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Since the discovery of neural stem cells in the mammalian brain,
there has been signiﬁcant interest in understanding their contribution to tissue homeostasis at both the cellular and molecular level.
Wnt/β-catenin signaling is crucial for development of the central
nervous system and has been implicated in stem cell maintenance
in multiple tissues. Based on this, we hypothesized that the Wnt
pathway likely controls neural stem cell maintenance and differentiation along the entire developmental continuum. To test this, we
performed lineage tracing experiments using the recently developed tamoxifen-inducible Cre at Axin2 mouse strain to follow the
developmental fate of Wnt/β-catenin–responsive cells in both the
embryonic and postnatal mouse brain. From as early as embryonic
day 8.5 onwards, Axin2+ cells can give rise to spatially and functionally restricted populations of adult neural stem cells in the subventricular zone. Similarly, progeny from Axin2+ cells labeled from
E12.5 contribute to both the subventricular zone and the dentate
gyrus of the hippocampus. Labeling in the postnatal brain, in turn,
demonstrates the persistence of long-lived, Wnt/β-catenin–responsive stem cells in both of these sites. These results demonstrate the
continued importance of Wnt/β-catenin signaling for neural stem
and progenitor cell formation and function throughout developmental time.
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n the embryonic brain, radial glia cells (RGCs) function as the
earliest stem cells committed to the neural lineage, as demonstrated by their capacity to generate all neuronal and glial lineages
of the adult central nervous system (1, 2). These cells ﬁrst arise
around embryonic day 10.5 (E10.5), when cells that make up the
single layered neuroepithelium begin to take on the typical morphological characteristics of RGCs, including a tissue-spanning
radial ﬁber, a cell body that remains in the ventricular zone, and
the expression of glial-lineage markers, among others. Forebrain
RGCs divide to generate neuron-committed progenitor cells
starting at E11.5. These progenitors can differentiate directly into
neurons or may undergo additional rounds of amplifying divisions
before exiting the cell cycle. As development progresses, RGCs
begin to produce glial-restricted progeny. Whereas neurogenesis is
virtually complete at birth, gliogenesis continues through the end
of gestation and well into postnatal life (1–3).
Most RGCs terminally differentiate into mature astrocytes (4)
but some are thought to persist in adulthood as specialized neural
stem cells (NSCs). Similar to RGCs in development, the adult
NSCs are most abundant in the subventricular zone (SVZ) of the
lateral ventricle and display a radial morphology and express glial
markers (1, 2, 5). Similar cells are also found in a specialized
subgranular zone (SGZ) of the hippocampal dentate gyrus (DG)
(3, 6). Although glia are continuously generated throughout the
brain, the SVZ and SGZ are unique in their ability to generate
adult-born neurons throughout life.
The stem cells of the SVZ divide to produce transient amplifying
progenitors, which in turn give rise to migratory neuroblasts (4, 7),
forming chains of cells that leave the ventricle and migrate long
www.pnas.org/cgi/doi/10.1073/pnas.1305411110

distances in the rostral migratory stream (RMS) to the olfactory bulb (8, 9). Multiple signaling pathways, including Notch,
Hedgehog, and Wnt, control distinct aspects of NSC behavior
(4, 10–12), but little is known about the lineal relationship between developmental and adult neural stem cells or the signaling
mechanisms that are involved in stem cell maintenance during the
transition from development to adulthood.
Wnt signaling is instrumental in the maintenance and differentiation of many developmental and adult stem cells, including those
of the intestinal epithelium and hair follicle (13, 14). In the central
nervous system, Wnt/β-catenin signaling is critical for proper
patterning during development (15) and for instructing cell fate
choices both embryonically and postnatally (12, 16, 17). To address
the role of the Wnt/β-catenin in neural stem and progenitor cell
development and function in vivo, we performed lineage tracing
studies with the recently generated tamoxifen-inducible Cre at
Axin2 (Axin2CreERT2) mouse strain (18).
Results
Lineage Tracing of Wnt Responding Cells. To track the developmental fate of Wnt-responsive cell populations in the developing central nervous system, we used a lineage tracing mouse,
Axin2CreERT2, which expresses a tamoxifen-inducible Cre protein
from the endogenous Axin2 locus (18). When crossed to the
Rosa26 membrane tomato/membrane green ﬂuorescent protein
(Rosa26-mT/mG; R26RmTmG) reporter strain, tamoxifen-induced
Axin2CreERT2-expressing cells express membrane-bound green
ﬂuorescent protein (GFP) (19). To examine Wnt/β-catenin responsiveness during early neuroectodermal development, we administered tamoxifen to pregnant females bearing Axin2CreERT2/+;
R26RmTmG/+ embryos at gestational day E6.5. One day later
(E7.5), embryos were examined for the presence of GFP+ cells. In
addition to GFP+ cells in the mesoderm (Fig. S1A), we could detect GFP+ cells in the ectoderm, the germ layer from which the
nervous system will ultimately arise (Fig. 1A).
As development proceeds, the brain is ﬁrst composed of a single
layer of neuroepithelial cells, which begin to take on RGC characteristics around E10.5. When tamoxifen was administered at
E8.5, when the neuroepithelium is fully speciﬁed, and embryos
were examined at E10.5, we could detect GFP+ cells in the pallium
and midline structures of the forebrain (Fig. 1B). As expected,
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Fig. 1. Axin2CreERT2 marks cells of the neural lineage at multiple developmental time points. Pregnant females carrying Axin2CreERT2/+; R26RmTmG/+ embryos
were injected with tamoxifen at various developmental time points and embryos examined 24–48 h later. (A) E6.5–E7.5; (B and C) E8.5–E10.5; (D and E) E12.5–
E13.5; and (F and G) E12.5–E14.5. (A) DAPI-stained tissue section of an Axin2CreERT2/+; R26RmTmG/+ embryo at E7.5, 24 h after administration of tamoxifen
shows rare GFP+ cells in the ectoderm. (B) An E8.5–E10.5 trace shows GFP+ cells in the pallium and midline structures (C), which are beginning to take on
elongated radial glial cell morphology. (D) In an E12.5–E13.5 traced forebrain, many GFP+ cells are present in the cortical hem and septum, and fewer in the
pallium, and none in the ganglionic eminences. (E) Pallial GFP+ cell with a long radial ﬁber undergoing cell division at the ventricular surface, traced E12.5–
E13.5. (F) After an E12.5–E14.5 trace, there is an increase in the total number of GFP+ cells in a given clone compared with E12.5–E13.5, although overall
regional distributions remain the same. (G) E12.5–E14.5, a single clone of GFP+ cells containing at least three radial glial cells and multiple differentiated
progeny. Boxed region is magniﬁed in the Inset (G′). (A) Transverse section, (B–G) coronal section. DAPI staining is shown in blue, GFP staining is shown in
green. (Scale bar, 50 μm, except in E and Inset in G, where it represents 25 μm.)

these cells were beginning to elongate and take on the morphology
of RGCs (Fig. 1C). Thus, Axin2CreERT2 marks both early ectodermal and neuroepithelial cells, the embryonic precursors that will
ultimately generate the brain.
Next, we administered tamoxifen at E12.5, a period of active
neurogenesis, and examined the embryos 24 h later. In the
forebrain, sporadic GFP+ RGCs could be found in the pallium
(Fig. 1D). Following this short trace, the majority of GFP+ cells
were RGCs (84.2 ± 4%). Occasionally, we observed pallial GFP+
cells with long radial ﬁbers that were undergoing division at the
ventricular surface, a characteristic of RGCs (Fig. 1E). Many
GFP+ cells were also detected in the cortical hem and ventral
midline structures of the developing septal area and thalamus, the
former of which is critical for proper patterning and development
of the hippocampus (Fig. 1D), in agreement with the known role of
Wnt/β-catenin signaling in hippocampal development (20–22).
Upon tracing cells for 48 rather than 24 h (Fig. 1F), we found an
increase in the total number of GFP+ cells per clone (3.6 ± 0.3 cells
vs. 1.7 ± 0.1 cells, Student’s t test, P < 0.0001), as well as discrete
pallial clones containing multiple RGCs and differentiated progeny (Fig. 1 F and G). Of note, we did not ﬁnd labeling in the lateral
or medial ganglionic eminences from which the basal ganglia arise
(Fig. 1D), suggesting that Wnt/β-catenin responsiveness could be
differentially localized or temporally regulated in speciﬁc neurogenic zones. These results are consistent with other reports, which
demonstrate a restriction of Wnt signaling to the dorsal forebrain
(23, 24), but are in contrast to ﬁndings of Gulacsi and Anderson
(25) using a transgenic Wnt reporter, a difference likely inherent to
the various reporter lines (26).
Embryonic Wnt-Responsive Cells Give Rise to Spatially Restricted
Adult SVZ Stem Cells. Most RGCs are lost around birth in differ-

entiative divisions (4). However, retrovirus-based labeling studies
demonstrated that some early postnatal RGCs can give rise to the
adult NSCs of the lateral ventricle (27, 28). Because of these
observations, we wondered if Wnt-responsive cells in the ventricular zone of the embryo were lineally related to adult SVZ
NSCs. To test this, Axin2CreERT2/+; R26RmTmG/+ mice were exposed to tamoxifen in utero at embryonic day 8.5 (E8.5) or E12.5
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and pups were allowed to develop until postnatal day 21 (P21) or
adulthood (≥8 wk).
Progeny from Wnt-responding cells indelibly marked at E8.5
were present in the adult SVZ (Fig. 2A), and GFP+ cells with
migratory morphology were also observed in the RMS (Fig. 2B),
as well as in the olfactory bulb, with morphologies consistent with
olfactory bulb neurons (Fig. 2C). Although rare, there were also
GFP+ subgranular and granular cells in the dentate gyrus of the
hippocampus, when mice were traced from E8.5 (Fig. S1B).
Progeny from Axin2CreERT2+ RGCs labeled at E12.5 were also
abundant in the adult SVZ. From these later traces, we observed
subependymal GFP+ cells underlying the lateral ventricle with
long parenchymal processes, the typical morphology of adult NSCs
(Fig. 2D). A subset of these GFP+ cells also expressed GFAP,
a marker of adult NSCs (Fig. 2E). As further demonstration of
their maintained function as NSCs, we could observe GFP+ neuroblasts within the RMS (Fig. 2F), as well as differentiated neurons
within the olfactory bulb (Fig. 2G).
Other areas of the brain also contained GFP+ progeny, including an abundant population of cells with mature astrocytelike arborization domains within the parenchyma and various
populations in multiple aspects of the hippocampus (Fig. 2H).
Within the dentate gyrus of the hippocampus, the other neurogenic zone of the adult, we could detect GFP+ GFAP+ radial-like
cells (Fig. 2I), GFP+ Dcx+ immature precursor cells (Fig. 2J), and
granule layer neurons (Fig. 2K).
Interestingly, similarly to the Axin2CreERT2+ RGCs themselves,
the adult SVZ NSCs derived from them were spatially restricted,
occupying only distinct regions around the lateral ventricle. When
RGC progeny were traced from E12.5 into adulthood, we only
rarely detected GFP+ cells along the dorsal cortical wall (Fig. 3 A
and B), whereas GFP+ cells were abundant along the dorsal medial
wall (Fig. 3A). In contrast, we failed to detect any labeled cells on
the lateral wall or ventral portion of the subventricular zone (Fig.
3A). This observation is in agreement with the fact that the latter
two regions are derived from the embryonic ganglionic eminences
(29), where Wnt/β-catenin responsive RGCs were absent (Fig. 1D).
It was recently described that the SVZ NSCs of the adult
mouse brain are regionally speciﬁed with regards to their progeny
(29, 30). To determine if adult NSCs derived from embryonically
Bowman et al.
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Fig. 2. Descendants of embryonically labeled Axin2CreERT2 cells become
functional adult SVZ and DG stem cells. Representative images of E8.5 or
E12.5 tamoxifen-induced Axin2CreERT2/+; R26RmTmG/+ embryos. (A–C) E8.5–
P21; (D–K) E12.5–P56. (A, D, and E) Lateral ventricle; (B and F) rostral migratory stream; (C and G) olfactory bulb; and (H and K) hippocampus. (A)
E8.5-labeled Axin2+ RGCs produce GFP+ progeny with morphologies consistent with ependymal and subependymal cells, (B) migratory neuroblasts,
and (C) olfactory neurons. (D) Progeny of Axin2+ cells labeled at E12.5 also
generate GFP+ subependymal cells, some of which also stain for GFAP (red,
E). (F) GFP+ neuroblasts and (G) olfactory neurons are also present. (H) Progeny of Axin2+ cells traced from E12.5–P56 make signiﬁcant contributions to
multiple structures in the hippocampus. (I) Some Axin2+ descendants are
radial cells that coexpress GFAP; Inset shows GFAP only. (J) Clusters of GFP+
Dcx+ cells are also present (Inset shows Dcx only), as well as many GFP +
calbindin+ neurons (Inset shows calbindin only) (K ). (Scale bar, 50 μm.)
CP, choroid plexus. Boxed region in D is magniﬁed in E. Arrows point to
cells of interest and double positive cells; dashed lines in D and E mark
the edge of the ventricle. DAPI staining is shown in blue, GFP staining in
green, and all other markers in red.

labeled Axin2CreERT2+ RGCs are similarly restricted, we examined the olfactory bulbs of these embryonically labeled mice.
Similar to previous ﬁndings, we could detect large numbers of
GFP+ granule cells (GCs) and calretininR+, periglomerlar cells
(CalR+ PGCs) (Fig. 3 C and E), and a more limited overlap
between GFP and tyrosine hydroxylase+ PGCs (Fig. 3D). Conversely, we could not detect GFP+ calbindin+ PGCs (Fig. 3F),
which are largely generated from the lateral and ventral walls, in
agreement with the NSC labeling pattern around the ventricle.
Whereas these regional NSC restrictions have been broadly described (29, 30), a role for Wnt signaling in speciﬁcation of these
compartments has not been recognized.

GFP labeling. The absence of labeling in postmitotic cells did not
appear to be due to inefﬁcient recombination of the reporter
allele, as we were able to detect GFP+ cells in the vasculature in
both locations (Fig. 4C).
Ten days after tamoxifen injection, the number of labeled cells
at the ventricle was increased and some cells coexpressed distallike homeobox (Dlx2), a marker of transient amplifying neuroblasts (Fig. 4D, closed arrowhead). Interestingly, some GFP+ cells
that remained in contact with the ventricle were Dlx2−, suggesting
that they represent a less differentiated NSC population (Fig. 4D,
open arrowhead). Furthermore, in contrast to the analysis performed after 2 d, after 10 d of tracing we detected doublecortin
positive GFP+ migrating neuroblasts in the RMS (Fig. 4E). GFP+
olfactory neurons were also detected, whereas previously there
had been none (compare Fig. 4 B and C with E and F). To ascertain
whether this initially labeled subependymal cell was a transitory
progenitor or a long-term stem cell, we increased the trace length
to 8 wk. Previous studies using retroviral labeling have demonstrated that the transit time from an initial stem cell division to
a differentiated neuron is conservatively 10–14 d (33). Therefore,
a 2-mo trace, which is in vast excess of this time, should distinguish
between short-lived progenitors and longer-lived NSC populations. Upon examining these long traces, we detected the
continued presence of GFP+ cells at the ventricle, and the RMS
remained populated with abundant GFP+ migrating neuroblasts
(Fig. 4G). Astrocyte-like cells that display a typical cobblestone
distribution are also abundant in the surrounding tissues (Fig. 4G).
Longer traces of up to 1 y conﬁrmed the longevity of the labeled
subependymal population and demonstrated its potent neurogenic
capacity, as revealed by the continuous presence of GFP+ neuroblasts in the RMS, and many GFP+ olfactory bulb neurons (Fig. 4
H–J). In addition, Wnt/β-catenin–responsive cells in the SVZ were
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Postnatal SVZ Stem Cells Are Persistently Wnt/β-Catenin Responsive.

Static Wnt/β-catenin reporters have demonstrated Wnt-pathway
activity in the SVZ, but have not allowed an analysis of the longterm fate or differentiation capacity of these cells in vivo (31, 32).
To address whether postnatal SVZ NSCs are Wnt/β-catenin responsive, we induced labeling of Axin2CreERT2/+; R26RmTmG/+ mice
in adolescence (P14–16) or adulthood (≥8 wk). Initial labeling
analysis 2 d posttamoxifen showed rare GFP+ GFAP+ (red) cells
around the lateral ventricle (Fig. 4A). Some ependymal cells were
also labeled (Fig. 4A, Inset). GFP+ RMS neuroblasts (Fig. 4B) or
olfactory bulb neurons (Fig. 4C) were not detected, suggesting that
Wnt/β-catenin pathway is not sufﬁciently activated in neuroblasts
and differentiated neurons to evoke Axin2CreERT2 expression and
Bowman et al.

Fig. 3. Descendants of embryonically labeled Axin2CreERT2 cells are regionally and developmentally restricted adult SVZ stem cells. Coronal sections of Axin2CreERT2/+; R26RmTmG/+ embryos traced from E12.5–P56. (A and
B) Lateral ventricle; (C–F) olfactory bulb. (A and B) E12.5–P56 traces reveal
that the progeny of Axin2+ cells are regionalized postnatally and are only
found on the medial and dorsal walls (Inset) of the lateral ventricle. (C–F) In
the olfactory bulb, adult SVZ descendants of E12.5 Axin2+ cells generate (C
and E) calretinin+ GFP+, and (D) tyrosine hydroxylase+ GFP+ olfactory neurons, but not (F) calbindin+ GFP+ olfactory neurons. CP, choroid plexus; L,
lateral; M, medial. Boxed region in A is magniﬁed in B; Insets in C–E magnify
double positive cells. Arrowheads point to cells of interest. GFP is shown in
green, DAPI is shown in blue, and all other markers are shown in red. (Scale
bar, 50 μm.)
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Axin2CreERT2 Labels Hippocampal Stem Cells and Multiple Adult Radial
Glial Cell Populations. In addition to the SVZ, stem cells also persist

C

B

*

*

GFAP

D

E

F

Dlx2

Dcx

G

H

CP

I

CP

Dcx

J

K
EdU

Fig. 4. Adult SVZ neural stem cells are Wnt/β-catenin responsive. Representative images of brain sections from Axin2CreERT2/+; R26RmTmG/+ traced postnatally for various lengths of time. (A, D, H, and K) lateral ventricle; (B, E, and
I) rostral migratory stream; (C, F, and J) olfactory bulb; and (G) photomontage
of a sagittal section. (A) P14–P16 trace, rare subependymal GFP+ GFAP+ cells
are present, as are some GFP+ ependymal cells (Inset). (B and C) No initial
labeling is detected in the rostral migratory stream or olfactory bulb, apart
from vasculature (asterisks). (D) P14–P24, 10 d after tamoxifen, increasing
numbers of GFP+ cells can be found around the ventricle. Some GFP+ cells are
Dlx2+ (closed arrowheads) and some are Dlx2− (open arrowhead). (E) P14–
P24, many GFP+ cells are detected in the rostral migratory stream, and many
coexpress doublecortin (Inset). (F) P14–P24, GFP+ cells are found in the olfactory bulb. (G) P14–P81, many GFP+ cells can be found remaining at the
ventricle and populating the entire rostral migratory stream. (H) P14–P379,
1 y after initial labeling, GFP+ cells are retained at the ventricle, (I) are present
in the rostral migratory stream, and (J) ﬁll the olfactory bulb. (K) P14–P65,
rare GFP+ EdU+ subependymal cells can be found 30 d after EdU administration (Inset shows EdU). CP, choroid plexus. Asterisks in C mark vasculature;
closed arrowheads point to cells of interest and double positive cells; open
arrowhead in D marks a Dlx− GFP+ cell; dashed lines in A, D, and K mark the
edge of the ventricle. In all cases DAPI is shown in blue, GFP is shown in green,
and all other markers in red. (Scale bar, 50 μm.)

label retaining, a suggested characteristic of many long-term stem
cell populations (34–36). GFP+ 5-ethynyl-2′-deoxyuridine (EdU+)
cells were present 4 wk after the administration of tamoxifen and
the DNA label (Fig. 4K). Taken together, these results demonstrate the presence of a long-lived Wnt-responsive adult NSC in
the SVZ of the lateral ventricle, which gives rise to differentiated
neuronal progeny.
In contrast to embryonically initiated labeling, Axin2CreERT2+
NSCs labeled postnatally lined all walls of the lateral ventricle
and gave rise to all major subtypes of neurons in the olfactory
bulb, suggesting that most, if not all, NSCs in the postnatal SVZ
are Wnt/β-catenin responsive (Fig. S2).
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1305411110

postnatally in the DG of the hippocampus. SVZ and DG stem cell
populations share numerous characteristics; most notably, both
are astrocytic cells that retain a radial morphology. In addition,
they express similar markers, including GFAP (5–7). Given our
ﬁnding that adult NSCs in the SVZ are Wnt/β-catenin responsive
and that Wnt signaling has been previously demonstrated to control proliferation and neuronal commitment of adult hippocampal
progenitors (12), we wondered whether DG stem cells might also
be controlled by Wnt/β-catenin signaling. When we administered
tamoxifen to postnatal Axin2CreERT2/+; R26RmTmG/+ mice, we
detected Axin2CreERT2+ cells in the DG of the hippocampus. Short
trace experiments (2 d) revealed only rare subgranular zone cells
to be Wnt/β-catenin responsive (Fig. 5A). A 2-mo-long trace
revealed that these GFP+ cells had given rise to Dcx+ progenitors
as well as differentiated neurons (Fig. 5 B and C). Additionally,
some of GFP+ cells present at this 2-mo time point coexpressed
GFAP (Fig. 5D), which labels DG stem cells and mature astrocytes. We were also able to detect GFP+ EdU label retaining cells
in the SGZ (Fig. 5E). Furthermore, GFAP+ GFP+ cells remained
present 1 y after tamoxifen-mediated recombination (Fig. 5F).
Together with the observation that during the course of this time
many GFP+ differentiated neurons were born, these studies argue
that at least a subset of hippocampal stem cells in the postnatal
mouse brain are Wnt/β-catenin responsive.
Intriguingly, we noticed that other radial glial populations in
the central nervous system—the Bergmann glia of the cerebellum
and the Müller glia of the neural retina—were also Axin2CreERT2
positive at multiple developmental time points (Fig. S3), suggesting a conserved role for Wnt/β-catenin signaling in speciﬁc
radial glia populations from many regions of the developing CNS.
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Fig. 5. Axin2CreERT2 labels stem cells of the dentate gyrus. Representative
images of brain sections from Axin2CreERT2/+; R26RmTmG/+ traced postnatally
for various lengths of time. (A) P14–16, 2 d after tamoxifen, rare GFP+ cells
are found in the subgranular zone, but no neurons are labeled. (B) P14–P81,
GFP+ Dcx+ cells are present, as well as differentiated neurons (D) and subgranular cells that are GFP+ GFAP+ (E) (Inset shows GFAP staining). (F) P14–
P65, GFP+ EdU+ cells can be found in the subgranular zone 30 d after EdU
administration. (G) P14–P379, 1 y after tamoxifen, GFP+ GFAP+ cells are still
present (Inset shows GFAP staining). DAPI is shown in blue, GFP is shown in
green, and all other markers are shown in red. Arrowheads point to cells of
interest and double positive cells. (Scale bar, 50 μm.)
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Discussion
Our results show that in the developing embryo early ectodermal,
neuroepithelial, and radial glial cells are Wnt/β-catenin responsive,
demonstrating that at all major developmental stages, a subset of
stem and progenitor-like cells of the central nervous system are
responding to Wnt/β-catenin signaling. Although most embryonic
precursors are not maintained into postnatal life, we ﬁnd that Wntresponsive embryonic neuroepithelial cells, as well as RGCs, are
able to give rise to adult NSCs. As early as E8.5 (the earliest time
we traced to postnatal times), Axin2CreERT2 labels cells that eventually convert into adult NSCs in the ventricular wall, and these
cells persist throughout adult life and continue to produce new
olfactory bulb neurons. To our knowledge, this is the earliest
reported inducible cre-mediated labeling which can still produce
functional adult SVZ stem cells. In the subgranular zone of the
DG, labeling from E8.5 to adulthood is very sparse, making deﬁnitive interpretation difﬁcult (Fig. S1B), but robust labeling of
adult NSCs in the DG can be seen when tamoxifen is administered
from E12.5 onwards (Fig. 2 H–K). This is consistent with the
unique establishment of a Wnt-dependent secondary germinal
zone that occurs late in development and ultimately becomes the
SGZ of the adult hippocampus (37).
Previously, studies with glioblastoma oncogene (GliCreERT2),
which reports Hedgehog (Hh) signaling, have also addressed the
potential of embryonic RGCs to contribute to NSCs in the adult
brain. Interestingly, embryonically labeled GliCreERT2 cells could
only be detected in the adult SVZ when tamoxifen was administered from E15.5 onwards. For the SGZ of the DG, embryonically
labeled GliCreERT2 cells could not contribute earlier than E17.5
(27). Thus, Axin2CreERT2 labels stem and progenitor pools at an
earlier stage in development. As such, Axin2CreERT2 might be
a more powerful tool for assessing the developmental potential of
cells during earlier neural development than previously described
Cre lines.
Interestingly, we determined that adult SVZ NSCs derived from
an embryonically labeled Axin2CreERT2+ precursor are regionally
and functionally restricted; RGCs labeled in utero only populate
the medial and dorsal wall of the lateral ventricle and give rise to
populations of olfactory bulb progeny that are similarly derived
from medial but not lateral ventricular domains in the adult. The
domains are derived from the dorsal telencephalon, a region
where we ﬁnd Axin2CreERT2-mediated recombination during embryogenesis. These results are in agreement with previously published reports suggesting that canonical Wnt signaling is restricted
to the dorsal telencephalon (23, 24). On the other hand, Gulacsi
and Anderson (25) have shown that other transgenic Wnt
reporters have wider expression domains than Axin2, and have
suggested a different role for Wnt signaling during midneurogenesis based on regional β-catenin elimination.

That these particular domains are Wnt responsive is intriguing, as
they are found in a complimentary pattern to those marked by Hh
responsiveness using GliCreERT2. Embryonic labeling in GliCreERT2
mice, marks a ventrally restricted population of SVZ NSCs (38).
Together, these results suggest that both spatially and temporally
restricted Wnt and Hh morphogen gradients function to pattern the
embryonic and adult brain. The fact that these two signaling activities appear to be largely nonoverlapping suggests a distinct
anatomical and/or temporal origin for different populations of
adult NSCs.
Of note, our studies in the adult mouse brain argue that long-lived
NSCs in the SVZ and DG retain Wnt/β-catenin responsiveness over
development. In addition, the fact that NSCs along all walls of the
ventricle are Axin2CreERT2+ in the adult suggests that the NSCs derived from a Gli+ Axin2− precursor also become dependent on Wnt
signaling to maintain their self-renewal in the adult.
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Materials and Methods

Tamoxifen and EdU Injections. Unless otherwise noted, tamoxifen (Sigma) was
administered intraperitoneally at 4 mg/25 g body weight for adult mice or 0.5
mg/25 g dam body weight for embryonic studies. EdU was administered intraperitoneally at 1 mg/25 g body weight. Label-retaining studies were modiﬁed from those previously described (39). Brieﬂy, beginning at P28, littermates
were given 1 mg/mL EdU for 7 consecutive days. One day after the ﬁnal dose,
mice were euthanized and examined for initial label incorporation. Thirty days
later, the remaining mice were examined for the presence of EdU+ cells in
neurogenic regions. For all labeling studies at least three separate experiments
were conducted for each time point.
Tissue Processing and Immunohistochemistry. Brains were ﬁxed overnight in
4% (wt/vol) paraformaldehyde at 4 °C, cryoprotected 24 h in 30% (wt/vol)
sucrose at 4 °C, then equilibrated in 2:1 optimal cutting temperature (TissueTek):30% sucrose for 1 h at 4 °C. For X-gal staining, ﬁxation was limited to 1 h
at 4 °C in 4% paraformaldehyde. Antibodies used: chicken anti-GFP (Abcam;
1:1,000–1:2,000), mouse anti-GFAP (Millipore; 1:1,000), rabbit antityrosine
hydroxylase (1:1,000; Pel-Freez), rabbit anticalbindin (1:300; Swant), goat
anticalretinin (1:100; Millipore), guinea pig anti-Dcx (1:1,000; Millipore), and
rabbit anti-Dlx2 (1:200; Millipore).
ACKNOWLEDGMENTS. We thank members of our laboratories for valuable
input and discussions. A.N.B. was supported by a National Science Foundation graduate research fellowship and a fellowship from the California
Institute for Regenerative Medicine. R.v.A. was funded by a European
Molecular Biology Organization long-term fellowship (ALTF 122-2007) and
a Koningin Wilhelmina Fonds (KWF) fellowship from the Dutch Cancer Society. Additional funding came from the California Institute for Regenerative Medicine (Grant TR1-01249). R.N. is an Investigator of the Howard
Hughes Medical Institute.

PNAS Early Edition | 5 of 6

DEVELOPMENTAL
BIOLOGY

Animals. Axin2CreERT2 and R262RmT/mG mice have been described previously
(18, 19). All animal protocols were approved by the Animal Care and Use
Committee of Stanford University School of Medicine.
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