20°C until further processing.

Immunohistochemistry. Immunohistochemistry (IHC) was performed
on free-floating sections using the following primary antibodies: rabbit
anti-�GAL (ICN Biomedicals, 55976, and eBioscience, 14-6773-63),
mouse anti-�GAL (Promega, Z3793), chicken anti-�GAL (Abcam,
ab9361, and Aves, BGL-1040), rabbit anti-GFP (Invitrogen, A-11122),
rat anti-GFP (Nacalai Tesque, 04404-84), rabbit anti-GFAP (DAKO,
Z0334), mouse anti-GFAP (Millipore, MAB3402), chicken anti-GFAP

(Fisher Scientific, AB5541), rabbit anti-S100� (DAKO, Z0311), mouse anti-
S100� (Abcam, ab66028), sheep anti-BrdU (Biodesign International,
M20107S, and Abcam, ab1893), rat anti-BrdU (Accurate Chemical and Sci-
entific, OBT0030), rabbit anti-KI67 (Abcam, ab15580), goat anti-DCX
(Santa Cruz Biotechnology, sc-8066), mouse anti-polysialated neuronal cell
adhesion molecule (anti-PSA-NCAM; Millipore, MAB5324), rabbit anti-
OLIG (Abcam, 33427), mouse anti-NeuN (Millipore Bioscience Research
Reagents, MAB377), rabbit anti-calbindin (Swant, CB38). For BrdU IHC
staining, sections were incubated in 2N HCl for 30 min before blocking in
10% serum and incubation in primary antibody; alternatively, antigen re-
trieval in 10 mM citrate buffer with 0.05% Tween 20 was performed at 95°C.
For brightfield IHC staining, species-specific, biotinylated secondary anti-
bodies (Vector) were used in combination with avidin-biotin complex
(Vectastatin Elite ABC Kit, Vector, PK-6100). Staining was developed using
diaminobenzadine (DAB; DAB Substrate Kit, Vector, SK-4100). For double
and triple immunofluorescence labeling, species-specific AlexaFluor-tagged
secondary antibodies were used (Invitrogen), followed by counterstaining
with DAPI (Invitrogen, D3571).

XGAL staining. Brains were lightly fixed using immersion fix (for P0
mGfap-Cre;R26lacZ/� and adult Gli2nlacZ/�, Gli3nlacZ/� and mutant
Gli1nlacZ/�) or perfusion (for all other stages of mGfap-Cre;R26lacZ/�

mice). Brain sections were rinsed with XGAL washing buffer (2 mM

MgCl2, 0.1% Igepal Ca-30, 0.05% deoxycholate in PBS), then incubated
in XGAL reaction buffer (0.17 mM potassium ferrocyanide, 0.17 mM

potassium ferricyanide, 1 mg/ml X-gal substrate) at 37°C. Sections were
occasionally counterstained with nuclear fast red.

Imaging. Stained sections were imaged on an inverted Zeiss Axio Ob-
server.A1 microscope using Axiovision software. Single-cell analysis for
antigen colocalization was performed using a 20� or 40� objective and
Zeiss Apotome. Z-stacks were collected at approximately equal positions
of the dorsal–ventral axis of the SVZ, as well as in the rostral migratory
stream (RMS) or in the OB. Brightfield images were taken using 10� or
20� objectives.

Quantification and statistical analysis. DAB-stained brain sections were
used for quantitative analysis of BrdU label-retaining NSCs and Ki67�
progenitors in the SVZ, as well as for the analysis of BrdU-labeled newly
generated OB interneurons. Cell counting and measurements of the
brain areas of interest were performed on slides using an upright Zeiss
Imager.M1 microscope with motorized stage using Stereoinvestigator
image analysis software (MBF Bioscience). Analysis of proliferating cells
in the SVZ was performed on 2–3 sections per animal, and included the
SVZ of both ventricles, if they were intact, and both the septal and striatal
ventricular sides of each SVZ, and was limited to the region 40 �m
adjacent to the ventricle (which excludes a large portion of the migrating
NBs in the dorsal striatal SVZ). The distribution of stem and progenitor
cells along the dorsal–ventral axis of the SVZ was analyzed by measuring
the length of the striatal and septal wall of each ventricle to find the wall
midsection, and then establishing what percentage of the counted cells
localize to the dorsal or ventral subregion. The distribution of newly born
(BrdU�) interneurons in the OB was done by subdividing the area be-
tween the outer boundary of the granule cell layer and the core (RMS)
into three regions, each of which represents one-third of the total radius.
A minimum of two OB sections were analyzed for each animal. For the
analysis of molecular markers expressed by slow-cycling cells (NSCs) in
the SVZ of mutants, where Smo was ablated using mGfap-Cre, images of
BrdU/GFAP/S100� triple stainings were acquired from 4 –5 sections per
animal on a Zeiss Axio Observer.A1 microscope at 40�. Cell counting
was performed on the acquired images using Stereoinvestigator image
analysis software (MBF Bioscience). A similar approach was taken for the
analysis of GFP/GFAP/S100� triple stainings of mutants where Smo was
ablated using Nestin-FlpoER; MASTR. All quantitative data analysis was
performed using Prism software (GraphPad).

Results
The GLI transcription factors are expressed primarily in adult
NSCs in the SVZ
The expression profile of Gli2 and Gli3, with respect to each of the
adult neural progenitor cell types, has not been characterized.
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RNA in situ hybridization and qRT-PCR studies for Gli2 and Gli3
have demonstrated expression throughout the dorsal–ventral ex-
tent of the SVZ, whereas Gli1 transcription is primarily detected
in the ventral half of the SVZ (Ahn and Joyner, 2005; Palma et al.,
2005; Ihrie et al., 2011). The three Gli genes also are expressed in
a subset of mature astrocytes throughout the adult forebrain
(Garcia et al., 2010). Using LacZ knock-in reporter strains for all
three Gli genes (Gli1nlacZ, Gli2nlacZ, Gli3nlacZ), we characterized
the Gli2-expressing and Gli3-expressing cell populations in the
adult SVZ compared with those expressing Gli1, to determine
whether SHH signaling is preferentially restricted to a specific
progenitor cell type based on expression of the two SHH
effectors.

Analysis of �GAL protein expression in the SVZ of 2–3-
month-old Gli-reporter mice revealed that, unlike the ventrally
restricted Gli1 expression, Gli2-expressing and Gli3-expressing
cells are distributed more evenly throughout the full dorsal–ven-
tral extent of the SVZ (Fig. 1A–C). We examined �GAL expres-
sion in Gli2nlacZ/� and Gli3nlacZ/� mice in greater detail using
timed XGAL enzymatic staining and observed that following
1.5 h of enzyme activity, �GAL expression in Gli3nlacZ/� mice was
detectable only in the dorsal SVZ, whereas Gli2 was expressed
equally and more strongly in the dorsal and ventral SVZ (Fig.
1D,E, arrowheads). In addition, XGAL activity in Gli3nlacZ/�

brains did not become apparent in the ventral SVZ until 3 h of
staining (Fig. 1D’,D”,E’,E”), indicating that Gli3 might be prefer-
entially expressed at higher levels in the dorsal SVZ.

Extensive analysis of individual double-labeled cells in the
SVZ of adult Gli-reporter mice revealed that Gli2 and Gli3, sim-
ilar to Gli1, are expressed in many GFAP� cells, which includes
NSCs and mature astrocytes (Fig. 1F–H). Strikingly, we observed
Gli expression in the majority of BrdU label-retaining stem cells
(LRCs) in the SVZ (Fig. 1I–K,X). We found that 84.30 � 10.3%
of SVZ LRCs expressed Gli2 and 68.39 � 2.9% expressed Gli3
(207 LRCs total counted in n � 3 Gli2nlacZ/� animals and 206
LRCs total counted in n � 3 Gli3nlacZ/� mice). In contrast, 44.5 �
3.8% of SVZ LRCs were GLI1� (205 LRCs total counted in n � 6
animals). As expected, the majority of LRCs that expressed Gli1
were localized in the ventral half of the SVZ (72.08 � 5.8% ven-
trally compared with 11.09 � 3.7% dorsally), whereas GLI2�
and GLI3� LRCs were uniformly distributed along the dorsal–
ventral SVZ axis (Fig. 1X). This result is consistent with previous
reports of SHH pathway activity in both mature astrocytes (Gar-
cia et al., 2010) and long-lived adult NSCs (Ahn and Joyner, 2005;
Balordi and Fishell, 2007a). Interestingly, quantitative analysis of
expression of the three Gli genes within the actively cycling
KI67� progenitor population in the SVZ, consisting primarily of
TACs and some NBs (Tavazoie et al., 2008; Ponti et al., 2013),
revealed a very limited overlap with all of the Gli-expressing pop-
ulations (Fig. 1L–N,Y). Only 2.25 � 0.8% of all KI67� cells
expressed Gli1 (4752 KI67� cells counted, n � 3), and 5.88 �
2.4% (2051 KI67� cells counted, n � 2) and 3.75 � 0.7% (4005
KI67� cells counted, n � 3) were found to be positive for GLI2
and GLI3, respectively. Similarly, only a very small subset of the
�GAL� cells within the SVZ expressed KI67 (Gli1nlacZ: 2.92 �
0.3% of 3841 �GAL� cells; Gli2nlacZ: 3.83 � 1.3% of 4702
�GAL� cells; Gli3nlacZ: 3.25 � 0.4% of 4628 �GAL� cells). In
addition, we found Gli1, Gli2, and Gli3 to be transcribed in sparse
S100�� ependymal cells (analyzed n � 3 animals of each geno-
type; Fig. 1O–Q). Strikingly, no Gli1, Gli2, or Gli3 transcription
was detected in doublecortin (DCX�) or PSA-NCAM-
expressing committed migratory NBs in the SVZ or within the
RMS leading to the OB (n � 3–5 for each genotype; Fig. 1R–T;

data not shown). NeuN� OB interneurons also did not express
any of the three Gli genes (Fig. 1U–W). In summary, our results
show that within the neural stem and progenitor pool in the SVZ,
more mature neural progenitors cannot respond to canonical
SHH signaling, as both Gli2 and Gli3 are downregulated at the
transcriptional level already at the TAC and NB stage.

A mGfap-Cre transgene allows conditional gene ablation in
SVZ NSCs postnatally and bypasses the embryonic
requirement for SHH signaling
The constitutive Cre lines previously used for conditional inacti-
vation of Smo in SVZ NSCs initiate expression in the embryo. For
instance, Smo ablation at midgestation using the Nestin-Cre or
hGfap-Cre transgenic lines results in neurodevelopmental de-
fects, such as microcephaly and enlargement of the ventricles, as
well as increased SVZ apoptosis at P8 and lethality by P30 (Ma-
chold et al., 2003; Balordi and Fishell, 2007a; Han et al., 2008),
indicating a requirement for SHH signaling during embryonic
brain development. Approaches to inactivate Smo or Shh after
birth have relied on tamoxifen-inducible CRE (Balordi and
Fishell, 2007b; Ihrie et al., 2011), and while they have been infor-
mative, such studies have been compromised by the inefficient
mosaic recombination that is achieved with CreER lines. For the
ablation of Smo and the Gli genes, we therefore chose a transgenic
line that uses regulatory sequences from the mouse Gfap gene to
drive CRE expression (mGfap-Cre) as it has previously been
shown to result in efficient recombination in NSCs of the adult
SVZ (Imura et al., 2003; Garcia et al., 2004). To define the precise
timing of CRE activity in the SVZ after birth, we crossed the
mGfap-Cre line to a R26lacZ reporter (Soriano, 1999) and ana-
lyzed �GAL activity at several time points in the postnatal brain.
At P0, the SVZ was largely �GAL-negative, whereas at P3 a large
portion of the SVZ was reporter-positive (Fig. 2A,B). mGfap-Cre
recombination in the SVZ appeared complete by P7 (Fig. 2C–E).
Use of a tdTomato reporter (Madisen et al., 2010) and double
labeling revealed that at P7 recombination had occurred in most
GFAP-expressing cells within the neurogenic niche (Fig. 2F).
Consistent with �GAL activity in the SVZ, no cells from the CRE-
recombined lineage were present in the OB at P0 and began to
accumulate at P3 such that by P14 it appeared that �GAL� cells
constituted a large portion of the OB granule cell layer (GCL)
population (Fig. 2A’–E’,I). Analysis of tdTomato-labeled cells in
the ependymal layer (identified as containing S100�� cells, a
marker of a subset of the multiciliated ependymal cells lining the
ventricular wall) revealed sporadic CRE activity in ependymal
cells at P7 and more extensive labeling at P16 (Fig. 2G,H). In
summary, the mGfap-Cre transgene can be used to achieve highly
efficient ablation of conditional alleles in NSCs postnatally and
without disrupting embryonic neurogenesis and the establish-
ment of the stem and progenitor cell milieu.

Inactivation of Smo in mGfap-Cre-expressing cells leads to
loss of LRCs and a gradual reduction in SVZ neurogenesis
Previous studies in which SHH signaling was inactivated by mo-
saic ablation of Smo in �70% of SVZ stem and progenitor cells, as
well as astrocytes, at P60 (Nestin-CreER; Smolox/lox mutants) dem-
onstrated that pathway activity is required in most cells to main-
tain the number of proliferating and neurosphere-forming cells
in the SVZ (Balordi and Fishell, 2007b). Furthermore, after 6 d
of antimitotic insult with cytarabine, only wild-type quiescent
NSCs, which had escaped recombination, exhibited a moderate
regenerative ability (Balordi and Fishell, 2007b). It was not tested,
however, whether the reduction in SVZ neurogenesis in Smo con-
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Figure 1. SHH signaling effectors GLI1, GLI2, and GLI3 are differentially expressed in the adult SVZ. A–C, Immunohistochemistry for �GAL (dark brown) activity from LacZ knock-in reporter alleles
for Gli1, Gli2, and Gli3 shows expression of all three in the adult SVZ, with Gli1 expression primarily in the ventral portion of the SVZ. Scale bar, 200 �m. D–E”, XGAL enzymatic staining of coronal
sections from adult Gli2nlacZ/� (D–D”) and Gli3nlacZ/� (E–E”) mice are shown after 1.5, 3, or 6 h of enzyme activity, and reveal that LacZ expression is strongest dorsally in Gli3nlacZ/� SVZ and is more
uniform in Gli2nlacZ/� SVZ (arrowheads). F–H, GFAP is detected in many �GAL� NSCs and astrocytes in the adult SVZ in the three reporter lines. I–Q, X, Y, The majority of BrdU label-retaining NSCs
are GLI� (I–K, X ), whereas only a very small subset of dividing KI67� progenitors (L–N, Y ) or small proportion of S100�� ependymal cells (O–Q) coexpresses �GAL. Red boxes in the schematic
of the SVZ indicate the location of the images of the SVZ shown below (M, N, dorsal; ventral in others). R–T, In the RMS, DCX� migratory NBs do not express any of the GLIs. U–W, �GAL expression
is not detected in mature NeuN� OB interneurons. Scale bars: (in F, I, L, O, R, U ) F–W, 20 �m. Str, Striatum; spt, septum; cc, corpus callosum. X, Quantitative analysis of Gli expression in BrdU�
LRCs in the SVZ of the three reporter lines reveals that the vast majority of SVZ LRCs can respond to SHH signaling, as LRCs both in the dorsal (D-bar graph) and ventral (V-bar graph) SVZ are GLI2�
and GLI3�. However, only a subset of LRCs in the ventral SVZ is exposed to high levels of ligand (GLI1�).
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ditional mutants is specifically due to loss of slow-cycling LRCs in
the adult SVZ.

For comparison to conditional ablation of Gli2 and Gli3, we
inactivated Smo postnatally using the mGfap-Cre transgene and
examined multiple parameters of in vivo neurogenesis. As pre-
dicted, mGfap-Cre/�; Smolox/� [mGfap-Smo conditional knock-
out (CKO)] mutants did not exhibit gross defects in brain
morphology and survived into adulthood (Garcia et al., 2010),
unlike Nestin-Cre; Smo CKOs (Machold et al., 2003; Balordi and
Fishell, 2007a). Furthermore, a reduction in SVZ neurogenesis
was observed in mGfap-Smo CKOs compared with controls that
increased as the animals aged. At P15, only 1 week after mGfap-
Cre-mediated deletion of Smo in SVZ NSCs, KI67� progenitor
proliferation in mGfap-Smo CKOs appeared slightly but not sig-
nificantly reduced (p � 0.3) compared with Smolox/� littermate
controls (n � 3 control and mutants), and there was no obvious
change in the cross-sectional area of the RMS (Fig. 3A,B,I). Anal-

ysis at P40 of the BrdU label-retaining NSC population present in
the SVZ at P15 also revealed no significant change in the number
of LRCs (p � 0.2; n � 3 Smolox/� littermate controls and 4 mu-
tants; Fig. 3I). Unlike mutants at P15, mGfap-Smo CKOs at 3
months had both a significant 62.6% decrease in the number of
KI67� progenitors compared with Smolox/lox littermate controls
(p � 0.0001), and a 52.9% decrease in BrdU LRCs (p � 0.036;
Fig. 3J; n � 3 littermate controls and 3– 4 mutants). We also
observed a corresponding large decrease in the cross-sectional
area of the RMS in Smo CKOs compared with littermate controls
(Fig. 3C,D). Moreover, 1-year-old mGfap-Smo CKO animals ap-
peared to have little if any neuronal production based on cresyl
violet and DCX staining of the RMS (Fig. 3E–H). However, some
KI67� cells could be found in the SVZ of aged mGfap-Smo
CKOs. Quantitative analysis of progenitor proliferation revealed
that, although neurogenesis is reduced in control animals at 1
year of age compared with 3 months, SVZ proliferation was sig-

Figure 2. mGfap-Cre transgene induces recombination in NSCs postnatally. A–E’, Based on XGAL staining in mGfap-Cre; Rosa26lacZ/� mice, little CRE activity was detected in the SVZ at birth (A),
with increasing recombination at P3 (B) and P5 (C), and recombination in the SVZ appeared complete by P7 (D). Labeled cells in the OB granule cell layer originating from the mGfap-Cre lineage
(A’–E’) began to appear at P3 (B’) and by P14 the majority of cells in the OB GCL expressed LacZ (E’). F, Analysis of reporter-positive cells in the SVZ of mGfap-Cre; Rosa26TdTom/� mice with cell-specific
markers revealed that most GFAP� cells in the SVZ had undergone recombination by P7. G, H, mGfap-Cre was found to induce recombination in both S100�� and S100�� ependymal layer cells,
but only in a subset of cells at P7, whereas at P16 most cells expressed tdTomato. Arrowheads point to mGfap-Cre-expressing ependymal cells that have undergone recombination. Asterisks point
to S100�� cells that have not recombined. SVZ schematic indicates location of close-up images in F–H. I, By P60, reporter expression can be detected in the majority of NeuN� cells as well as in
non-neuronal cells in the OB. Scale bar: (in F ) F–I, 20 �m.
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Figure 3. Inactivation of Smo in mGfap-Cre-expressing cells leads to a gradual reduction in neurogenesis. A, B, Cresyl violet staining of a cross section through the RMS of P15 mGfap-Smo CKOs
shows no drastic change in the RMS size from that in control animals (Smolox/lox or Smolox/�). C–H, Cross-section of the RMS in adult mGfap-Smo CKOs and controls (Smolox/lox) reveals a progressive
reduction of the RMS in controls but a substantial loss of DCX� migrating progenitors by 1 year of age in mutant animals. Dashed line in G and H indicates expected location of RMS. Scale bar: (in
A) A–H, 100 �m. I, J, Quantitative analysis of proliferating KI67� progenitors and BrdU� LRCs at P15 (I ) and in 3-month-old mGfap-Smo CKOs and controls (Smo ctrl; J ) demonstrates a dramatic
depletion of the SVZ LRC pool and a concurrent reduction in KI67� progenitor cell number at 3 months. K, By 1 year of age, the level of neurogenesis appears to decrease in control animals and SVZ
proliferation in mGfap-Smo CKOs continues to be significantly lower than in controls and appears lower than at 3 months (*p 	 0.05; ***p � 0.0001 unpaired t test; (Figure legend continues.)
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nificantly lower (p � 0.017) in mGfap-Smo CKO mutants com-
pared with controls (n � 3 control and mutants; Fig. 3K) and
lower than in mutants at 3 months. These results demonstrate a
requirement for SHH signaling in the long-term maintenance of
SVZ NSC function.

Consistent with the observed decrease in SVZ neurogenesis at
3 months, there was a considerable 68.2% decline in the number
of newly generated OB granule cell interneurons that retain BrdU
after a 3 week chase in adult mGfap-Smo CKO mice compared
with controls (p � 0.0004; 46,142 � 3349 cells/cm 2 for n � 6
Smolox/lox littermate controls, and 14,653 � 4340 cells/cm 2 for
n � 4 mutants). In addition, there was a 14.8% reduction in the
area of the OB GCL in mGfap-Smo CKOs (p � 0.05; 1,760,263 �
73,508 �m 2 for n � 4 controls compared with 1,500,295 �
78,145 �m 2 for n � 5 mutants). Curiously, in contrast to the
significant decrease in granule cell production in mGfap-Smo
CKOs, we found no significant change in the total number of
newly generated BrdU� periglomerular cells (p � 0.3; 10,855 �
1321 cells/cm 2 for n � 3 Smolox/lox littermate controls, and
8504 � 1520 cells/cm 2 for n � 4 mutants), which originate from
SVZ NSCs as well. Much like in adult Nestin-CreER; Smo CKOs
(Balordi and Fishell, 2007b), our analysis of cleaved caspase-3
staining in the SVZ of P15 and P45 mGfap-Smo CKOs revealed no
obvious increase in cell death compared with control animals
(data not shown), indicating that cell apoptosis does not account
for the loss in neuronal production. Together, our results dem-
onstrate a progressive loss of neurogenesis in the SVZ of adult
mGfap-Smo CKOs that stems from a major decrease in LRC
number, revealing an in vivo requirement for active SHH signal-
ing in preserving the long-term ability of NSCs to self-renew and
generate TACs and their OB neuron progeny.

Slow-cycling LRCs do not differentiate into glia when Smo
is ablated
Since an increase in cell death does not appear to account for the
decrease in slow-cycling NSCs (LRCs) in adult mGfap-Smo
CKOs, we considered whether respecification (i.e., cell differen-
tiation) of the slow-cycling NSCs could account for the pheno-
type. To determine whether the remaining LRCs in the SVZ of
mGfap-Smo CKOs had assumed a different molecular identity,
we used a combination of two glial markers, GFAP (expressed in
NSCs and mature astrocytes) and S100� (present in some
ependymal cells and in mature astrocytes but not in NSCs;
Raponi et al., 2007). Quantitative analysis of the four subpopula-
tions of LRCs revealed a significant drop (p � 0.0001) in the
proportion of GFAP� S100�� LRCs (slow-cycling NSCs) in the
mutants compared with controls (n � 3 mutants and 3 littermate
controls; Fig. 3L). No significant change was observed in the pro-
portions of LRCs that were GFAP� S100�� (mostly OLIG� and

PSA-NCAM� cells) or GFAP� S100�� (astrocytes) in mGfap-
Smo CKOs, but there was an increase (p � 0.039) in the propor-
tion that were GFAP� S100�� (astrocytes and ependymal cells;
Fig. 3L). However, when the number of each LRC subpopulation
was calculated per section for each animal, we found no differ-
ence in the number of GFAP� S100�� LRCs between mutant
and control animals (Fig. 3M). In contrast, the number of
GFAP� S100�� LRCs (slow-cycling NSCs) remained signifi-
cantly decreased (p � 0.0001; Fig. 3M). In addition, the number
of GFAP� S100�� LRCs, which are progeny of NSCs, was sig-
nificantly decreased (p � 0.0005; Fig. 3M). Quantification of
OLIG� and PSA-NCAM� LRCs per section supported a de-
crease in both populations. Hence it appears that the decrease in
slow-cycling LRCs in mGfap-Smo CKOs is due to a reduction in
the number of NSCs incorporating BrdU (i.e., undergoing cell
division) rather than an increase in the rate of terminal differen-
tiation (respecification of NSCs into mature glia).

Reduced neurogenesis in mGfap-Smo CKOs results from a
cell-autonomous requirement for Smo in adult NSCs
In mGfap-Smo CKOs, the SHH receptor SMO is ablated in ma-
ture GFAP-expressing astrocytes, in some ependymal cells, and in
GFAP� NSCs. Since astrocytes could be an essential component
of the SVZ stem cell niche, the reduced SVZ neurogenesis ob-
served in mGfap-Smo CKOs might be partially due to a defect in
the microenvironment. To test whether SHH signaling plays a
cell-autonomous role in NSCs to maintain normal levels of neu-
rogenesis, we used a new mosaic mutant approach termed
“MASTR” (mosaic analysis with spatial and temporal control of
recombination; Lao et al., 2012) to ablate Smo in scattered Nestin-
expressing cells in 3-week-old animals. A tamoxifen-inducible
Nestin-FlpoER transgene and a Rosa26MASTR(lox-STOP-lox-GFPcre) al-
lele were combined with the Smo conditional allele to simultane-
ously ablate Smo (Smo�/lox) and mark mutant cells with GFP (Fig.
4A). Nestin-FlpoER/�; R26MASTR/� animals with one conditional
allele for Smo (Smo�/lox) were used as controls and Nestin-Fl-
poER/�; R26MASTR/�; Smo�/lox mice as mosaic mutants (Nestin-
MASTR Smo ctrl and mosaics, respectively). The mice were
administered three doses of tamoxifen starting at P21 and ana-
lyzed 5 weeks later. Marker expression analysis in controls con-
firmed that FLP (site-specific recombinase) is active in many
S100�� ependymal cells and in scattered GFAP� S100�� astro-
cytes and in GFAP� S100�� NSCs and their KI67� progeny
(Fig. 4B,C). Quantitative analysis of the proportion of GFP�
cells that expressed GFAP and/or S100� showed a significant
decrease in GFAP� S100�� NSCs (p � 0.042) in Nestin-
MASTR Smo mosaics compared with controls. As with LRCs in
mGfap-Smo CKOs, the proportion of S100�� GFAP� cells was
correspondingly increased (p � 0.046; Fig. 4D). Furthermore,
analysis of GFP� cells that were KI67� revealed a significant
decrease in progenitors of NSCs (p � 0.045; n � 3 mutants and
littermate controls; Fig. 4E). Thus the phenotype of Nestin-
MASTR Smo mosaic mutant cells is similar to that in mGfap-Smo
CKOs. Since most astrocytes in the SVZ microenvironment of
Nestin-MASTR Smo mosaics remain wild type and there is little
SHH signaling in the ependyma (see above), these results dem-
onstrate a cell-autonomous requirement for Smo in maintaining
NSCs.

Either GLI2 or GLI3 activity is sufficient to maintain adult
SVZ neurogenesis
Both Gli2 and Gli3, unlike Gli1, are indispensible for normal
development and their ablation results in embryonic lethality

4

(Figure legend continued.) mean � SEM). L, GFAP and S100� marker analysis of the LRCs in
the SVZ of controls and mGfap-Smo CKOs reveals a significant decrease in GFAP� S100��
LRCs (green) and an apparent complementary increase in the proportion of GFAP� S100��
cells (yellow; *p 	 0.05; ***p � 0.0001; ****p 	 0.0001, 2-way ANOVA with Sidak’s post hoc
test; mean � SEM). M, Normalizing the number of each subpopulation of LRCs to the number
of cells per section reveals a specific loss of GFAP�S100��NSCs (green) but no increase in the
number of GFAP� S100�� glial/ependymal cells (yellow) or GFAP� S100�� astrocytes
(red). As expected for cells that originate from NSCs, the number of GFAP� S100�� cells is
significantly decreased (blue), and is reflected by a decrease in the number of OLIG� LRCs (blue
vertical stripes) and PSA-NCAM� LRCs (blue horizontal stripes) in the SVZ of mGfap-Smo CKOs
compared with controls (****p � 0.0001 and ***p � 0.0007, 2-way ANOVA with Sidak’s post
hoc test; mean � SEM).
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with major brain defects (Fuccillo et al., 2006). The contribution
of each of the GLIs to SHH-regulated processes in neurodevel-
opment, however, varies along the rostral– caudal axis of the
CNS. Specifically, GLI2 A function is absolutely necessary in
the spinal cord for the establishment of the floor plate and a
subset of ventral interneuron types (Matise et al., 1998; Bai et
al., 2002; Hui and Angers, 2011), whereas GLI3 R plays only a
minor role in patterning the intermediate neural tube (Persson et
al., 2002; Bai et al., 2004). GLI2 R activity is not required for
CNS development (Bai and Joyner, 2001). In contrast, atten-
uation of GLI3 R levels is crucial for telencephalon patterning
during development, whereas GLI2 A is largely expendable
(Park et al., 2000; Rallu et al., 2002; Fuccillo et al., 2004).
Unlike during early development, the specific roles of GLI2
and GLI3 as transcriptional activators/repressors in adult neu-
rogenesis have not been addressed.

To determine whether GLI2 or GLI3 is the primary mediator
of SHH signaling in GFAP� NSCs postnatally, we analyzed the
state of neuron production in adult mice (2– 4-month-old) lack-
ing either Gli2 or Gli3 in the SVZ. Similar to mGfap-Smo CKOs,
neither mGfap-Cre/�; Gli2lox/� (mGfap-Gli2 CKO), nor mGfap-
Cre/�; Gli3lox/� (mGfap-Gli3 CKO) mutants exhibited gross de-
fects in brain morphology. In contrast to mGfap-Smo CKO
mutants, however, quantitative analysis of the number of KI67�
progenitors in the SVZ revealed no significant change in prolif-
eration when Gli2 (p � 0.6) or Gli3 (p � 0.7) was inactivated
using mGfap-Cre (n � 4 Gli2lox/lox littermate controls and 4
mGfap-Gli2 CKOs; n � 3 Gli3lox/lox littermate controls and 3
mGfap-Gli3 CKOs; Fig. 5A,B). Consistent with these results,
quantitative analysis of newly generated BrdU-labeled interneu-
rons in the OB of mGfap-Gli2 or mGfap-Gli3 CKOs revealed no
significant deviation from littermate controls (57,261 � 7567

Figure 4. Mosaic removal of Smo postnatally reveals a cell-autonomous requirement for SHH signaling in SVZ NSCs. A, Schematic illustrating the genetic approach taken to mosaicly ablate Smo
only in a subpopulation of Nestin-expressing cells. Nestin-FlpoER/�, R26MASTR/�; Smolox/� mosaic mutant (Nestin-MASTR Smo mosaics) or Nestin-FlpoER/�; R26MASTR/�; Smolox/� control
(Nestin-MASTR Smo ctrl) animals were given tamoxifen at P21–P26, which induces FLP to translocate into the nucleus and delete the STOP cassette in the R26MASTR allele, allowing expression of
GFPcre, which induces recombination of the loxP sites in Smo, producing a null allele. Importantly, all Smo mutant cells and their progeny are permanently marked with GFP. B, Five weeks after
tamoxifen administration, control animals express GFP in many SVZ ependymal cells (S100�� GFAP�, arrowhead), some astrocytes (S100�� GFAP�, asterisk) and NSCs (S100�� GFAP�,
arrow). C, Some GFP� NSCs have also given rise to KI67� GFP� progenitors. Scale bar: (in B) B, C, 50 �m. D, Quantitative analysis of the proportion of GFAP-expressing and/or S100�-expressing
cells reveals that the proportion of GFP� cells that are GFAP� S100�� NSCs (green) is greatly reduced in Nestin-MASTR Smo mosaics compared with controls, whereas the proportion of GFP�
cells that are GFAP� S100�� astrocytes and ependymal cells (yellow) is increased. No significant change was observed in the proportion of GFP� cells that are GFAP� S100�� astrocytes (red)
or GFAP�S100�� cells (blue; a mixture of S100��ependymal cells and NSC progenitors; *p	0.05 2-way ANOVA with Sidak’s post hoc test; mean�SEM). E, Analysis of the proportion of GFP�
cells that are KI67� progenitors reveals a significant reduction in production of TACs in Nestin-MASTR Smo CKOs (*p 	 0.05 unpaired t test; mean � SEM).
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cells/cm 2 for n � 3 Gli2 controls com-
pared with 48,988 � 2886 BrdU� cells/
cm 2 for n � 3 mGfap-Gli2 CKOs, p � 0.4;
45,365 � 5261 cells/cm 2 for n � 3 Gli3
controls compared with 49,882 � 12,819
BrdU� cells/cm 2 for n � 3 mGfap-Gli3
CKOs, p � 0.7). The lack of a clear pheno-
type with respect to TAC and NB progen-
itor proliferation and formation of OB
interneurons after removal of Gli2 or Gli3
in SVZ NSCs, compared with the defects
seen in mGfap-Smo CKOs, could indicate
an overlap of function between GLI2 and
GLI3 in adult SVZ neurogenesis. In sup-
port of the notion of partial redundancy
between GLI2 and GLI3 in transducing
high levels of SHH, we found that Gli1
expression in the ventral SVZ was obvi-
ously reduced in mGfap-Gli2 CKOs and
only slightly reduced in mGfap-Gli3 CKOs,
whereas Gli1 expression in the SVZ of
mGfap-Smo CKOs was completely absent
(Fig. 5C–F).

Unattenuated GLI R suppresses adult
NSC function
Since NSCs in adult mGfap-Smo CKOs
lack all GLI A function and have an in-
crease in GLI R, it is possible that either the
increase in GLI R or complete loss of GLI A

function causes the deficit in SVZ neuro-
genesis. We first tested whether the
decrease in neuron production in the
absence of SMO is specifically due to
unattenuated levels of GLI3R by analyzing
adult (2– 4-month-old) mGfap-Cre/�;
Gli3lox/�; Smolox/� (mGfap-Gli3;Smo
CKO) double mutants. Strikingly, re-
moval of Gli3 in mGfap-Smo CKOs re-
sulted in only an �24.7% decrease in the
number of KI67� progenitor cells in the
SVZ of mGfap-Gli3;Smo CKOs, which
was not significant (p � 0.25; n � 3
Gli3lox/�;Smolox/� littermate controls and
4 mutants), compared with the significant
62.6% decline observed in mGfap-Smo
CKOs. Furthermore, there was no sig-
nificant decrease in the number of slow-
cycling NSCs (LRCs; p � 0.1; n � 3
Gli3lox/�;Smolox/� littermate controls
and 3 mutants; Fig. 6 A, B) or newly gen-
erated OB interneurons ( p � 0.86,
64,572 BrdU� cells/cm 2 in controls vs
62,456 cells/cm 2 in mutants) and peri-
glomerular cells ( p � 0.37, 11,624
BrdU� cells/cm 2 in controls vs 13,734
cells/cm 2 in mutants). Consistent with
this, we also observed a clear phenotypic
rescue at the level of the RMS in mGfap-
Gli3;Smo CKOs (Fig. 6C–K). These re-
sults demonstrate that removing GLI3 R in
mGfap-Gli3;Smo CKOs results in a sub-
stantial rescue of neurogenesis.

Figure 5. Ablation of Gli2 or Gli3 in NSCs has no significant effect on neurogenesis and does not abolish Gli1 expression in the
adult SVZ. A, B, Quantitative analysis of progenitor proliferation in the adult SVZ of mGfap-Gli2 CKOs (A) and mGfap-Gli3 CKOs (B),
compared with controls (Gli2 ctrl and Gli3 ctrl, respectively), indicates no significant change in neurogenesis (unpaired t test,
mean � SEM). C–F, XGAL staining for �GAL activity in the SVZ of adult mGfap-Smo CKOs (mGfap-Cre; Smolox/�; Gli1nlacZ/�) shows
complete loss of Gli1 expression in the mutant compared with a Smolox/�; Gli1nlacZ/� control animal (C, D). SVZ cells (dotted line)
in mGfap-Gli2 and mGfap-Gli3 CKOs, which carry a Gli1nlacZ/� reporter allele (mGfap-Cre; Gli2lox/�; Gli1nlacZ/� and mGfap-Cre;
Gli3lox/�; Gli1nlacZ/�, respectively), express a low level of Gli1 in the ventral SVZ (E, F). Scale bar: (in C) C–F, 100 �m. Str, Striatum;
spt, septum.
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To determine whether the small reduction in SVZ prolifera-
tion in mGfap-Gli3;Smo CKOs is due to the remaining GLI2 R in
the mutants and thus can be rescued by removing Gli2, we ana-
lyzed neuron production in adult mGfap-Cre/�; Gli2lox/�;
Gli3lox/� (mGfap-Gli2;Gli3 CKO) double mutants that lack all
GLI R in addition to GLI A activity. Interestingly, SVZ progenitor
proliferation in mGfap-Gli2;Gli3 CKOs (n � 3 controls and 3
mutants) was reduced by only �12.9% (Fig. 6L). We observed no
significant decrease in the number of newly generated OB in-
terneurons (p � 0.098, 87,695 BrdU� cells/cm 2 in controls vs
73,712 cells/cm 2 in mutants) or periglomerular cells (p � 0.61,
24,269 cells/cm 2 in controls vs 22,943 cells/cm 2 in mutants) in
mGfap-Gli2;Gli3 CKOs. Our double-mutant results show that
the primary function of SHH signaling is to attenuate GLI R levels
(GLI2 R and GLI3 R) in adult NSCs, allowing other transcription
factors to induce neurogenesis, and that augmenting GLI A plays
only a minor role in boosting SVZ NSC function.

To further examine the specific contribution of increased
GLI3 R levels to the deterioration of neurogenesis in the SVZ of
adult mGfap-Smo CKOs, we generated mGfap-Cre/�; Gli2lox/�;
Gli3lox/�699 (mGfap-Gli2;Gli3�699 CKO) mutants, which carry no
functional alleles of Gli2 but have one copy of Gli3 expressing a
low level of a constitutive GLI3 R protein in GFAP� cells (Böse et

al., 2002). Quantitative analysis of the KI67� progenitor popu-
lation in the SVZ showed a 37.5% decrease in KI67� progenitors
when compared with Gli2lox/�; Gli3lox/� littermate controls (n �
4 controls and mutants), although it was not statistically significant
(p � 0.27; Fig. 6M). The less prominent neurogenesis phenotype in
mGfap-Gli2;Gli3�699 CKOs compared with mGfap-Smo CKOs is
likely due to a lower level of GLI3R produced by the single Gli3�699

allele and no GLI2R.

GLI3 R upregulation compromises both dorsal and ventral
SVZ proliferation
High-level SHH signaling (GLI1� cells) is restricted to the ven-
tral portion of the SVZ. Even so, since GLI3 R rather than GLI A is
critical to SHH signaling and Gli3 is expressed throughout the
SVZ, we investigated whether SVZ neurogenesis is equally com-
promised in the dorsal and ventral SVZ when SHH signaling is
obliterated. We first determined the extent of decrease in prolif-
erating KI67� progenitors in the dorsal and ventral halves of the
SVZ in mGfap-Smo CKOs and littermate controls and observed a
dramatic decrease in both the dorsal (p � 0.0001) and ventral
(p�0.0001) regions of the mutants (Fig. 7A,B). Surprisingly, in
the anterior SVZ of mGfap-Smo CKOs, progenitor proliferation
was more strongly reduced dorsally (by 73.9%) than in the ven-

Figure 6. Unattenuated GLI2 R and GLI3 R suppress adult SVZ neurogenesis. A, B, Quantitative analysis of the number of proliferating KI67� progenitors, as well as LRCs in the SVZ of
mGfap-Gli3;Smo CKOs show neurogenesis is no longer significantly reduced compared with controls (Gli3;Smo ctrl), indicating a rescue compared with mGfap-Smo CKOs (Fig. 3H). C–K, Cross sections
of the RMS in control, mGfap-Smo CKOs, and mGfap-Gli3;Smo CKOs showing the specific increase in the cresyl violet-labeled, KI67� and DCX� migrating NB progenitors after Gli3 ablation in
mGfap-Smo CKOs. Scale bar: (in C) C–K, 100 �m. L, No significant effect was observed on SVZ progenitor proliferation after ablation of all GLI A and GLI R function in mGfap-Gli2;Gli3 CKOs. M,
Expression of a constitutive GLI3 R isoform in the absence of GLI A in mGfap-Gli2;Gli3�699 CKOs causes a mild decrease in the number of SVZ progenitors compared with littermate controls (unpaired
t test; mean � SEM).
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tral SVZ (by 50.4%), whereas in control
animals the distribution of KI67� pro-
genitors was fairly even between the dor-
sal and ventral SVZ (two-way ANOVA
interaction p � 0.035; n � 3 Smolox/lox lit-
termate controls and 4 mGfap-Smo CKOs;
Fig. 7B). The greater defect in cell prolif-
eration in mGfap-Smo CKOs dorsally
could be a result of the higher level of Gli3
transcription dorsally (as seen from the
X-gal staining in Gli3nlacZ in Fig. 1E–E”)
resulting in more GLI3 R in the dorsal
SVZ, where GLI3 R inhibits TAC produc-
tion to a greater extent than in ventral
NSCs.

One possible explanation for a greater
reduction in proliferating cells in the dor-
sal SVZ of mutants is that the progenitor
pool in the dorsal region includes migrat-
ing NBs derived from more posterior and
ventral regions of the SVZ. We therefore
determined whether there is a preferential
decrease in LRCs in the dorsal SVZ of
mGfap-Smo CKOs. However, no signifi-
cant difference was observed between the
number of LRCs in the dorsal and ventral
SVZ of mutants or controls, although the
total number of LRCs was lower in the
mutants (two-way ANOVA interaction
p � 0.68; n � 3 Smolox/lox littermate con-
trols and 3 mGfap-Smo CKOs; Fig. 7C).
Interestingly, removal of Gli3 in GFAP-
expressing cells mutant for Smo restored
the normal dorsoventral distribution of
KI67� progenitors (two-way ANOVA in-
teraction p � 0.97; n � 4 Gli3lox/�;
Smolox/� littermate controls and 4 mGfap-
Gli3;Smo CKOs; Fig. 7D–G), and had no
effect on the LRC distribution (two-way
ANOVA interaction p � 0.53; n � 4
Gli3lox/�; Smolox/� littermate controls and
5 mutants; Fig. 7H). In addition, we
found no change in the dorsal–ventral
distribution of proliferating cells in mG-
fap-Gli2;Gli3 CKOs (two-way ANOVA
interaction p � 0.70; n � 3 littermate con-
trols and 4 CKOs). These results demon-
strate that SHH signaling through GLI3 R

is required for neurogenesis in both the
ventral and the dorsal SVZ.

GLI R and not GLI A is required to
maintain the normal proportion of
deep and superficial OB interneurons
We were next interested in whether GLI R

and/or GLI A play a role in the production
of OB interneurons. Fate-mapping stud-
ies in adult mice have shown that Gli1-
expressing NSCs preferentially generate
OB interneurons that localize to the deep
granule cell layer of the OB adjacent to the
RMS (Merkle et al., 2007; Ihrie et al.,
2011). Indeed, using genetic inducible fate

Figure 7. GLI R upregulation compromises proliferation throughout the SVZ. A, Schematic diagram showing the dorsal (light
gray) and ventral (dark gray) SVZ regions that were included in the analysis. Str, Striatum; Spt, septum; cc, corpus callosum; LV,
lateral ventricle. B, C, Quantitative analysis of the number of KI67� progenitors and LRCs per square centimeter in the dorsal
(white bars) or ventral (gray bars) SVZ shows a significant decrease in the density of KI67� progenitors in both regions of
mGfap-Smo CKOs compared with Smolox/lox controls (Smo ctrl) that is more pronounced dorsally (B; n � 3 controls and 4 mutants;
*p � 0.016, ****p 	 0.0001; 2-way ANOVA with Sidak’s post hoc test; mean � SEM). A decrease in the density of the LRCs also
was observed in the dorsal and ventral SVZ of mGfap-Smo CKOs compared with controls with no obvious change in the distribution
between dorsal and ventral (C; n � 3 controls and 3 mutants). D–F, Dorsolateral SVZ sections stained for KI67 show a decrease in
the number of KI67� cells in the dorsal SVZ of mGfap-Smo CKOs when compared with controls (D, E), and a rescue of proliferation
in the dorsal SVZ when Gli3 is ablated in mGfap-Smo CKOs (F). Scale bar: (in D) D–F, 50 �m. G, H, Quantitative analysis shows the
recovery in the density of KI67� progenitors and LRCs in mGfap-Gli3;Smo CKOs compared with controls (Gli3;Smo ctrl); as well as
a similar distribution of KI67� cells in the dorsal and ventral SVZ of mGfap-Gli2;Gli3 CKOs compared with controls (I) (Gli2;Gli3 ctrl;
2-way ANOVA with Sidak’s post hoc test; mean � SEM).
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mapping (GIFM), we found that 3 weeks after administering
tamoxifen to Gli1CreER/�; R26yfp/yfp adult mice (Gli1CreER GIFM),
49 � 1.73% of fate-mapped NeuN� interneurons localized to
the deep OB layer, whereas only 34 � 1.0% and 17 � 2.0%
occupied the intermediate and superficial layers, respectively
(Fig. 8A–C). In contrast, the proportions of OB neurons labeled
with BrdU (after a 3 week chase) in the deep, intermediate, and
superficial layer were �37, 38, and 25% respectively (Fig. 8D–G).
Thus, Gli1-expressing cells preferentially, but not exclusively,
give rise to deep OB neurons. In addition, it was previously
shown that ectopic upregulation of SHH signaling in GFAP�
cells in the adult dorsal SVZ results in a preferential increase in
deep-layer OB interneuron generation, whereas conditional ab-
lation of Shh at P60 leads to a decrease in the proportion of
deep-layer interneurons (Ihrie et al., 2011).

We first tested whether Smo ablation using mGfap-Cre results
in a similar preferential loss of deep-layer OB interneurons. In-
deed, in addition to the substantial overall reduction in the total
number of newly generated interneurons in mGfap-Smo CKO
mutants, the proportion of cells labeled with BrdU (after a 3 week
chase) in each of the three layers was altered (two-way ANOVA
interaction p � 0.0053), such that significantly more cells occu-
pied the superficial OB layer (p � 0.046) and fewer cells occupied
the deep layer (p � 0.046; 36.50% deep, 38.50% intermediate,
and 24.75% superficial interneurons in n � 4 littermate controls,
compared with 27.25% deep, 38.75% intermediate, and 34.75%
superficial interneurons in n � 4 mGfap-Smo CKOs; Fig. 8D).
Notably, attenuating GLI3 R levels in mGfap-Gli3;Smo double
mutants largely restored the balance in deep versus superficial OB
interneuron production (p � 0.56; n � 4 Gli3lox/�;Smolox/� lit-
termate control animals and 4 mGfap-Gli3;Smo CKOs; Fig. 8E).
In addition, removal of Gli3 alone did not lead to a preferential
increase in the number of deep-layer OB interneurons in mGfap-
Gli3 CKOs (p � 0.89) compared with littermate Gli3lox/lox con-
trols (Fig. 8F), demonstrating that downregulation of GLI3 R

alone is not sufficient to stimulate production of deep-layer OB
interneurons in vivo. Finally, our analysis of the distribution of
newly generated OB interneurons in mGfap-Gli2;Gli3 double
CKOs lacking all GLI A and GLI R activity strikingly revealed a

Figure 8. SHH is required postnatally to regulate the normal proportions of interneurons
that settle in the deep to superficial axis of the OB granule layer. A, Coronal section through the
OB of a Gli1CreER/�; R26yfp/yfp mouse 30 d after tamoxifen treatment (Gli1CreER GIFM) at 3 months

4

shows that fate-mapped interneuron progeny localize preferentially to the region closest to the
RMS (core). Scale bar, 50 �m. B, Schematic of an OB granule cell layer subdivided into deep
(gray area), intermediate (white area), and superficial (striped area) domains based on lines
drawn to demarcate the borders between domains 1/3 and 2/3 of the radius between the
outline of the RMS (core; in black) and the outer rim of the GCL. C, Quantitative representation of
the distribution of interneurons derived from Gli1-expressing NSCs shows that the majority of
Gli1CreER fate-mapped mature (NeuN�) interneurons localize to the deep and intermediate GCL
domains. D–G, Quantitation of the distribution of newly generated (BrdU�) interneurons
within the GCL shows that in mGfap-Smo CKOs (D) there is a shift toward generating more
superficial layer interneurons and a reduction in deep OB interneurons (2-way ANOVA with
Sidak’s post hoc test; ANOVA interaction p value **p � 0.0053; mean � SEM), whereas in
mGfap-Gli3;Smo CKOs (E) the distribution is not altered compared with controls (2-way ANOVA
with Sidak’s post hoc test; mean � SEM). Loss of Gli3 alone (F) is not sufficient to induce a
change in the OB interneuron distribution compared with controls (2-way ANOVA with Sidak’s
post hoc test; mean � SEM). In contrast, conditional ablation of both Gli2 and Gli3 in mGfap-
Gli2;Gli3 CKOs (G) results in a slight increase in the frequency of generation of deep-layer OB
interneurons compared with controls (ANOVA interaction p value *p � 0.02; mean � SEM).
H–K’, Staining for the dorsal molecular marker PAX6 in mGfap-Smo CKOs (H, H’, I, I’) and
mGfap-Gli2;Gli3 CKOs (J, J’, K, K’) revealed no change in PAX6 expression and hence in progen-
itor respecification along the dorsal–ventral axis of the SVZ. Analysis for the putative repattern-
ing of the SVZ in the same two mutants using the dorsally expressed marker SP8 yielded similar
results (L–O’). A minimum of n�3 littermate controls and 3 mutants were used for the analysis
of each experimental group.
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significant increase in the production of deep-layer interneurons
(p � 0.02), seemingly at the expense of superficial ones (two-way
ANOVA interaction p � 0.02; 37.97% deep, 37.13% intermedi-
ate, and 24.57% superficial interneurons in n � 3 littermate con-
trols, compared with 44.00% deep, 35.88% intermediate, and
20.08% superficial interneurons in n � 4 mGfap-Gli2;Gli3 CKOs;
Fig. 8G). This result points to a role for GLI2 R in inhibiting
deep-layer OB interneuron production in mGfap-Smo and mG-
fap-Gli3;Smo CKOs. In summary, our results reveal that proper
regulation of both GLI2 R and GLI3 R levels, rather than GLI A

activity in the SVZ or astrocytes in the RMS, is a mechanism by
which SHH signaling might influence the proportions of deep
and superficial OB interneurons produced.

Similarly, to determine whether there was a decrease in pro-
duction of periglomerular cells expressing calbindin (CalB�),
another OB cell type previously shown to preferentially derive
from the ventral SVZ and depend on SHH signaling (Merkle et
al., 2007; Ihrie et al., 2011), we compared the proportion of
CalB� BrdU-labeled newly generated cells within the glomeruli
of mGfap-Smo CKOs and controls. Surprisingly, despite the fact
that the overall number of newly generated periglomerular cells
in the mutants was unaffected, we observed a significant reduc-
tion in newly generated CalB� cells 3 weeks after BrdU labeling
of progenitors (p � 0.039; 11.65 � 1.76% for n � 3 controls
compared with 5.14 � 0.53% for n � 3 mutants). One possible
explanation for this result is a shift toward the production of
other periglomerular subtypes derived from the SVZ. We tested
whether the complete lack of GLI R in mGfap-Gli2;Gli3 CKOs
affected production of CalB� periglomerular neurons in an op-
posite way to that of mGfap-Smo CKOs but found no significant
change compared with controls (p � 0.76; 13.03 � 0.24% for n �
3 controls compared with 13.84 � 2.47% for n � 3 mutants).
Thus, unlike granule cells, a complete lack of GLI function does
not alter production of CalB� periglomerular neurons, at least
when assayed 3 weeks after BrdU labeling. It is nevertheless still
possible that other populations of periglomerular neurons are
sensitive to a reduction in GLI R levels.

One reason for the bias toward CalB� periglomerular and
superficial OB interneuron production in mGfap-Smo CKOs
could be a change in dorsal–ventral “patterning” of the SVZ due
to increased GLI R levels. To test for a “dorsalization” (i.e., a gain
of dorsally restricted gene expression in the ventral SVZ), we
analyzed the expression of two different dorsal SVZ molecular
markers, PAX6 and SP8, in mGfap-Smo CKOs and controls (Fig.
8H–I’,L–M’). However, we found no significant change in the
pattern of PAX6 or SP8 expression between mutant and control
animals. Similarly, we saw no indication of “ventralization” (loss
of dorsal markers dorsally) in the SVZ in mGfap-Gli2;Gli3 CKOs
using PAX6 and SP8 (Fig. 8J–K’,N–O’). These results argue
against a direct respecification of the progenitors in the SVZ.
Alternative explanations suggest that either (1) the dorsal genes
we analyzed are not specification genes, or (2) GLI R levels in the
ventral SVZ of mGfap-Smo CKOs are not high enough to induce
a change in PAX6/SP8 expression.

GLI3 R level modulation regulates mature astrocyte function
Given our discovery that an increase in GLI R levels rather than
loss of GLI A is responsible for two distinct functions of SVZ NSCs
regulated by SHH (maintenance of LRCs and OB interneuron
production), we asked whether a similar rule applies to forebrain
astrocyte function. We have previously shown that conditional
ablation of Smo in postnatal astrocytes using mGfap-Cre results
in a partial reactive astrogliosis phenotype in the adult cortex

(Garcia et al., 2010). mGfap-Smo CKOs display a remarkable
increase in the number of GFAP-expressing cortical astrocytes,
which at the cellular level develop enlarged cell bodies and thicker
GFAP-stained processes. To determine whether this phenotype
in astrocytes is caused by an increase in GLI3 R levels, we analyzed
expression of GFAP in the adult cortex of mGfap-Gli3;Smo dou-
ble mutants compared with mGfap-Smo CKOs. Indeed, in addi-
tion to a clear rescue of astrocyte hypertrophy, GFAP expression
was also noticeably downregulated in the cortex of mGfap-Gli3;
Smo CKOs (n � 3 mGfap-Smo CKOs compared with n � 5
mGfap-Gli3;Smo CKOs; Fig. 9A–C). Analysis of cortical astro-
cytes in mGfap-Gli2;Gli3 double mutants (n � 7; Fig. 9F) and
mGfap-Gli3 (n � 4) or mGfap-Gli2 (n � 6) single CKOs (Fig. 9D;
data not shown) also revealed no obvious change in the number
or morphology of GFAP� astrocytes. Moreover, expression of
GLI3 R in the absence of the normal GLI2 or GLI3 proteins in the
cortex of mGfap-Gli2;Gli3�699 CKOs (n � 4) led to an increase in
the number of GFAP-expressing astrocytes and partial astrocyte
hypertrophy in mutant cortices (Fig. 9E), similar to that in
mGfap-Smo CKOs. Together, our results reveal that as in SVZ
NSCs, GLI3 R plays a dominant role in the transduction of
SHH signaling in mature astrocytes in the uninjured forebrain
(Fig. 10).

Discussion
In this study, we addressed the specific roles of the zinc-finger
transcription factors GLI2 and GLI3 in the postnatal SVZ and
cortical astrocytes, and determined the extent to which the re-
pressor or activator function of each GLI contributes to main-
taining three processes. In terms of SVZ neurogenesis, our
comparative analysis of mGfap-Gli2 and mGfap-Gli3 conditional
mutants compared with mGfap-Smo CKOs revealed that either
Gli2 or Gli3 alone is sufficient in GFAP-expressing cells to main-
tain a normal level of SVZ proliferation and OB neuron produc-
tion. One possible explanation for these results was redundancy
between GLI2 and GLI3 activators in transducing SHH signaling,
as there is evidence for GLI3 A having a role along with GLI2 A in
the embryo (Bai et al., 2004; Bowers et al., 2012). However, our
double-mutant studies argue against the GLI A side of the path-
way playing a major role in SVZ neurogenesis. First, we found
only a slight decrease in neurogenesis in mGfap-Gli2;Gli3 CKO
animals lacking both Gli genes. Second, we found that mGfap-
Smo CKOs that also lack Gli3 have a major rescue of neurogenesis
compared with mGfap-Smo CKOs, indicating that an increase in
GLI3 R contributes to the neurogenesis defect in mGfap-Smo
CKOs. Third, mGfap-Gli2;Gli3 CKOs lacking all GLI R activity
have a more normal level of SVZ proliferation than mGfap-Gli3;
Smo CKOs in which GLI2 R remains functional, indicating GLI2 R

also contributes to the mGfap-Smo CKO phenotype. A similar
minor role for GLI2 R has been observed in the developing limb
(Bowers et al., 2012). Finally, expression of a constitutive repres-
sor form of GLI3 in GFAP-expressing cells leads to a decrease in
neurogenesis. Together, our results demonstrate only a minor
requirement for GLI A-mediated SHH signaling in promoting
SVZ neurogenesis, similar to the embryonic forebrain (Park et al.,
2000; Rallu et al., 2002; Fuccillo et al., 2004), and have uncovered
that GLI2 R augments a major role of GLI3 R in reducing neuro-
genesis in the postnatal SVZ.

We found that Gli2 and Gli3 expression in the adult SVZ, and
with this the ability to activate canonical SHH signaling, is limited
primarily to mature astrocytes and astrocyte-like slow-cycling or
activated NSCs. Our analysis of BrdU label-retaining NSCs in the
SVZ revealed that the majority of LRCs in both the dorsal and
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ventral SVZ express Gli2 and Gli3. Furthermore, the three Glis are
expressed only in rare KI67� progenitors, arguing against acti-
vation of SHH signaling in TACs and NBs. Since Ascl1 expres-
sion, traditionally viewed as a demarcation of TACs, has been
observed in Gli1-expressing cells in the adult SVZ (Palma et al.,
2005; Balordi and Fishell, 2007a), our results indicate that it is

only the subset of long-lived ASCL1� adult NSCs (Kim et al.,
2011) that express Gli1. Our results of Gli2 and Gli3 expression
are consistent with the previously reported lack of Gli1 expres-
sion in SVZ NBs (Palma et al., 2005; Balordi and Fishell, 2007a).
The major loss of SVZ NSCs in mGfap-Smo CKOs and Nestin-
MASTR Smo mosaics further demonstrates a primary role for

Figure 9. Unattenuated GLI3 R levels alter astrocyte function. A–C, IHC staining of sections of adult cortex for GFAP shows that mGfap-Smo CKO astrocytes exhibit a partial reactive astrogliosis
phenotype (A, B), whereas removal of Gli3 in mGfap-Smo CKOs rescues astrocyte morphology and drastically reduces the population of GFAP-overexpressing glia in the cortex (C). D–F, No obvious
change in the morphology of GFAP-expressing astrocytes is observed in mGfap-Gli3 CKOs (D) or in mGfap-Gli2;Gli3 double CKOs (F), whereas expression of GLI3 R in the absence of GLI A (mGfap-Gli2;
Gli3�699 CKOs) recapitulates the astrocyte hypertrophy and GFAP overexpression observed in mGfap-Smo CKOs (E). A–F, Insets, Example of cortical astrocyte morphology in the various mutants and
control. Scale bar: (in A) A–F, 50 �m.

Figure 10. SVZ proliferation, OB interneuron specification, and astrocyte morphology require precise titration of GLI R levels by SHH. Summary of the three distinct SHH-dependent phenotypes
observed in mouse mutants lacking Smo and/or Gli2 and Gli3 or expressing GLI3 R (Gli3�699) in GFAP-expressing cells in the postnatal forebrain. Phenotypic changes that are statistically significant
based on analyzing 3– 4 animals are indicated by an asterisk. The GLI proteins that remain in the mutants are indicated above the phenotypes, demonstrating the degree to which regulation of the
correct dose of GLI3 R and GLI2 R is necessary for each developmental process, and the very limited role of GLI A. Mice lacking Gli2 or Gli3 alone have no obvious defects in the adult forebrain (not
indicated). In mice lacking only Smo, no GLI2 A or GLI3 A is produced and instead the levels of GLI3 R and GLI2 R are increased. This results in a loss of slow-cycling NSCs in the SVZ, which leads to a major
decease in the percentage of proliferating cells in the SVZ (SVZ proliferation), a decrease in the number of newly born OB neurons (not indicated), an alteration in the proportion of deep versus
superficial OB interneurons produced (OB %deep : %superficial; control percentage shown in brackets), and an increase in the number of GFAP-expressing astrocytes and morphological changes
indicating partial gliosis (1GFAP in astrocytes). SVZ neurogenesis is decreased to a lesser extent in mice lacking Gli2 and only expressing a low level of a GLI3 R (mGfap-Gli2;Gli3�699 CKO), whereas
the defect in astrocyte function is similar to that in mGfap-Smo CKOs. In mice lacking Smo and Gli3, and in which only GLI2 R is expressed (mGfap-Smo;Gli3 CKO), there is only a mild reduction in
neurogenesis, a slight increase in astrocyte gliosis, and OB interneuron production and the proportion of deep and superficial neurons is restored to normal levels. In contrast, in mice lacking Gli2 and
Gli3 that produce no GLI 2/3 A or GLI2/3 R proteins (mGfap-Gli2;Gli3 CKO), neurogenesis is almost normal and astrocyte function appears normal, but the ratio of deep/superficial OB interneurons is
changed in the opposite direction to that in Smo mutants.
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SHH signaling postnatally specifically in slow-cycling NSCs. In
contrast, a role for SHH in the regulation of adult NB migration
toward the OB has been suggested (Angot et al., 2008), raising the
possibility of an additional chemoattractive role for SHH. Al-
though in vitro NB migration was shown to be SMO-dependent,
as receptor antagonists were able to disrupt migration, it is highly
likely that NB migration is regulated through a noncanonical
mechanism that is GLI-independent (Yam et al., 2009). Taking
into account that GLI A/R activity can influence proliferation in
many tissues during embryonic development (Bai et al., 2004),
and that GLI1 is able to modulate cell-cycle progression (Kenney
and Rowitch, 2000), it is possible that SHH regulates the switch
between NSC quiescence and proliferative activation, or the
decision-making process between self-renewal and progenitor
generation. Consistent with this, our marker analysis of LRCs in
mGfap-Smo CKOs and GFP� cells in Nestin-MASTR Smo mo-
saics indicates NSCs lacking Smo do not change fate into astro-
cytes but instead proliferate less often.

In addition to regulating neurogenesis in the SVZ, our results
have important implications for the recent evidence that the SVZ
is molecularly patterned along the dorsal–ventral axis and SHH
signaling can influence the proportion of OB neurons that oc-
cupy the deep versus superficial layers (Merkle et al., 2007; Ihrie
et al., 2011). We showed that constant negative regulation of
GLI3 R activity by SHH is required both in the dorsal GLI1�
NSCs and GLI1� ventral SVZ, as the number of LRCs and pro-
liferating TACs is significantly decreased in both regions of the
SVZ of mGfap-Smo CKOs. Interestingly, as was previously ob-
served in mice lacking Shh in the adult forebrain (Ihrie et al.,
2011), we found that in the few remaining OB neurons generated
in adult mGfap-Smo CKOs, the proportion of deep-layer OB in-
terneurons is preferentially reduced. Moreover, in mGfap-Gli2;
Gli3 double CKOs that have little reduction in neurogenesis, we
observed a significant increase in the proportion of deep-layer
interneurons produced, whereas in mGfap-Gli3;Smo CKOs that
maintain GLI2 R, the distribution appeared normal. Our study of
the requirement for GLI2/3 function in OB neuron generation in
the postnatal brain indicates that a complete inhibition of all
GLI R activity, and not GLI A function, pushes SVZ stem cells
toward production of deep-layer OB neurons. In addition, a low
level of GLI R is required to produce the normal proportion of
superficial OB neurons. In light of our results, the likely explana-
tion for the finding that ectopic expression of SmoM2 (an onco-
genic activated form of SMO) in NSCs of the dorsal SVZ can bias
dorsal NSCs toward producing deep-layer interneurons (Ihrie et
al., 2011) is that activated SmoM2 removes all GLI R, producing a
molecular environment similar to our mGfap-Gli2;Gli3 CKOs.
Altogether, our results demonstrate that an antagonistic interac-
tion between GLI R and SHH is crucial to the generation of the
correct proportions of interneurons along the deep to superficial
axis of the OB. Our analysis of two dorsally restricted genes in the
SVZ revealed no spatial change in mGfap-Smo or mGfap-Gli2;
Gli3 CKOs, revealing that SHH signaling is not required to regu-
late Pax6 and Sp8 expression.

An interesting aspect of SHH function outside the neurogenic
niches of the adult forebrain is its role in maintaining astrocyte
function. We have demonstrated that SHH signaling in mature
astrocytes is not only mediated by the GLI transcription factors,
but also that differentiated astrocytes in the adult cortex are ex-
quisitely sensitive to an increase in GLI R. On one hand, ablation
of Gli3 in mGfap-Smo CKOs largely rescues the reactive astroglio-
sis phenotype characteristic of cortical astrocytes mutant for Smo.
On the other hand, expression of a constitutive GLI3 R in the

absence of normal GLI2 or GLI3 produces a great degree of reac-
tive astrogliosis. As gliosis is normally a sign of injury or disease,
our studies indicate that an increase of GLI R in astrocytes of
mGfap-Smo CKOs leads to changes in gene expression that either
directly compromises astrocytes or alters astrocyte–neuron re-
ciprocal communication in specific brain regions, such as the
cortex. In light of a recent paper showing that SHH controls
production of GFAP� forebrain cells capable of forming neuro-
spheres in vitro (Sirko et al., 2013), we speculate that GLI3 R is the
main effector of this additional SHH-regulated adult forebrain
process that could be critical to repair following injury. Despite
the requirement for SHH signaling in astrocyte function, our
mosaic mutant analysis demonstrates a cell-autonomous re-
quirement for SHH to maintain neurogenesis and the population
of GFAP� S100�� NSCs in the SVZ.

Finally, we uncovered that in mGfap-Smo CKO mutants there
is a gradual deterioration of SVZ neurogenesis, indicating that
SHH activity preserves NSCs throughout life. Furthermore, our
examination of cell death in P14 and P45 mGfap-Smo CKOs in-
dicates that apoptosis is not a major cause of the loss of LRCs in
the SVZ. However, if NSCs alone were to die over a protracted
period of time in mGfap-Smo CKOs, cell death might not be
readily detectable. On the other hand, lowering SHH signaling
often leads to changes in cell-fate decisions during development,
including in the telencephalon (Nery et al., 2001; Loulier et al.,
2006), which raised the possibility that ablation of SHH signaling
results in an alteration in the identity of adult SVZ NSCs. Hence
one possibility, in addition to cell death or differentiation, is that
loss of SHH signaling (increased GLI3 R) pushes NSCs in mGfap-
Smo CKOs to slip into permanent quiescence. Interestingly, we
have shown that SVZ neurogenesis significantly decreases with
age (Fig. 3), similar to the aging dentate gyrus (Bonaguidi et al.,
2011; Lugert et al., 2012), where NSCs can transform into differ-
entiated astrocytes (Encinas et al., 2011). Although our marker
analysis indicates SVZ NSCs in mGfap-Smo CKOs do not become
astrocytes, in light of this recent discovery and our finding of a
role for SHH in maintaining LRCs and thus the proliferative
ability of NSCs, as well as in governing astrocyte function, SHH
stands out as a possible antiaging signal (Dashti et al., 2012) that
could be responsible for prolonging the life of neurogenic niches
in the mature brain.
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