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ABSTRACT: The hippocampus arises from the medial region of the sub-
ventricular (SVZ) within the telencephalon. It is one of two regions in the
postnatal brain that harbors neural progenitors (NPs) capable of giving rise
to new neurons. Neurogenesis in the hippocampus is restricted to the sub-
granular zone (SGZ) of the dentate gyrus (DG) where it contributes to the
generation of granule cell layer (gcl) neurons. It is thought that SGZ progeni-
tors are heterogeneous, differing in their morphology, expression profiles,
and developmental potential, however it is currently unknown whether they
display differences in their developmental origins and cell fate-restriction in
the DG. Here we demonstrate that Cux2 is a marker for SGZ progenitors
and nascent granule cell neurons in the perinatal brain. Cux2 was expressed
in the presumptive hippocampal forming region of the embryonic forebrain
from E14.5 onwards. At fetal stages, Cux2 was expressed in early-forming
Prox11 granule cell neurons as well as the SVZ of the DG germinal matrix.
In the postnatal brain, Cux2 was expressed in several types of progenitors in
the SGZ of the DG, including Nestin/Sox2 double-positive radial glia, Sox21

cells that lacked a radial glial process, DCX1 neuroblasts, and Calretinin-
expressing nascent neurons. Another domain characterized by a low level of
Cux2 expression emerged in Calbindin1 neurons of the developing DG
blades. We used Cux2-Cre mice in genetic fate-mapping studies and showed
almost exclusive labeling of Calbindin-positive gcl neurons, but not in any
progenitor cell types or astroglia. This suggests that Cux21 progenitors
directly differentiate into gcl neurons and do not self-renew. Interestingly,
developmental profiling of cell fate revealed an outside-in formation of gcl
neurons in the DG, likely reflecting the activity of Cux2 in the germinative
matrices during DG formation and maturation. However, DG morphogene-
sis proceeded largely normally in hypomorphic Cux2 mutants lacking Cux2
expression. Taken together we conclude that Cux2 expression reflects hippo-
campal neurogenesis and identifies non-self-renewing NPs in the SGZ.
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INTRODUCTION

The hippocampus is one of two principal regions
of the mammalian brain in which new neurons are
continually generated throughout life. Classic birth
dating studies by Altman and coworkers revealed that
the subventricular zone (SVZ) of the lateral ventricle
and the dentate gyrus (DG) of the hippocampus dis-
play ongoing neurogenesis well into adult stages (Alt-
man and Das, 1965, 1966; Altman, 1969; Altman
and Bayer, 1990b). The importance of neurogenesis
in normal brain function is illustrated in rodent mod-
els for neurodegenerative diseases and brain injury,
which not only display profound neuronal loss, but
are also characterized by the aberrant regulation of
neurogenesis and recruitment of nascent neurons in
the hippocampus and forebrain (Nakatomi et al.,
2002; Lichtenwalner and Parent, 2006; Zhang et al.,
2007; Burns et al., 2009; Yu et al., 2009; Kernie and
Parent, 2010; Lazarov et al., 2010; Lopez-Toledano
et al., 2010; Wang et al., 2011). Yet to be resolved is
the potentially heterogeneous origin of neural progeni-
tors (NPs) in the hippocampus and whether they
exhibit different abilities to respond to disease or
injury during the lifespan of the organism.

The DG of the hippocampus is derived from the ven-
tricular zone of the medial region of the lateral ventricle
in the developing cortex (Altman and Bayer, 1990b; Li
and Pleasure, 2005). The future granule cell neurons arise
at fetal stages from progenitor populations lining this
region and migrate inward to generate a SVZ of prolifer-
ating granule cell layer (gcl) precursors. In the SVZ gran-
ule cell, precursors are found adjacent to the developing
dentate knot, where they proliferate rapidly to produce a
secondary germinative matrix. The upward migration of
immature granule cells from the ventricular surface pro-
gressively contributes to the formation of the DG in the
SVZ of the medial cortex. In this manner the gcl of the
DG is generated with the outer layer of the blades form-
ing first, while the continued proliferation of granule cell
precursors in the developing dentate matrix contributes
to the formation of the inner gcl. In rodents, within the
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first few weeks of life the progenitor cells of the DG become
restricted to a specialized layer called the subgranular zone (SGZ)
at the inner surface bordering the gcl of the DG (Altman and
Bayer, 1990a,b). Hippocampal neurogenesis then becomes
restricted to the SGZ throughout the life of the organism (Altman
and Bayer, 1990a,b; Sohur et al., 2006; Ming and Song, 2011).

Beginning with the division of a progenitor cell and ending
with the integration of a functional neuron, neurogenesis in
the postnatal hippocampus is thought to involve a series of
transitory cell types. In the adult DG, a Type 1 NP is charac-
terized by a pyramidal morphology possessing a radial process
and the expression of Nestin, glial fibrillary acidic protein
(GFAP), and Sox2 (Seri et al., 2004, 2001; Kempermann
et al., 2004; Kempermann, 2006). These cells are thought to
differentiate into rapidly dividing transit-amplifying (Type 2b)
cells characterized by the expression of Tbr2 (Hodge et al.,
2008). The amplifiers are thought to give rise to neuroblasts
(Type 3 cells) characterized by the expression of Doublecortin
(DCX) and polysialic acid-neural cell adhesion molecule (PSA-
NCAM), and ultimately differentiate into gcl interneurons
(Seki and Arai, 1999). Type I NPs are also capable of asym-
metrical divisions, resulting in self-renewal and the generation
of a non-radial progenitor, which exhibits reduced Nestin and
continued Sox2 expression, referred to as a Type 2a cell, can
also give rise to neuroblasts (D’Amour and Gage, 2003; Ferri
et al., 2004; Bonaguidi et al., 2011). Type 2a cells are thought
to transition to neuroblasts via the Type2b amplifier, which
expresses the transcription factor Tbr2 (Hodge et al., 2008).
But it has not been clearly established whether Type 1 cells are
exclusively self-renewing multipotent NPs, or instead represent
a heterogeneous population of precursors displaying a limited
capacity for self-renewal and restricted cell fate potential (Bona-
guidi et al., 2011; Clarke and van der Kooy, 2011; Encinas
et al., 2011; Kempermann, 2011). This is due in part to our
limited knowledge of the developmental biology of SGZ pro-
genitor cells, which has not greatly advanced beyond the birth
dating studies by Altman and Bayer (1990a,b). It has been
shown that at least some of the progenitors that populate the
SGZ of the postnatal hippocampus have their origin in the ger-
minative fetal neuroepithelium lining the ventricular zone
(Clarke and van der Kooy, 2011). In order to shed light on the
heterogeneity of SGZ progenitors, we need to better define
their developmental origins and their intrinsic regulators.

In this study, we evaluated the role of the Cut-like transcrip-
tion factor Cux2 as a novel discriminatory marker for neuro-
genic progenitors in the developing and postnatal hippocampus.
Our previous findings showed that Cux2 is required for neuro-
genesis in the developing spinal cord and olfactory epithelium
(Iulianella et al., 2008; Wittmann et al., 2014), and others
showed it regulates the formation of cortical pyramidal neurons
from SVZ progenitors (Zimmer et al., 2004; Cubelos et al.,
2008a; Franco et al., 2012). Cux2 fate-mapping studies in the
cortex suggest that Cux2 activity biases the development of corti-
cal SVZ precursors to layer II/II pyramidal neurons (Franco
et al., 2012). However, a more recent study argues that Cux21

progenitors can become both upper and deeper layer neurons in

the developing cortex (Guo et al., 2013). It is therefore unclear
whether Cux2 activity acts within NPs to restrict their develop-
ment to particular neuronal fates and/or directs nascent neurons
to particular laminar regions of the developing brain. It is also
unknown whether Cux2 functions in the neurogenic regions of
the postnatal brain, such as the hippocampus.

We investigated this possibility by characterizing the role of
Cux2 in progenitor development in the SGZ of the perinatal
hippocampus. We show that high levels of Cux2 expression were
detected in the SGZ of the perinatal hippocampus. Cux2 co-
localized with most identified types of SGZ progenitors, includ-
ing the Type 1 Nestin1/Sox21 cells, the Sox21 Type 2a cells, as
well as DCX1 neuroblasts. EdU pulsing experiments revealed
that Cux2 was expressed in non-dividing SGZ progenitors. Fur-
thermore, we also observed a weaker level of expression in the
outer granule cells of the maturing DG, suggesting Cux2 expres-
sion is under dynamic regulatory control in progenitors as they
transition to mature granule cells. Interestingly, cell fate mapping
using a Cux2-Cre transgenic mouse strain revealed restricted
labeling of Calbindin1 DG cells in an outside-in manner, remi-
niscent of the expression of Cux2 during layer formation in
neocortex. Altogether, this suggests that Cux2 may be a discrimi-
natory maker for hippocampal progenitors that undergo directed
differentiation into granule cells and do not self-renew.

MATERIALS AND METHODS

Animals

Cux2neo/neo hypomorphic mice were generated and genotyped as
described (Iulianella et al., 2008). The Cux2 mutant mice display
highly reduced Cux2 protein levels in the brain and variable pene-
trance and expressivity of the phenotype (Iulianella et al., 2008).
Although minor embryo lethality was reported, most Cux2neo/neo

mutant mice were born viable and fertile and appeared grossly
normal. We confirmed that Cux2neo/neo mutants lacked Cux2
expression in the postnatal hippocampus (Supporting Information
Fig. S1). Experiments were performed on C57Bl/6 (The Jackson
Laboratory, Bar Harbor, ME), Cux2neo/1, and Cux2neo/neo fetuses
at embryonic (E) day 14.5–E18.5, and postnatal (P) day 10 to
P21, and 3–8 months of age. This study was approved by the
Dalhousie animal ethics committee and the animals were handled
in accordance with the institutional regulations and guidelines of
the Canadian Council on Animal Care.

Histology and Immunohistochemistry

Mice were anaesthetized and perfused with 0.9% saline and
subsequently with ice-cold 4% paraformaldehyde (PFA)/0.1 M
phosphate buffer (PB) or PBS. Brains were taken out, bisected
along the midline, and fixed 6 h to overnight at 4�C. Tissues were
equilibrated in sucrose, embedded in Optimum Cutting Tempera-
ture (OCT) compound (Tissue-Tek, Torrance, CA), and cryosec-
tioned at 12–14 mm. Immunostaining was performed as described
previously (Iulianella et al., 2008). The following antibodies were
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used for immunohistochemistry: anti-Cux2 (1:1,000; Iulianella
et al., 2008), anti-GFAP (GA5, 1:500; Millipore, Billerica, MA),
anti-Sox2 (1:200; Santa Cruz Biotechnology, Santa Cruz, CA;
1:250; R and D Systems, Minneapolis, MN), anti-Nestin (1:250;
Santa Cruz), anti-cleaved caspase 3 (1:250, Cell Signaling Technol-
ogy, Boston, MA), anti-Doublecortin (DCX, 1:200; Santa Cruz),
anti-Tbr2 (1:500; Millipore, Billerica, MA), anti-Ki67 (B56, 1:50;
BD Biosciences, San Jose, CA), anti-Pecam-1/CD31 (BD Bio-
sciences), anti-Prox1 (1:1,000; Sigma, St. Louis, MO; 1:500;
Abcam, Cambridge, MA), and anti-Calbindin D28k (1:500;
Millipore, Billerica, MA; CB-38a, 1:500; Swant, Switzerland).
Species-specific AlexaFluor 488-, 594-, and/or 647-conjugated
IgG (1:2,000; Invitrogen, Carlsbad, CA) were used for secondary
antibodies in immunostaining experiments. 40,6-Diamidino-2-
phenylindole (DAPI) (Sigma, St. Louis, MO) or YO-PRO1
Iodine (1:1000, Invitrogen, Carlsbad, CA) were used for nuclear
staining. For triple antibody staining, Donkey anti-goat Alexa-
Fluor 647 (Nestin), anti-mouse AlexaFluro 568 (Sox2), and anti-
rabbit AlexaFluro 488 (Cux2) secondaries (Invitrogen, Carlsbad,
CA) were used. For Calbindin detection, citrate buffer antigen
retrieval (pH 6.0; Thermo Scientific, Lab Vision Corporation, Fre-
mont, CA) was performed.

Imaging and Quantification

DG morphology was assessed by Nissl staining using 0.1%
cresyl violet solution (Sigma) and by DAPI staining and cell
counts. The ontogenic profile of Cux2 expression was assessed
by counting the total numbers of Cux2-positive nuclei per den-
tate blade and normalized over DAPI. For Nestin, Sox2, Cux2,
GFAP, Tbr2, DCX, Calretinin, and Calbindin, a total of 50
parasagittal sections at 12 mm were obtained from C567Bl/6
wild type or Cux2-ires-Cre; R26r-tdtomato (see below) mice at
P10, and P21. Parasagittal sections from 4 or 5 separate indi-
viduals were obtained throughout the entire DG starting from
the midline to the lateral end of the DG. A total of 18–20
counting frames (100 mm 3 100 mm) were randomly placed
on the entire DG according to systematic-random sampling
method (Mouton, 2002). The base of the counting frame was
adjusted to align along the lower edge of the SGZ in order to
avoid counting cells in the hilus region. The ontogenic profile
of Cux2 expression was assessed by counting the total numbers
of Cux2-positive nuclei per dentate blade and normalized over
DAPI. Type 1 cells were defined by the combined expression
of Nestin and Sox2 and presence of a Nestin- or GFAP-
positive radial glial process. Images were captured using a Zeiss
Z1 AxioObserver inverted fluorescence microscope with 320
and 363 objectives and apotome 2 (structured illumination).
Confocal sections were imaged using a Zeiss 710 LSM micro-
scope with 340 objectives. Images were assembled using Pho-
toshop CS2 (Adobe, San Jose, CA).

EdU Birth Dating

The dams were injected intraperitoneally with 30 mg/kg
body weight of EdU (Invitrogen) on E17.5 and pup brains
were dissected at P14 after perfusion with 4% PFA, followed

by an overnight fix at 4�C and processing for cryosectioning.
Sections were immunostained with Calbindin (Calb), Sox2,
and EdU according to the manufacturer’s instructions (Invitro-
gen). For postnatal analyses, pups were pulsed with 30 mg/kg
EdU on P5 and sacrificed on P21. Calb1EdU1, Sox21/EdU1,
and total EdU1 cells were counted in every 80 sections from
the medial DG outward laterally. The Sox2 retention index
was defined as the percentage of Sox21EdU1/EdU1. Some
wild type P20 mice were pulsed with 30 mg/kg body weight
EdU for 6 h to detect dividing SGZ progenitors. Brains were
processed and sectioned as described above and stained for
Nestin, Sox2, and Cux2 prior to EdU detection using the
Click-It kit (Invitrogen).

Fetal DG Development

E14.5–18.5 fetal brains were fixed in ice-cold 4% PFA/0.1M
PB overnight and processed for cryosectioning at 12 mm. Sec-
tions were blocked with 10% goat serum and incubated with
either rabbit anti-Prox1 antibody (1:1,000; Sigma, St. Louis,
MO) or mouse anti-Prox1 (1:500; Abcam) overnight at 4�C.
Protein expression was detected using the appropriate HRP sec-
ondary antibodies and the Vectastain ABC kit (Vector Laborato-
ries, Burlingame, CA) and 3.3’-Diaminobenzidine (DAB)
staining (Dako Cytomation). Prox11 cells in the developing
DG were counted in every 20 sections according to systematic-
random sampling method (Mouton, 2002). Fractionator in
Stereo Investigator (MBF Bioscience, Williston, VT) was used
for cell counting. Total cell numbers were corrected by Aber-
crombie’s method (Abercrombie, 1946) and standardized by
body weight. For each group, 3–5 embryos from three different
dams were analyzed. The data was evaluated using a two-tailed
t-test with significance set at P< 0.05. Images of DAB-stained
slides were captured using an upright bright field Zeiss micro-
scope using an ERc 5s digital camera and Zen software.

Cux2 Fate Mapping

For the genetic fate labeling of Cux2-expressing NPs in the
DG, we utilized a Cux2-ires-Cre driver line obtained from the
Mutant Mouse Regional Resource Center. The strain designation
is B6(Cg)-Cux2tm1.1(Cre)Mull/Mmmh (herein referred to as Cux2-
ires-Cre), and contains an internal ribosome entry site (IRES) and
nuclear localize Cre recombinase (NLS-Cre) targeted to the 30

untranslated region (30UTR) of the Cux2 locus (Fig. 7A). We gen-
otyped this strain for the presence/absence of the Cre transgene
using the following PCR primers: GTTATAAGCAATCCCCA-
GAAATG and GGCAGTAAAAACTATCCAGCAA, which gives
product of approximately 250 bp. For the reporter strain, we
employed the Rosa26-TdTomato, designated B6.Cg-Gt(Gt
(ROSA)26Sortm14ROSA) 26Sortm14(CAG-tdTomato)HzetdTomato) Hze/J
(The Jackson Laboratory, Bar Harbor, ME). This strain expresses
the Tomato transgene only upon Cre mediated excision of the
floxed-translation Stop sequence in the Rosa26 locus. The tomato
fluorescence is bright and stable and has been validated in the
mapping of Cre drivers during CNS development (Madisen et al.,
2010). We genotyped for the presence/absence of the Tomato
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transgene using the primers: TACGGCATGGACGAGCTGTA-
CAAGTAA and CAGGCGAGCAGCCAAGGAAA, giving a 500
bp product. Allelism was determined using the primers:
TCAATGGGCGGGGGTCGTT, TTCTGGGAGTTCTCTGC
TGCC, CGAGGCGGATCACAAGCAATA, to amplify 250 bp
wild type and 300 bp mutant bands. In fate-labeling experiments,
the Cux2-ires-Cre line was mated with the Rosa26r-tdTomato to
generate Cux2-ires-Cre/1; Rosa26rtdTomato/1 founders. Double
heterozygotes were crossed with Rosa26rtdTomato/tdTomato and brains
from offspring were perfused-fixed at 7–10 days (P7–P10), 3
weeks (P21), 3 and 5 months of age. Brain tissue was cryopro-
tected and embedded in OCT, and sectioned at 14 mm parasagit-
tally using a cryostat. Sections were subjected to immunostaining
with antibodies described above, revealed by Alex Fluor 647 sec-
ondary antibodies (Invitrogen), and counterstained in DAPI. The
resulting slides were imaged using a Zeiss AxioObserverZ1
equipped with Apotome 2 and 320 and 363 objectives.

RESULTS

Cux2 Was Expressed in the Progenitor Cell
Niche of the SGZ

To investigate the role of Cux2 in the formation of neurons
in the postnatal mouse brain, we first characterized the localiza-
tion of Cux2 protein in parasagittal sections of the hippocam-
pus. Since the neurogenic niche in the SGZ is bound by the
vasculature (Palmer et al., 2000), we used a Pecam-1/CD31
antibody to identify blood vessels. Co-immunostaining with

Cux2 antibody revealed that some Cux2-positive cells were
found adjacent to the vasculature structure of the DG (arrows;
Fig. 1A). Given that NPs similarly associate with the SGZ vas-
culature (Palmer et al., 2000), these findings suggested that
Cux2 might be expressed in the neurogenic niche of the
hippocampus.

We next profiled Cux2 levels in the hippocampus at various
ages of the maturing mouse brain and found that Cux2 expres-
sion was greatest at 3 weeks of age (Fig. 1B), and decreased
with age (Figs. 1B–E), until it was only minimally expressed in
the occasional cell in the SGZ (Figs. 1D,E). Since the majority
of postnatal neurogenesis in the mouse hippocampus occurs
within the first few weeks of life (Kuhn et al., 1996; Liu et al.,
2006), we focused our investigation 2–4 weeks of age when
Cux2 levels were robust.

To determine whether Cux2 is required for normal hippo-
campal neurogenesis, we used a hypomorphic Cux2neo/neo

mutant mouse line (Iulianella et al., 2008). We previously
reported that this Cux2 mutation greatly attenuates Cux2 levels
in the developing brain and displays a variable penetrance and
expressivity of neurogenic phenotypes (Iulianella et al., 2008;
Wittmann et al., 2014). Consistent with our previous findings,
we observed no Cux2 immunoreactivity in the postnatal Cux2-
neo/neo mutant hippocampus (Supporting Information Fig. S1).
Most Cux2neo/neo mutant offspring are viable and fertile, and
thus can be used to investigate functions in the postnatal brain.
Nissl staining showed that DG morphology appeared largely
normal in Cux2neo/neo mutant mice at P23 (Figs. 1F,G). Normal
gross hippocampus formation was also supported by
unchanged numbers of DAPI-positive cells in DG blades of
the Cux2neo/neo mutants (Fig. 1H). We observed no changes in

FIGURE 1. Cux2 is expressed in the SGZ and co-localizes
with the vasculature. A: Niche vasculature stained with Pecam/
CD31 (red) in and Cux2 (green) antibodies in 3-week-old (P23)
mouse parasagittal sections across the hippocampus (arrows). B–
D: Cux2 staining (green) in the SGZ at 3 weeks (B), 3 months
(C), and 8 (D) months of age. E: Bar chart quantifying the signifi-
cant decrease in Cux2 expression with age. Nissl staining reveals

normal development of the DG in Cux2neo/neo mice (G) compared
to Cux2neo/1 littermate controls (F). H: Numbers of DAPI-positive
cells were unchanged in the Cux2neo/neo hippocampus compared to
littermate controls (P 5 0.89). Images were counterstained with
DAPI. Abbreviations: DG, dentate gyrus; h, hilus; SGZ, subgranu-
lar zone. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Cleaved Caspase-3 staining in Cux2neo/neo mutant vs. Cux2neo/1

littermate controls, indicating Cux2 loss did not alter apoptosis
levels in the hippocampus (data not shown).

Cux2 Was Expressed During DG Morphogenesis

Since Cux2 plays a role in neural development in the spinal
cord and cortex (Iulianella et al., 2003, 2008, 2009; Zimmer
et al., 2004; Cubelos et al., 2008a), we examined the distribu-
tion of Cux2 in the presumptive DG-forming region of the
medial cortex. The DG originates from the ventricular region
of the medial telencephalon from E14.5 onwards. We observed
a localized expression of Cux2 protein in this region by fluores-
cence immunohistochemistry at E14.5 (Fig. 2A, boxed region).
As development progresses, both morphogenetic movements

and proliferation causes the displacement of the developing
DG neuroepithelium toward the inner core of the medial tel-
encephalon. Prox1 is a transcription factor that is expressed in
granule cell neurons from the onset of their formation in the
fetal DG and continues in post-mitotic gcl neurons of the
adult hippocampus (Lavado and Oliver, 2007; Steiner et al.,
2008). We therefore used Prox1 as a marker for developing
DG neuroepithelium in alternative sections to Cux2 staining
for morphological comparisons. Cux21 cells were detected in
the E15.5 DG neuroepithelium by DAB immunostaining,
which also expressed Prox-1 (arrowheads, Figs. 2B,C). We
found that Cux2 expression coincided with Prox1 in the den-
tate germinal region called the dentate knot at E16.5, although
Cux2 levels were mosaic and much lower relative to Prox1
(Figs. 2E,F). By E18.5, Cux2 staining continued to be mosaic

FIGURE 2. Cux2 expression during DG development. A:
Cux2 immunofluorescence in the presumptive DG neuroepithe-
lium of the medial telencephalon at E14.5. Boxed region identifies
Cux2 staining in the presumptive hippocampus forming region of
the forebrain. B, C: DAB immunostaining of Cux2 levels in the
ingressing SVZ of the DG (B, arrow heads) relative to the immu-
nostaining of a DG-specific marker, Prox1 in (C, arrow heads). D:
There was no significant difference between Cux2neo/1 controls
and Cux2neo/neo mutants in the total numbers of Prox11 cells in
the forming DG region at E16.5. E, F: Cux2 and Prox-1 immuno-
fluorescence staining in the developing DG at E16.5. Cux2 was
weakly expressed in the dk at E16.5 (E), relative to strong Prox-1
staining (F). G, H: Cux2 (G) and Prox1 (H) immunofluorescence
staining in the SVZ of the developing DG at E18.5. Arrowheads
in (G) and (H) identify the developing DG germinal matrix. I, L:

Cux2 and Prox1 co-staining in the developing DG at E18.5. I:
Cux2 expression (green) in the SVZ of the DG primordium adja-
cent to the 3rdV. J: Prox1 staining (green) in the newly forming
granule cells of the fetal DG. K: Cux2 (red) and Prox1 (green)
staining in the DG primordium. L: High magnification (633)
view of Cux2 (red) and Prox1 (green) co-staining (arrows) in nas-
cent granule cells (arrows). Nuclei were visualized with DAPI
staining. Scale bars: A,B: 100 mm; I: 50 mm; L: 25 mm. Abbrevia-
tions: DG, dentate gyrus; dk, dentate knot; IZ, intermediate zone;
LGE, large ganglionic eminence; MGE, medial ganglionic emi-
nence; sp, subplate; IZ, intermediate zone; SVZ, subventricular
zone; VZ, ventricular zone; 3rdV, third ventricle. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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and was most intense in the inner core of the forming DG
blade and SVZ, while Prox1 was highly expressed throughout
the developing DG (arrow, Figs. 2G,H). We confirmed Cux2
expression in Prox11 nascent granules cells in co-
immunostaining experiments (Figs. 2K–L). Interestingly, while
there is significant overlap between Cux2 and Prox1 expression
in the DG primordium (Figs. 2K,L(arrows)), they broadly seg-
regate to two domains, with Cux2 labeling SVZ progenitors as
well as nascent granule cells, and Prox1 being restricted to
newly forming granule neurons (Figs. 2I–K). This suggested
that Cux2 expression in the medial forebrain labeled SVZ pro-
genitors fated to form the DG granule cells.

To evaluate a role Cux2 in DG formation, we examined the
numbers Prox11 cells in the dentate knot of Cux2neo/neo

mutants using serial frontal sections of the E15.5 DG. The
Cux2neo/neo mouse mutant is a hypomorph showing little or no
Cux2 expression in the developing brain (Iulianella et al.,

2008), olfactory epithelium (Wittmann et al., 2014), or hippo-
campus (Supporting Information Fig. S1). We did not detect
any significant changes in Prox1 numbers in Cux2neo/neo

mutants in comparison to their Cux2neo/1 littermate controls
(Fig. 2D), consistent with the normal DG morphology in the
adult mutant brain. Thus, Cux2 was expressed in the Prox11

DG neuroepithelium at the onset of its morphogenesis, but
was dispensable for DG formation.

Cux2 Is Expressed in Neural Progenitors in the
SGZ of the Hippocampus

Cux2 was expressed in the early germinal neuroepithelium
of the DG as well as the SGZ in the postnatal brain (Figs. 1
and 2). Both these regions contain NPs, including Type 1
cells, which are characterized by a radial glial process and the
expression of Nestin, Sox2, and GFAP (Seri et al., 2004;

FIGURE 3. Cux2 is expressed in Nestin, GFAP, and Sox2 posi-
tive radial glia. A–E: Cux2 (A) co-localization in Sox2 (B) and
Nestin (C) positive cells in the SGZ at P21. D: Cux2 (green),
Sox2 (red), and Nestin (white) co-localization in Type 1 radial glia
(red arrowhead). Cux2 was also expressed in Sox21 but Nestin-
negative Type 2 cells (white arrowhead). E: High magnification
(633) Z-stack image of Cux2 (green) co-localization in a Sox2
(red) and Nestin (white) double-positive radial glia Type 1 progen-
itor (red arrowhead). Cux2 was also co-expressed in Sox21/
Nestin2 Type 2 cells (white arrowhead). F–K: Cux2 (F) co-
localization in Sox2 (G) and GFAP (H) positive cells in the SGZ.
I: Cux2 (green), Sox2 (red), and GFAP (white) co-localization in
Type 1 radial glia (red arrowhead). K: High magnification (633)
Z-stack image of Cux2 (green) co-localization in a Sox2 (red) and

GFAP (white) double-positive Type 1 progenitor possessing a
radial glia (red arrowhead). Cux2 was also co-expressed in Sox21/
GFAP2 Type 2 cells (white arrowhead). K–M: EdU (red) co-
staining with Nestin (green, arrowhead, K), and Sox2 (green,
arrowhead, L). Cux2 (green) was not detected in dividing EdU1

SGZ cells (red, arrowhead, M). N: Chart summarizing Cux2
expression in Type 1 (Nestin1/Sox21) and Type 2 (Sox21/
Nestin2) cells at P21. A greater proportion of Cux2 expression
was detected in Type 2 (15.7%) cells vs. Type 1 cells (5.5%). Cux2
was also co-localized in Type 3 cells (neuroblasts) and nascent
neurons (see Fig. 4). Scale bars: A and K, 25 mm; E and J, 8 mm.
Abbreviations: h, hilus; gcl, granule cell layer; SGZ, subgranular
zone. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

258 YAMADA ET AL.

Hippocampus



Kriegstein and Alvarez-Buylla, 2009). We asked whether Cux2
was expressed in Type 1 NPs by immunostaining for Nestin,
Sox2, and GFAP. Cux2 was expressed in the nuclei of SGZ
cells that possessed a Nestin1 radial glia and also expressed
the stem cell marker Sox2 (red arrowhead, Figs. 3A–E). High-
resolution Z-stack imaging revealed Cux2 co-staining in
Nestin1/Sox21 radial glia characterized by a typical Type 1
pyramidal morphology (red arrowhead, Fig. 3E). Cux2 was
also detected in Type 2 cells, which express Sox2, but lack a
radial glia and markers for astroglial stem cells (white arrow-
head, Figs. 3D,J). We confirmed Type 1 expression by immu-
nostaining for GFAP to label astroglial progenitors in the SGZ
(Rickmann et al., 1987; Liu et al., 2010). We observed Cux2
co-staining in GFAP1/Sox21 cells characterized by radial
processes spanning the DG from SGZ upward into the gcl
(red arrowhead, Figs. 3F–J). When we sampled the entire DG
and quantified our co-localization data we determined that
5.5% of all Cux21 cells in the SGZ possess radial glia and

co-expressed both Sox2 and Nestin (Fig. 3N). We observed a
greater proportion (15.7%) of Cux21 cells were Type 2 cells
that expressed Sox2 but lacked Nestin expression and radial
glia (Fig. 3N; white arrowheads Figs. 3A–J). We also found
that the highest Cux2/Sox2 co-localization occurred in
DG sections closer to the midline (Supporting Information
Fig. S2).

We then asked whether Cux2 co-localized to proliferating
SGZ progenitors, identified by a short 6 h pulse of EdU. These
EdU1 cells were indeed dividing progenitors by virtue of co-
expression with Nestin (Fig. 3K) and Sox2 (Fig. 3L). However,
they did not express Cux2 (Fig. 3M), which was distributed in
adjacent SGZ cells. We confirmed this result by using the prolif-
erative maker Ki67 and again found no evidence of Cux2 label-
ing in dividing SGZ cells (data not shown). These findings
demonstrate that Cux2 was expressed in non-dividing Type 1
and Type 2 progenitors lining the SGZ of the neonatal mouse
hippocampus.

FIGURE 4. Cux2 is expressed in neuroblasts and immature
granule neurons. A–C: Cux2 (A, C, green) staining in DCX1 neu-
roblasts (B, C, red) in the SGZ at P21. C: The Cux2/DCX co-
stained cells (arrowheads) typically displayed lower levels of Cux2
protein relative to adjacent SGZ cells. D–F: Cux2 expression (D,
F, green) in Calretinin1 immature neurons (E, F, red) arrowheads).
F: Co-stained cells expressed lower levels of Cux2 (arrowheads).
G–I: Limited Cux2 expression (G, I, green) in Tbr21 transit

amplifiers (H, I, red; arrowhead). J: Quantification of Cux2 co-
localization with DCX, CalR, and Tbr2. Most Cux21 (44.6%)
cells in the SGZ were CalR1 immature neurons. Cux2 co-staining
in DCX1 and CalR1 cells displayed low levels of Cux2 expression.
Scale bar: A, 25 mm. Abbreviations as in Figure 3; CalR, Calreti-
nin. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Cux2 Is Expressed in Neuroblasts and Nascent
Neurons

We next evaluated the distribution of Cux2 protein in more
differentiated cell types in the DG, including newly forming
neurons, neuroblasts, and transit amplifiers. To identify neuro-
blasts (Type 3 cells), we used DCX immunostaining in
3-week-old brains (P21). We noted extensive Cux2 co-
localization with DCX1 nascent neurons that appeared to
migrate away from the SGZ into the gcl (arrowheads, Figs.
4A–C). Interestingly, Cux21/DCX1 cells typically displayed
lower Cux2 levels relative to their Cux21 neighbors that lacked
DCX expression (Fig. 4C). We also used Calretinin staining to
identify newborn granule cells in the neonatal SGZ (Brandt
et al., 2003). As with DCX, we observed extensive Cux2 local-
ization in Calretinin1 cells migrating away from the SGZ
(arrowheads, Figs. 4D–F). Again, most Cux21/Calretinin1 co-
localized cells displayed reduced Cux2 levels relative to the
Cux21 cells in the SGZ/hilar boundary (Fig. 4F). Lastly, we
profiled Cux2 distribution in Tbr21 transit amplifiers (Type
2b cells) and found limited co-expression in the SGZ (arrow-
heads, Figs. 4G–I). We found that 44.6% of Cux2-expressing
cells (mostly low expression) were Calretinin1 nascent neurons,
while a considerable co-localization was also noted with DCX
(19.6%; Fig. 4J). Few Cux21/Tbr21 cells were observed,
although this was likely due to the normally low levels of this
factor in the SGZ (Fig. 4J). We did not detect any Cux2
expression in PDGFRa-positive oligodendroctyes (data not
shown), suggesting its expression coincided with hippocampus
neurogenesis, similar to its role in the embryonic spinal cord
and cortex (Zimmer et al., 2004; Cubelos et al., 2008a; Iulia-
nella et al., 2008). Taken together, these findings suggest that
most cells expressing Cux2 in the neonatal hippocampus were
neuroblasts and their immediate Type 1 and Type 2
progenitors.

Fate-Map of Cux2-Expressing Cells Revealed the
Outside-In Formation of the DG

At postnatal stages, Cux2 expression was primarily restricted
in a subset of Nestin and Sox2 double-positive NPs (Fig. 3).
Since Nestin1/Sox21 NPs give rise to gcl neurons (Bonaguidi
et al., 2011; Suh et al., 2007), we expected that Cux2-
expressing NPs would also generate gcl neurons. To fate-map
Cux2-expressing cells in the hippocampus, we utilized a Cux2-
ires-Cre line that has an IRES-nuclear localized Cre cassette
inserted in the 30UTR of the Cux2 locus (Materials and Meth-
ods). We mated this Cre driver to a R26r-tdTomato transgenic
reporter to generate a Cux2-ires-Cre; R26r-tdTomato line that
expressed tdTomato fluorescent protein upon a Cre-mediated
excision driven by the Cux2 locus (Supporting Information
Fig. S3). We found that the hippocampus was highly labeled
by red fluorescent protein (Supporting Information Figs. S3B–
G). At 10 days after birth (P10), when postnatal neurogenesis
is ongoing, Tomato1 cells localized in clusters in the SGZ and
in a thin band of cells in the outer-most gcl (arrow, Supporting

Information Figs. S3B,C). At 3 weeks of age (P21), Tomato
labeling progressed to encompass more granule cells of the DG
(arrowhead, Supporting Information Figs. S3D,E), until by 5
months of age most granule cells were Tomato1, with limited
labeling in the SGZ (Supporting Information Figs. S3F,G).
Because low levels of Cux2 were expressed in gcl neurons (Sup-
porting Information Figs. S2B,F), we examined whether Toma-
to1 cells co-expressed Cux2, and confirmed co-localization
(arrows, Supporting Information Fig. S4). The co-localization
was imperfect, which is expected given the nature of genetic
recombination strategy using Cre recombinase (see discussion).
Altogether, these findings revealed that Cux2 activity mapped
the formation of gcl neurons in an outside-in manner, but did
not result in significant SGZ labeling.

Cux2 Fate-Mapped Cells Were Calbindin-
Positive DG Granule Cell Neurons

The temporal profile of Cux2-ires-Cre; R26r-tdTomato
labeling suggested that Cux21 progenitors generated gcl neu-
rons in an outside-in manner reflecting the dynamic morpho-
genesis of the DG [Supporting Information Fig. S3 (Altman
and Bayer, 1990b)]. At P21, Cux2 was expressed in two dis-
tinct domains: a Cux2high region in the SGZ comprising of
progenitors and neuroblasts, and a Cux2low expression domain
in the outer regions of the gcl (Supporting Information Figs.
S2 and S4 and Fig. 5B). When we examined Cux2 expression
in the P21 Cux2-ires-Cre; R26r-tdTomato fate mapped cells,
we found that nearly all of the Cux2low cells were Tomato1 gcl
neurons (92.4 6 0.4%; arrow, Figs. 5A–C). In contrast, very
few Cux2high cells in the SGZ were Tomato1 (1.5 6 0.1%).
Using immunohistochemistry we confirmed most of the Toma-
to1 outer gcl cells were mature Calbindin1 granule neurons
(85.0 6 3.6%; Figs. 5D–F). Since Type 1 progenitors are
thought to differentiate into mature neurons by transitioning
through a neuroblast stage, we next examined DCX immuno-
staining in the Cux2-ires-Cre fate-mapped DG. We found a
complementary pattern of expression of DCX in the SGZ and
inner edge of the DG, with DCX1 cells localizing to the toma-
to2 SGZ at P21 (Figs. 5G–I). The occasional co-staining of
DCX in Tomato1 fate-mapped cells was observed in the SGZ
(arrowhead, Fig. 5I). Interestingly, at P10 DCX expression dif-
fusely co-localized with Tomato1 tissues in the outer-most
layer of the developing gcl (Supporting Information Figs. S5A–
C). At this developmental period, we also observed weakly flu-
orescent tomato1 cells in the SGZ that co-stained with Calreti-
nin, a marker for newborn immature neurons (arrowheads,
Supporting Information Figs. S5D–F). This is consistent with
the activity of Cux2 in early-born granule cell neurons from
fetal stages onwards (Fig. 2). Thus, the Cux2 fate-mapping
studies primarily reflect neurogenesis in the hippocampus at
perinatal stages, which contributes to granule cells in the outer
blades of the DG.

To determine Cux2 fate-mapped cells were primarily gcl
neurons, we examined the distribution of the astroglial marker
GFAP, and found a mutually exclusive staining pattern for
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FIGURE 5. Cux2 fate-mapped cells were Calbindin-positive
mature gcl neurons. A–C: Cux2-cre; tdTomato fate mapped cells
in the DG of P21 mice. C: Tomato1 fate-mapped cells showed
limited or no localization with high Cux21 expressors, in the SGZ
and instead localized to outer layer DG cells expressing low Cux2
levels (arrow in B, C). D–F: Tomato fate-mapped cells localized to
Calbindin-expressing gcl neurons. G–I: Tomato fate-mapped cells
of the P21 DG did not localize with DCX1 neuroblasts. H, I:
Arrow identifies a tomato1 cell in the SGZ that did not express

DCX (arrowhead). J–L: Tomato fate-mapped cells of the P21 DG
did not localize with GFAP1 astroglia. K, L: Arrow identifies a
GFAP1 astrocyte in the outer layer of the DG that was negative
for tomato. M–O: Tomato1 cells did not co-localize with Sox2 in
the SGZ or occasional Sox21 cell in the outer layer of the DG
(arrow). Scale bar: A, 50 mm. Abbreviations: Calb, Calbindin; ol,
outer layer of the DG; SGZ, subgranular zone. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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GFAP and Tomato1 cells (Figs. 5J–L). This was also observed
for GFAP-positive astrocytes located within the gcl of the DG,
which did not localize to Tomato1 positive cells (arrow, Figs.
5K,L). Lastly, we confirmed that Tomato1 cells were not
Sox21 NPs (Figs. 5M–O). Altogether, our P10 and P21 Cux2
fate mapping experiments demonstrate that Cux21 progenitors
gave rise to neuroblasts that transitioned to mature Calbindin1

granule cells populating the DG in an outside-in manner

Cux2 Was Dispensable for Differentiating DG
Granule Cell Neurons

To evaluate a role for Cux2 in the differentiation of gcl neu-
rons in the DG, we used EdU birth dating studies in Cux2neo/neo

mutants. We focused on two stages to label the outside-in forma-
tion of the DG. An EdU pulse at E17.5 would reveal granule
neurons that arise from the primary germinative matrix in the
developing DG while a pulse at P5 will show the granule neurons
that are generated from the secondary migration of SVZ precur-
sors (Fig. 7A). The resulting DG were harvested at P14 and P21,

respectively, and stained for EdU and Calbindin to reveal the
outside-in formation of the DG. As expected, the E17.5 pulse
labeled Calbindin-positive granule neurons populated the outer
layer of the DG (Figs. 6A–C), while P5 labeled Calbindin-
positive neurons located in deeper regions of the DG blade. The
loss of Cux2 did not significantly impact gcl differentiation at
E17.5 (Figs. 6D,E) and P5 (Figs. 6I,J). We also quantified the
EdU retention index in Sox2-positive SGZ progenitors at the P5
(arrowhead, Figs. 6K–N), which is a measure of the quiescent
progenitor pool fraction. We were interested in examining this
population because Cux2 extensively co-localized with Sox2 in
the SGZ (Fig. 3) and needed to determine whether the lack of an
effect on Calbindin1 cells was due to a compensatory effect in
the progenitor pool. We noted no changes in the number of
Sox21 progenitors that retained EdU in the Cux2 mutants, indi-
cating that the Cux2 loss did not overtly alter the development of
the SGZ progenitors (Figs. 6N,O). Taken together, our findings
showed that Cux2 was expressed in a subset of Type 1 progeni-
tors during DG development that gave rise to mature granule
cells of the hippocampus in an outside-in manner, reflecting the

FIGURE 6. Birth dating analysis in Cux2neo/neo mutants. A–E:
EdU was injected at E17.5 and the embryos (n 5 5 for each group)
were analyzed at P14 by immunohistochemistry using anti-Calb
antibody (green) and EdU staining (red). A–C: EdU pulsing at
E17.5 revealed labeling of mature Calb1 neurons in the outer
layer of the DG. E: The percentage of cells double positive for
Calb and EdU (Calb1EdU1) in the total EdU-positive cells
(EdU1) were not significantly different between Cux2neo/1 controls
(C) and Cux2neo/neo mutants (D) (P 5 0.09). F–I and K–N: EdU
was injected at P5 and the analyses were done at P21 (n 5 4 for

each group). Pulsing at P5 labeled deeper regions of the dentate
blade and resulted in EdU co-staining with Calb (F–I) and Sox2
(K–N). J: The percentage of Calb1/EdU1 cells over total EdU1

was comparable between controls and mutants (P 5 0.61). O: The
percentage of Sox21/EdU1 in the total EdU1 pool (retention
index) was similar between controls and mutants (P 5 0.83). Scale
bars: 20 mm. Abbreviations as in Figure 3; Calb, Calbindin. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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dynamic morphogenesis of this structure. However, we also
noted that Cux2 loss did not overtly affect DG morphogenesis or
the differentiation of granule neurons, suggesting possible genetic
compensatory mechanisms.

DISCUSSION

Neurogenesis is a highly regulative process that has implica-
tions for the limited regenerative abilities of the brain. Much
attention has been focused on the elucidation of the mecha-
nisms governing the birth of neurons in two regions of the
adult brain: the SVZ of the lateral ventricle and the SGZ of
the hippocampus. Although progress has been made, our
knowledge of the neurogenic factors and the origin of the pro-
genitor cell types in the postnatal mammalian brain remain
rudimentary. Here, we report that in the postnatal hippocam-
pus the transcription factor Cux2 was expressed in Nestin /
Sox2 double-positive Type 1 NPs, Type 2 Sox21/Nestin2 cells,
DCX1 neuroblasts, and Calretinin1 nascent neurons in the
SGZ. For the Type 1 and 2 cells, Cux2 principally localized
within non-dividing progenitors. A lower level of Cux2 expres-
sion was seen in the maturing Calbindin1 granule cells of the
outer region of the DG blades in the neonatal brain. In the
fetal brain, Cux2 was expressed in the SVZ of the medial fore-
brain corresponding to the germinal matrix of the developing
DG, where it associated with Prox11 early born granule cells.

Thus Cux2 expression is associated with the generation of nas-
cent granule cells from the earliest stages of hippocampus mor-
phogenesis to within the first weeks of life. However, the
maturation of the DG was associated with a progressive reduc-
tion of Cux2 staining in the SGZ. This is consistent with the
observation that the majority of Cux2 cells expressed markers
of nascent neurons and neuroblasts. As we noted in other
regions of the developing nervous system, the expression and
function of Cux2 seems to be specific for the genesis of new-
born neurons (Iulianella et al., 2008; Wittmann et al., 2014).

We also revealed that Cux2-expressing NPs fate map the gcl
in an outside-in manner. To our knowledge this is the first
genetic demonstration that the DG of the hippocampus is pat-
terned in outside-in manner and confirms the observations
from classic birth-dating studies on DG morphogenesis (Alt-
man and Bayer, 1990a,b). Our findings support a model of
Cux2 activity in an early perinatal pool of non self-renewing
SGZ progenitors that contribute to granule neuron production
in the primary and secondary germinal matrices preceding the
establishment of longer-lived Type 1 cells in the SGZ (Fig. 7).

The morphogenesis of the DG is highly dynamic and com-
plex. The gcl is the most anatomically prominent region of the
DG, and granule cells arise from multiple germinal sources
during development. Initially, granule cell precursors arise from
the ventricular region adjacent to the future 3rd ventricle of
the medial region of the telencephalon at early fetal stages in
rodents. This is known as the primary germinal matrix for
granule cell neuron production. These precursors migrate
inward to seed what will become the secondary germinal

FIGURE 7. Model of DG morphogenesis and Cux2 activity in
perinatal hippocampus progenitors. A: Schematic of DG morpho-
genesis in the rodent brain. The first wave of granule cell precur-
sors arises at fetal stages (E15.5 in the mouse) and migrates away
from the 3rd ventricle (3rdV) region to populate the growing sub-
venticular (SVZ) dentate matrix in the medial region of the telen-
cephalon. These cells are fated to give rise to the outer-most
granule cell neurons. As DG development continues within the
first few weeks of life, a second germinative matrix forms deep
within in the SVZ of the medial telencephalon. This is the dentate
knot. Cux2 activity is high at these early stages of DG morpho-
genesis. As the animal progresses to adulthood, the tertiary germi-
native matrix forms and becomes populated with long-lived
multipotent NPs. This region is the SGZ that houses Type 1 cells

capable of giving rise to nascent neurons well into adult life. B:
Model of Cux2 localization is a subset of Type 1 progenitors that
originate in the dentate germinal regions at fetal stages and per-
sists to the first weeks of life. This is a transitory progenitor that
is transiting from a Type 1-like Nestin1/GFAP1/Sox21 radial
glia to a Sox21 Type 2 cell, which lack a radial process and astro-
glial markers. Cux2 was also detected in DCX1 neuroblasts (Type
3 cells) and immature newly formed granule cells identified by
Calretinin expression. Fate mapping of Cux2-expressing progeni-
tors revealed labeling of Calbindin-positive DG cells, and not SGZ
progenitors, suggesting that the Cux21 progenitor does not self-
renew and directly generates granule cells. Abbreviations as in
Figure 3. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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matrix that becomes displaced in the subventricular region of
the dentate primordium (Fig. 7A) (Altman and Bayer, 1990b).
The granule cells that originate from these regions populate the
outer portion of the dentate blade. We observed Cux2 expres-
sion in both these germinal sources, and our Cux2-ires-Cre;
R26r-tdTomato fate-mapping studies showed dentate blade
labeling in an outside-in manner (Fig. 5 and Supporting Infor-
mation Figs. S3 and S5). This phenomenon reflects both the
formation and progressive maturation of the DG at perinatal
stages (Altman and Bayer, 1990a). Shortly after birth, a third
germinal region in the inner lining of the developing DG
replaces the secondary germinal matrix. This is the SGZ and
supplies newborn gcl neurons within the first few weeks of life.
Although the DG is not layered, there is a clear anatomical
segregation as to the birth order of the gcl neurons, with the
oldest neurons occupying the outer edge of the dentate blade
and the newer neurons populating the deeper recesses of the
blade.

Interestingly, the outside-in formation and maturation of the
DG blade is reminiscent of the layered formation of the neo-
cortex, which occurs in an inside-out manner. It is not known
whether the stratified organization of hippocampal neurogenesis
is genetically regulated in a similar fashion to the neocortex.
Given the importance of Cux2 in layer specification in the
neocortex (Nieto et al., 2004; Zimmer et al., 2004; Cubelos
et al., 2008a; Franco et al., 2012; Guo et al., 2013), it is
tempting to speculate that it also plays a role in patterning
more evolutionarily ancient structures in the brain such as the
archicortex, which includes the hippocampus. Our fate labeling
studies using Cux2-ires-Cre; R26r-tdTomato mice revealed that
Cux2-positive progenitors appear to give rise to clusters of gcl
neurons within the first weeks of life. These labeled cells accrue
in the DG in an outside-in manner, progressively filling the
dentate blade such that by adult stages almost the entire DG
expresses the tomato reporter gene, with the notable exception
of most of the SGZ. This suggests that Cux2 acts in both the
secondary and tertiary germinative matrices to progressively
label almost all gcl neurons.

Nearly all the Cux2-fate mapped cells were mature
Calbindin1 granule cells, with surprisingly limited or no label-
ing of progenitor cells or astroglia. In contrast, the highest level
of Cux2 protein staining occurred within progenitor popula-
tions and neuroblasts of the SGZ. This included Nestin1/
Sox21 positive radial glial cells, as well as Sox21/Nestin- in the
SGZ of the neonatal brain. Yet limited co-staining was
observed in Cux2-Tomato fate-mapped cells in the SGZ. There
are three possibilities that can explain this discrepancy. The first
concerns the observed low levels of Cux2 staining in the
maturing granule cells of the DG. These cells are highly (85%)
co-localized with tomato levels in the gcl, and can account for
the activation of Cre recombinase leading to tomato fluores-
cence. Recently, a similar phenomenon was seen in a Neurod1-
Cre fate mapping study in the hippocampus (Aprea et al., in
press). While Neurod1 expression localized to the SGZ, exten-
sive reporter labeling was observed in the mature granule cells
of the DG. This was attributed to possible low levels of Neu-

rod1 (and therefore Cre) expression in the gcl that were not
detectable by immunostaining or mRNA in situ hybridization.
We however observed low levels of Cux2 staining the gcl neu-
rons, where there was an overlap with the Cux2-cre fate-
mapped cells (Supporting Information Fig. S4). Thus Neu-
rod1, like Cux2, may be active in the germinative matrix of
the DG, and staining in the gcl at postnatal stages reflects the
activity of neurogenic factors during DG formation.

Another possibility explaining the discrepancy between the
high Cux2-expressing cells in the SGZ cells and the restriction
of the Cux2-ires-Cre fate-mapped cells to the gcl is that the
levels of Cux2 in NPs are highly dynamic and rapidly downre-
gulated upon differentiation. Thereafter a persistent low Cux2
level will be maintained in maturing granule cells. This is con-
sistent with the endogenous expression pattern of Cux2 in the
neonatal DG, which is highest in Type 1 and Type 2 SGZ pro-
genitors and lowest in DCX1/Calretinin1 nascent neurons and
Calbindin1 differentiated granule cells (Figs. 3 and 4). A
dynamic expression phenomenon has been observed for the
Notch effector Hes1 in cortical NPs (Kageyama et al., 2009).
Interestingly, we previously showed that Cux2 is regulated by
Notch signaling during spinal cord neurogenesis (Iulianella
et al., 2009). Furthermore, during cortical development, Cux2
is transiently expressed in SVZ progenitors of the forebrain,
and Cux2 expression is maintained in migrating cortical neu-
rons as they mature into upper layer pyramidal neurons
(Zimmer et al., 2004; Cubelos et al., 2008a). Fate mapping
during cortical development confirms Cux2 activity in both
progenitors and accruing neurons of layers II/III (Franco et al.,
2012; Guo et al., 2013). It is possible that Cux2 expression in
the SGZ progenitors is transient and rapidly down-regulated
upon terminal differentiation. This scenario would explain why
the Cux2-ires-Cre fate-mapped cells only show high levels of
reporter gene activity in granule cell neurons, reflecting the
burst of Cux2 activation in their progenitors and the subse-
quent down-regulation of Cux2 in granule cells. A third possi-
bility is that the Cux2-ires-Cre line used in this study does not
accurately reflect the endogenous expression pattern of Cux2.
However, we did observe Cux2 co-staining in Tomato1 fate-
mapped cells in the DG (Supporting Information Fig. S4),
suggesting the driver accurately reflect endogenous Cux2 locus
activity. Together with our expression analysis, our findings are
most consistent with the view that Cux2 activity germinal
matrix of the developing DG and the postnatal SGZ leads to
the progressive labeling of gcl neurons along an outer-to-in
maturation gradient.

While most of the highly expressing Cux2 cells in the SGZ
were neuroblasts and nascent neurons, a significant number of
them were also Type 1 Nestin1/Sox21 and Type 2 Sox21/
Nestin2 progenitors (Fig. 7B). Interestingly, short-term EdU
pulsing experiments and Ki67 staining revealed that Cux2 was
expressed in a subset of non-dividing Type1 and 2 progenitors.
Furthermore, Cux2 protein was distributed across most types
of NPs, consistent with the transition of Type 1 cells to post-
mitotic neurons (Figs. 3, 4 and 7B). We did not see much
co-localization with Tbr2, but this likely reflects the low
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numbers of Tbr21 cells in the SGZ. We suggest that Cux2
expression defines an activated NP undergoing terminal neuro-
nal differentiation to granule cells in the DG. One view is that
this represents a novel neuronally restricted (i.e., non-self-
renewing) SGZ progenitor type. This intriguing observation
may shed light as to whether the postnatal hippocampus con-
tains multipotent self-renewing progenitors vs. lineage-
restricted non-self-renewing progenitors or some combination
thereof (Bonaguidi et al., 2011; Clarke and van der Kooy,
2011; Encinas et al., 2011; Kempermann, 2011). There is evi-
dence that the hippocampal progenitors contain separate glial
and neuronal lineages with limited self-renewal capabilities
(Bull and Bartlett, 2005; Clarke and van der Kooy, 2011; Enci-
nas et al., 2011). On the other hand, in vivo clonal analyses of
Type 1 cells suggest that they are indeed multipotent and are
capable of self-renewal (Suh et al., 2007; Bonaguidi et al.,
2011). A possible explanation is that the SGZ may be popu-
lated with progenitors from different embryonic sources.
Clarke and van der Kooy (2011) argued that the fetal ventricu-
lar zone of the presumptive hippocampal-forming region is a
source of unipotent progenitors that take up residence in the
SGZ. We noted Cux2 expression in the SVZ of the presump-
tive DG forming region of the forebrain from E14.5 onwards.
While co-expression was observed with Prox11 nascent DG
neurons, most of the Cux2 expression domain was within the
SVZ of the dentate forming region, indicating it is a marker
for presumptive SGZ progenitors. Our fate-mapping analysis
indicates that Cux2-expressing SVZ progenitors in the dentate
primordia directly differentiate into Calbindin1 granule cells in
the DG and have limited or no capacity for self-renewal. There
are several observations in the current study consistent with the
idea. First, although Cux2 was expressed in most SGZ progeni-
tors, including Nestin1/Sox21 Type 1 cells, Cux2-cre; R26r-
tdTomato fate mapping showed a lack of labeling in the SGZ,
where NPs self-renew. Secondly, long-term EdU pulse labeling
studies revealed that the loss of Cux2 was not accompanied by
any changes of the quiescent self-renewing Sox21 progenitor
pool. We also observed no co-staining of Cux2 with Ki67, a
marker for proliferating progenitors, nor with EdU after a
short (6 h) pulse, which labeled Nestin1 and Sox21 SGZ cells.
Lastly, we showed a progressive decline in Cux21 cells in the
SGZ from perinatal to adult stages, suggesting that its expres-
sion identifies a NP that supplies nascent neurons in the
maturing DG at peak neurogenic stages within the first few
weeks after birth.

Our findings thus support the notion that the SGZ has a
mixed population of progenitors originating from embryonic
germinal regions and possessing intrinsic differences in their
ability to self-renew. In particular, we argue that Cux2 may act
in hippocampal progenitors to restrict their self-renewing abil-
ities and promote granule cell differentiation, similar to its role
in promoting neurogenesis in the olfactory epithelium (Witt-
mann et al., 2014). In support of this, our fate-mapping stud-
ies show that Cux21 progenitors generate most Calbindin1

granule cell neurons in the DG, but not any SGZ progenitors.
Moreover, Cux2 activity in the developing DG occurred quite

early in the mouse fetus (E14.5) at stages corresponding to the
formation of the dentate germinal matrices and migration of
granule cell precursors from the germinal wall of the forebrain
SVZ (Fig. 7A). In this way Cux2 activity selectively labeled the
forming DG in an outside-in manner, as has been described in
birth dating studies by Altman and coworkers (Altman and
Das, 1965; Altman and Bayer, 1990a,b). This is similar to the
proposed role for Cux2 in cell fate restriction in the developing
cortex (Franco et al., 2012; Guo et al., 2013). Using a
tamoxifen-inducible Cux2-Cre driver, Franco et al. claimed
that Cux2 activity defined a class of cortical progenitors fated
to give rise to upper layer pyramidal neurons. This has stirred
debate in the field and led to another study using Cux2-Cre
fate mapping to argue that there is no inherent bias as to the
fate of Cux2-expressing cortical progenitors (Guo et al., 2013).
However, both studies demonstrate that Cux2 acts within NPs
to promote layer-specific differentiation of cortical pyramidal
neurons. Here we suggest a similar role for Cux2 reflecting the
birth of granule cells in the developing DG along the outer-to-
inner formation front.

Despite the expression and fate mapping data suggesting a
role for Cux2 in hippocampal neurogenesis, our Cux2 loss-of-
function studies did not overtly affect the DG morphogenesis or
the formation of Prox11 nascent gcl neurons. The Cux2neo/neo

allele used in this study is a gene trap mutation that was previ-
ously shown to greatly attenuate Cux2 levels in the brain and
shows variable penetrance and expressivity in embryonic neuro-
genic phenotypes (Iulianella et al., 2008; Wittmann et al.,
2014). However, in the hippocampus, the Cux2neo/neo mutation
abolished all Cux2 immunoreactivity, demonstrating the loss of
function is complete (Supporting Information Fig. S1). Thus
another possibility is that Cux2 acts redundantly with Cux1,
which is the other Cux homolog in the mammalian genome.
Indeed, previous work demonstrated that Cux1 and Cux2 act
together to promote layer specification in the cortex (Cubelos
et al., 2008b). Our unpublished observations indicate that
Cux1 is also expressed in the SGZ of neonatal and adult DG,
supporting a functional redundancy between the two Cux
factors.

In conclusion, we provide evidence that Cux2 is a discrimina-
tory marker for non-self-renewing progenitors in the perinatal
SGZ of the hippocampus. Our work also sheds light on the
molecular patterning of the archicortex. In both the neo- and
archicortices, Cux2 appears to play a role in the stratified accretion
of newborn neurons. This surprising finding speaks to the deep
conservation of genetic programs linking the histogenesis of the
ancient parts of the brain with the more recently evolved ones.
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