RESEARCH ARTICLE

Ikaros-1 Couples Cell Cycle Arrest of Late Striatal
Precursors With Neurogenesis of Enkephalinergic
Neurons
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Oriol Bachs,1 Jordi Alberch,1,2 and Josep M. Canals1,2*
1
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ABSTRACT
During central nervous system development, several transcription factors regulate the differentiation of progenitor
cells to postmitotic neurons. Here we describe a novel role
for Ikaros-1 in the generation of late-born striatal neurons.
Our results show that Ikaros-1 is expressed in the boundary of the striatal germinal zone (GZ)/mantle zone (MZ),
where it induces cell cycle arrest of neural progenitors by
up-regulation of the cyclin-dependent kinase inhibitor
(CDKi) p21Cip1/Waf1. This effect is coupled with the neuronal differentiation of late precursors, which in turn is critical for the second wave of striatal neurogenesis that gives
rise to matrix neurons. Consistently, Ikaros–/– mice had
fewer striatal projecting neurons and, in particular, enkephalin (ENK)-positive neurons. In addition, overexpres-

sion of Ikaros-1 in primary striatal cultures increases the
number of calbindin- and ENK-positive neurons. Our results also show that Ikaros-1 acts downstream of the Dlx
family of transcription factors, insofar as its expression is
lost in Dlx1/2 double knockout mice. However, we demonstrate that Ikaros-1 and Ebf-1 independently regulate
the ﬁnal determination of the two populations of striatal
projection neurons of the matrix compartment, ENK- and
substance P-positive neurons. In conclusion, our ﬁndings
identify Ikaros-1 as a modulator of cell cycle exit of neural
progenitors that gives rise to the neurogenesis of ENKpositive striatal neurons. J. Comp. Neurol. 518:329 –351,
2010.
© 2009 Wiley-Liss, Inc.
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Neural progenitor cells (NPCs) that are located at concrete positions during brain development give rise to different neuronal and glial cell types (Bertrand et al., 2002).
These processes are regulated by several proneural tran-

scription factors that follow speciﬁc temporal expression
patterns and regulate neurogenesis of discrete neuronal
populations. Some of these factors are likely to be part of
the switch from neurogenesis to gliogenesis, insofar as the
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Martı́n-Ibáñez et al. ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

TABLE 1.
List of Mutant Mice Used
Gene target
Ikaros
Dlx-5/6
Dlx-1/2
Ebf-1
P21

Mutation

Background strain

Knockout mice involving a deletion of a 1.35-kb genomic fragment
encompassing the 59 coding region of exon 7
Transgenic mice expressing cre recombinase and EGFP from a bicistronic
construct under the control of the Dlx-5/6 enhancer element id6/id5
Knockout mice with targeted mutagenesis to introduce deletions into the
locus of the Dlx-1 and -2 genes linked on mouse chromosome 2
Knockout mice in which 3.4 kb of the mouse ebf gene comprising exons 1-3
was replaced with 1.4 kb of the PGK:neo cassette
Knockout mice generated by replacing the p21 coding sequence with a
neomycin-resistance cassette

C57BL/6

Wang et al., 1996

C57BL/6

Stenman et al., 2003

C57BL/6

Qiu et al., 1997

C57BL/6

Lin and Grosschedl, 1995

C57BL/6

Brugarolas et al., 1995

former precedes theﬁnal differentiation of NPCs to glial
cells.
Striatal projection neurons derive from NPCs of the lateral ganglionic eminence (LGE) of the ventral telencephalon (Campbell, 2003). NPCs from the germinal zone (GZ) of
the LGE proliferate and multiply and then migrate to the
mantle zone (MZ), the striatal primordium, where they undergo terminal neuronal differentiation (Merkle and
Alvarez-Buylla, 2006). Two separate waves of neurogenesis generate neurons that will populate distinct striatal
anatomical structures: the patches or striosomes and the
matrix (van der Kooy and Fishell, 1987). These two compartments of the striatum can be deﬁned on the basis of
neuropeptide expression: the patch compartment consists
of clusters of substance P (SP)-expressing neurons (Song
and Harlan, 1994a), which develop early, and their neurogenesis peaks between E12 and E13 in mice (Mason et al.,
2005). In contrast, the matrix compartment contains both
enkephalin (ENK)- and SP-positive neurons (Song and Harlan, 1994b) that are generated later, at about E14 –E15 in
mice (Mason et al., 2005).
The sequential actions of many transcription factors
participate in the development of striatal projection neurons (Campbell, 2003). Among them, Gsh1 and -2 and
Mash1 appear to be necessary for the generation of earlyborn striatal neurons (Toresson and Campbell, 2001; Yun
et al., 2002, 2003), whereas Dlx-1 and -2 are involved in
the neurogenesis of late-born striatal neurons (Anderson
et al., 1997; Yun et al., 2002). All these transcription factors are highly expressed in the GZ, and their main function
is the maintenance of homeostasis of NPCs. Further transcription factors are expressed in the postmitotic MZ,
where they intervene in the ﬁnal differentiation of striatal
neurons. One of these factors is Ebf-1, which in the MZ
participates in the development of SP-positive striatal projection neurons located in the matrix compartment (Garel
et al., 1999; Lobo et al., 2006).
Another of the factors selectively expressed in the MZ
during striatal development is Ikaros (Georgopoulos et al.,
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Reference

1992; Molnar and Georgopoulos, 1994; Willett et al., 2001;
Agoston et al., 2007), the founding member of a family that
was initially identiﬁed as a hematopoietic cell type-speciﬁc
transcription factor (Georgopoulos, 2002; Yoshida et al.,
2006). It has recently been shown that Ikaros family members participate in the development of ENK-positive neurons in the striatum (Agoston et al., 2007). However, the
mechanism by which Ikaros is involved in this process is
unknown. Here we show that Ikaros-1 participates in cell
cycle arrest of late NPCs through the regulation of p21Cip1/
Waf1 and that this process is linked to the neurogenesis of
ENK-positive striatal neurons. We also found that Ikaros-1
acts downstream of the Dlx family of transcription factors
but independently of Ebf-1.

MATERIALS AND METHODS
Animal subjects
Mice were maintained under standard conditions, with
food and water ad libitum. All animal procedures were
approved by local committees, in accordance with European Communities Council Directive 86/609/EU. B6CBA
wild-type (wt) mice (from Charles River Laboratories, Les
Oncins, France); Dlx-5/6-Cre-IRES-GFP transgenic mice
(Stenman et al., 2003); and Ikaros (Wang et al., 1996),
Dlx-1/2 (Qiu et al., 1997), Ebf-1 (Lin and Grosschedl,
1995), and p21 (Brugarolas et al., 1995) knockout mice
(–/–) were used (see Table 1 for details). These strains
were maintained by back-crossing to C57BL/6 mice. Genotypes were determined by PCR, as described elsewhere
(Lin and Grosschedl, 1995; Wang et al., 1996; Qiu et al.,
1997; Jaime et al., 2002; Stenman et al., 2003).

BrdU birth dating and proliferation
The day of pregnancy, determined by the ﬁrst detection
of a vaginal sperm plug in daily inspection, was considered
embryonic day (E) 0.5. Pregnant mice were injected intraperitoneally with bromodeoxyuridine (BrdU; 50 mg/kg;
Sigma Chemical Co., St. Louis, MO). BrdU was adminis-

The Journal of Comparative Neurology 円 Research in Systems Neuroscience

--------------------------------------------------------------------------------------------------------------------------------------------- Ikaros-1 regulates striatal neurogesis

tered at E12.5, E14.5, and E16.5, and the embryos were
subsequently allowed to develop until E18.5, at which
point the dams were terminally anesthetized and the embryos were removed and processed for BrdU immunohistochemistry (see diagram in Supp. Info. Fig. 1). To analyze
the proliferation in the GZ in vivo, E14.5 pregnant mice
received a single dose of BrdU. Thirty minutes later, they
were terminally anesthetized, and the embryos were processed for BrdU immunohistochemistry.

Primary striatal cultures
E14.5 fetal brains were excised, and the LGEs were dissected and dissociated with a ﬁre-polished Pasteur pipette. Cells were plated onto 24-well plates containing
glass coverslips precoated with 0.1 mg/ml poly-D-lysine
(Sigma Chemical Co.) at a density of 150,000 cells/cm2.
We obtained mixed neuron– glial cultures by growing cells
in Eagle’s minimum essential medium (MEM; Invitrogen
S.A., El Prat de Llobregat, Barcelona, Spain) supplemented
with 7.5% fetal bovine serum (FBS; Invitrogen S.A.), 0.6%
D-(⫹)-glucose (Sigma Chemical Co.), and 100 U/ml of
penicillin and 100 mg/ml streptomycin (both obtained
from Invitrogen S.A.). We also obtained pure neuronal cultures by growing cells in MEM supplemented with B27
(Invitrogen). Cell cultures were incubated at 37°C in a 5%
CO2 atmosphere. At 4 days in vitro for overexpression
analyses and at 5 days in vitro for colocalization studies,
cultures were ﬁxed with 4% paraformaldehyde solution
(PFA; Merck Biosciences Ltd., Nottingham, United Kingdom) in phosphate-buffered saline, pH 7.4 (PBS), and processed for immunocytochemistry.

Neurosphere assay
We used a neurosphere assay in vitro to study the role of
Ikaros family members in embryonic NPCs. For neurosphere cultures, LGEs from E14.5 wt mice were dissected
out and disaggregated mechanically with a ﬁre-polished
Pasteur pipette until no aggregates could be seen. Thereafter, 1.25 ⫻ 106 cells were plated at a density of 50,000
cells/cm2 in complete medium [Dulbecco’s modiﬁed Eagle’s medium (DMEM; Sigma Chemical Co.):F12 (Invitrogen S.A.; 1:1); supplemented with 30% glucose, 1 M
Hepes, 0.2% heparin, 4 mg/ml BSA, 1 ⫻ N2 supplement
(Invitrogen S.A.), 0.3 mg/ml L-glutamine (Invitrogen S.A.),
and 50 U/ml penicillin/streptomycin]. To allow neurosphere formation, complete medium was supplemented
with 20 ng/ml ﬁbroblast growth factor (FGF; Sigma Chemical Co) and 10 ng/ml epidermal growth factor (EGF; Invitrogen S.A.). After 5 days in vitro, we mechanically disaggregated the neurospheres to single cells and seeded
them again for neurosphere formation at a density of
10,000 cells/cm2. Low-passage neurospheres (between 4
and 6) were transfected as described below. Thereafter,

viable cells were counted by trypan blue exclusion. For
proliferation assays, 2 days after transfection, neurospheres from LGE were treated with 1 mM of BrdU for 20
minutes, ﬁxed, and processed for immunohistochemistry.
To analyze NPCs derived from Ikaros–/– embryos, individual forebrains from E14.5 embryos from the different
genotypes were dissected, disaggregated into small
pieces, and digested enzymatically with trypsin 0.05% (Invitrogen S.A.) for 15 minutes at 37°C. Digestion was
halted by the addition of culture medium [DMEM (Sigma
Chemical Co.):F12 (Invitrogen S.A.; 1:1); supplemented
with 1.5% glucose, 2 mM glutamine, 10 mM Hepes, 10%
FBS, and 50 U/ml penicillin/streptomycin (Invitrogen
S.A.)]. Thereafter, tissue samples were treated with 6.5
mg/ml DNAse (Sigma Chemical Co.) for 10 minutes at
37°C and centrifuged for 10 minutes at 1,000 rpm. Cells
were cultured at 37°C in a 5% CO2 atmosphere. Twentyfour hours later, each plate was expanded in serum-free
medium [DMEM (Sigma Chemical Co.):F12 (Invitrogen
S.A.; 1:1) supplemented with: 1.5% glucose, 2 mM glutamine, 1 M Hepes, 50 U/ml penicillin/streptomycin, 1⫻
N2 supplement (Invitrogen S.A.), 4 ng/ml EGF, 25 ng/ml
FGF (both obtained from R&D Systems Inc., Minneapolis,
MN), and 2 g/ml heparin (Sigma Chemical Co.)]. Cells
were grown in suspension for 5 days.

Cell transfection
To overexpress Ikaros-1, we transfected the cells with
the pMX-IK1-IRES-GFP plasmid (Gomez-del-Arco et al.,
2004) or the MSCV-Ik-1-IRES-GFP plasmid (Kathrein et al.,
2005), which encode for the Ikaros-1 isoform and enhanced green ﬂuorescent protein (eGFP). We used plasmids that express only eGFP, the pmax-eGFP plasmid
(Amaxa Biosystems, Cologne, Germany), or the MSCVIRES-GFP (Kathrein et al., 2005) as controls for Ikaros-1
overexpression.
Embryonic neurospheres were disaggregated mechanically and transfected by nucleofection, following the manufacturer’s protocol (Amaxa Biosystems). Cells (5 ⫻ 106)
were transfected with 12 g of the given plasmid, using
the A33 Nucleofector program (Amaxa Biosystems). The
efﬁciency of transfection is between 40% and 50% of cells.
Primary cultures were transfected 24 hours after seeding with 0.5 g of the plasmids per well (24-well plate). The
transfection was done with Lipofectamine LTX (Invitrogen
S.A), following the manufacturer’s instructions, which results in an efﬁciency of transfection about 0.5–1% of cells.
Three days after the transfection, cells were ﬁxed with 4%
PFA for immunocytochemistry analysis.

Antibody characterization
All immunostainings were performed using the antibodies listed in Table 2. Anti-BrdU antibody, clone Bu20a
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TABLE 2.
Primary Antibodies Used for Immunocytochemistry, Immunohistochemistry, and Western Blot

Antigen

Manufacturer, catalog or lot No.

Bromodeoxyuridine
(BrdU)
Bromodeoxyuridine
(BrdU)
Calbindin

Species in which
the antibody was
made

Dilution

Immunogen used to generate
antibody

Mouse

1:50

Rabbit

1:1,500

Mouse

1:1,000

ChAT
DARPP-32

Dako (Glostrup, Denmark) catalog
M0744
Megabase Research Products (Lincoln,
NE) catalog BP41000
Sigma Chemical Co. (St. Louis, MO)
catalog C9848
Millipore (Billerica, MA) catalog AB143
Millipore catalog AB1656

Rabbit
Rabbit

1:4,000
1:500

GFAP

Dako catalog Z0334

Rabbit

1:500

GFP-FITC

Abcam (Cambridge, United Kingdom)
catalog ab6662
Katia Georgopoulos
Sigma Chemical Co. catalog M1406

Goat

1:200

Mouse
Mouse

1:2,000
1:500

Nestin

Covance (Denver, PA) catalog PRB315C

Rabbit

1:200

NeuN

Millipore (Billerica, MA) catalog
MAB377
Cell Signalling Technology (Danvers,
MA) catalog 2421
Santa Cruz Biotechnology (Santa Cruz,
CA) catalog sc-397

Mouse

1:100

Rabbit

1:100

Rabbit

1:200

BD Biosciences (Erembodegem,
Belgium) catalog 610241
SWANT (Bellinzona, Switzerland)
catalog PV-28
Sigma Chemical Co. catalog T2200

Mouse

1:500

BrdU conjugated to bovine serum
albumin
BrdU coupled to keyhole limpet
hemocyanin (KLH)
Puriﬁed bovine kidney calbindinD28K
Human placental enzyme
Synthetic peptide
(CQVEMIRRRRPTPAM) coupled
to KLH
GFAP puriﬁed from bovine spinal
cord
Full-length GFP (amino acid
sequence 246 aa)
Peptide comprising aa 300-390
Bovine microtubule-associated
protein 2
KLH-conjugated peptide
(CPSQPLKFTLSGVDGDSWSSGED)
to the mouse C-terminal nestin
tail
Puriﬁed cell nuclei from mouse
brain
Synthetic peptide (VLLSRKRRRQH)
coupled to KLH
Peptide corresponding to aa 146164 mapping at the C-terminus
of human p21
Mouse Kip1 aa. 1-197

Rabbit

1:1,000

Rat muscle parvalbumin

Rabbit

1:200

Synthetic peptide corresponding to
aa 441-450 of human ␤III-tubulin

Ikaros
MAP2

Cleaved Notch-1
p21

p27 (Kip1)
Parvalbumin
␤III-Tubulin

(Dako, Glostrup, Denmark), recognized BrdU incorporated
into DNA in place of thymidine during DNA synthesis by
immunocytochemistry (Magaud et al., 1989), ﬂow cytometry (Dolbeare et al., 1983), or ELISA (Magaud et al., 1988).
Similarly, anti-BrdU antibody (Megabase Research, Lincoln, NE) showed by ELISA a good signal binding to
BrdUTP-substituted DNA. No cross-reactivity to 5-methyl
cytosine or deoxiuridine was observed (manufacturer’s
data sheet). As a negative control, the antibody failed to
stain embryonic mouse brains that were not injected with
BrdU (Supp. Info. Fig. 2).
The calbindin D-28 antibody (Sigma Chemical Co.) recognized a single band of 28 kDa molecular weight (m.w.) on
Western blots of rat brain (manufacturer’s data sheet), and
stained a pattern of cellular morphology and distribution in
the mouse retina that is identical to that in previous reports
(Haverkamp and Wassle, 2000). Within the striatum, this antibody recognizes striatal projecting neurons in a pattern that
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was identical to that in previous descriptions (Perez-Navarro
et al., 1996).
The anticholine acetyltransferase (ChAT) polyclonal antibody (Millipore, Billerica, MA) precipitated a 68-kDa protein corresponding to ChAT as well as an unrelated 27-kDa
protein from human motor neurons (manufacturer’s technical information). In mouse brain, it stained a cytoplasmic
pattern in interneurons in the cerebral cortex (Bhagwandin
et al., 2006) and large neurons in the striatum (Canals et
al., 2004; Bloomﬁeld et al., 2007), which is consistent with
previous reports.
The anti-DARPP-32 polyclonal antibody (Millipore)
recognized a band of 32 kDa m.w. on Western blots of
mouse brain (Torres-Peraza et al., 2007) and stained
neurons in tissue sections in a pattern that was identical
to that in previous descriptions (Canals et al., 2004) and
in primary cultures by immunostaining (manufacturer’s
data sheet).
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The anti-GFAP polyclonal antibody (Dako) recognized a
single band of 50 kDa m.w. on Western blots of mouse
brain (manufacturer’s data sheet). In mouse brain, it
stained a pattern consistent with ﬁbrillary astrocytes, as
demonstrated previously in rat brain (Yasuda et al., 2004).
The staining pattern was also consistent with that of transgenic mice that express the LacZ under the GFAP promoter
(Brenner et al., 1994).
Fluorescein conjugated anti-GFP polyclonal antibody
(Abcam, Cambridge, United Kingdom) stained cells containing GFP-expressing inserts in prokaryotic (Escherichia
coli) and eukaryotic (CHO) cells (manufacturer’s data
sheet). As a negative control, the antibody failed to stain
brains from wt mice (Supp. Info. Fig. 3).
The anti-Ikaros antibody recognized all eight Ikaros isoforms in the 66 –36-kDa range by Western blot of lymphocyte whole cell lysates (Sun et al., 1999) and stained NIH
3T3 ﬁbroblast cells transfected with Ikaros-1 plasmid
(Georgopoulos et al., 1994). As a negative control, the
antibody failed to stain brain tissue from Ikaros–/– mice
(Supp. Info. Fig. 4).
The anti-MAP-2 monoclonal antibody (Sigma Chemical
Co.) recognized a single band of 220 kDa m.w. on Western
blots of rat brain (manufacturer’s data sheet) and stained
neurons in tissue sections or primary cultures (Binder et
al., 1986).
The anti-nestin polyclonal antibody (Covance, Denver,
PA) recognized a band of 220 –240 kDa m.w. on Western
blots of mouse embryonic cells and stained speciﬁcally
ﬁlaments in Ntera-2 and mouse embryonic (Pallante et al.,
2007) or neural (Bosch et al., 2004) stem cells as well as
neonatal mouse brain sections (manufacturer’s data
sheet).
The anti-NeuN monoclonal antibody (Millipore) recognized two or three bands in the 46 – 48 kDa m.w. range and
possibly another band at approximately 66 kDa m.w. (manufacturer’s data sheet). It also stained neurons in primary
cultures or brain tissue sections in a pattern that was identical to that in previous descriptions (Canals et al., 2001;
Bosch et al., 2004).
The cleaved Notch1 polyclonal antibody (Cell Signalling
Technology, Danvers, MA) recognized a single band of 110
kDa on Western blots of differentiated NIH/3T3 cells
(manufacturer’s data sheet) and stained COS cells transfected with human Notch 1 full-length cDNA and treated
with EDTA (manufacturer’s data sheet). Speciﬁc immunoreactivity has been observed on Western blot and immunostaining (Tokunaga et al., 2004).
Anti-P21 polyclonal antibody (Santa Cruz, Santa Cruz,
CA) recognized a single band of 21 kDa m.w. on Western
blots of C32 nuclear extracts (manufacturer’s data sheet)
or liver cells extracts (Jaime et al., 2002).

Anti-P27[Ki1] monoclonal antibody (BD Bioscience, Erembodegem, Belgium) recognized a single band of 27 kDa
m.w. on Western blots of endothelial cells of porcine thoracic aortas and HeLa cells (Hirano et al., 2004) and
stained HeLa cell nuclei (manufacturer’s data sheet). We
used this antibody only for Western blots and found protein
expression levels consistent with mRNA expression levels.
The parvalbumin antiserum (Swant, Bellinzona, Switzerland) stained a pattern of neurons in the striatum and substantia nigra of mouse brain that was identical to that in
previous descriptions (Perez-Navarro et al., 1996; Gratacos et al., 2001; Canudas et al., 2005). This antibody recognizes a single band of about 14 kDa m.w. on Western
blot of mouse cerebellar samples that was not detected in
knockout mice (Caillard et al., 2000).
Anti-␤III-tubulin antibody (Sigma Chemical Co.) recognized
a single band of 55 kDa m.w. on Western blots of cultured
cells or brain lysates. Additional weak bands may be detected
when immunoblotting some extract preparations (manufacturer’s data sheet). ␤III-Tubulin antibody also stained neurons
of the central and peripheral nervous systems in primary cultures or brain tissue sections (Bosch et al., 2004; Cleary et al.,
2006).

Immunolabelling
Fluorescent immunolabelling was performed according
to the protocol described by Bosch et al. (2004). In brief,
cultures or tissue sections were ﬁxed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 45 minutes.
Cultures and/or tissue sections were blocked for 1 hour in
PBS containing 0.3% Triton X-100 and 30% normal horse
serum (NHS; Gibco-BRL). Thereafter, they were incubated
overnight at 4°C in PBS containing 0.3% Triton X-100 and
5% NHS with the corresponding primary antibodies. After
three PBS washes, cultures were incubated for 2 hours at
room temperature with the following secondary antibodies: FITC-conjugated anti-rabbit (1:100; Vector Laboratories, Burlingame, CA), Cy3-conjugated donkey anti-rabbit
IgG (1:500), Cy2-conjugated donkey anti-mouse (1:200),
and Texas red-conjugated donkey anti-mouse (1:200; all
from Jackson Immunoresearch Laboratories Inc., West
Grove, PA). Cultures or tissue sections were counterstained with 4⬘,6-diamidino-2-phenylindole, dihydrochloride (DAPI; Sigma Chemical Co.) and mounted in Mowiol
(Calbiochem, La Jolla, CA). Fluorescent photomicrographs
were taken on a Leica TCS SL laser scanning confocal
spectral microscope (Leica Microsystems Heidelberg
GmbH, Manheim, Germany). All pictures acquisitions were
as tiff ﬁles, and adjustments of brightness and contrast
were made in Adobe Photoshop 6.0.
To analyze the cellular populations of the striatum, mice
were transcardially perfused with 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4). Brains were removed,
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TABLE 3.
Nucleotide Sequences of In Situ Hybridization Probes
Source

Type of probe

Insert size (bp)

cDNA nucleotides of probe
or nucleotides from 3ⴕ-end

John Rubenstein
John Rubenstein
Rudolf Grosschedl
OPERON
OPERON
Katia Georgopoulos
OPERON

Riboprobe
Riboprobe
Riboprobe
Oligonucleotide
Oligonucleotide
Riboprobe
Oligonucleotide

1,700
1,600
737
47
44
1,093
47

1,700 from 3⬘-end
1,600 from 3⬘-end
193-930
388-435
93-137
243-1,336
145-192

Plasmid name
Dlx2
Dlx5
Ebf1
ENK
Ikaros
Ikaros
SP

postﬁxed for 2 hours at 4°C in the same solution, cryoprotected in PBS containing 30% sucrose, and frozen in dry
ice-cooled isopentane. Serial coronal cryostat sections (30
m thick) through the whole striatum were collected as
free-ﬂoating sections in PBS and processed for immunohistochemistry as previously described (Canals et al.,
2004). In brief, sections were incubated for 30 minutes
with PBS containing 10% methanol and 3% H2O2 in order to
block endogenous peroxidases. Sections were then
washed three times in PBS and blocked for 1 hour with
2–10% normal serum in PBS. Tissue was then incubated
with the appropriate primary antibody in PBS containing
2% normal goat serum for 16 hours at 4°C, except for
DARPP-32, which was incubated at room temperature.
Sections were washed three times and incubated with a
biotinylated secondary antibody (1/220; Pierce, Rockford,
IL) for 1–2 hours at room temperature in the same buffer
as the primary antibody. The immunohistochemical reaction was developed using the ABC kit (Pierce). No signal
was detected in control preparations from which the primary antibody was omitted.

In situ hybridization
For in situ hybridization, brains were removed at speciﬁc
developmental stages and frozen in dry-ice-cooled isopentane. Serial coronal cryostat sections (14 m) were cut on
a cryostat, collected on silane-coated slides, and frozen at
–20°C. Table 3 lists the genes and the nucleotide positions
used for the probes in the in situ analysis.
Radioactive in situ hybridization was performed as described elsewhere (Perez-Navarro et al., 1999), using the following oligonucleotide probes: Ikaros, complementary to nucleotides 93–137 of the Ikaros sequence (GenBank
accession No. NM_009578); ENK, complementary to nucleotides 388 – 435 of rat preproenkephalin (GenBank accession No. NM_001002927); and SP, complementary to nucleotides 145–192 of rat preprotachykinin A (GeneBank
accession No. NM_009311). Oligoprobes were synthesized
by OPERON (Qiagen GmbH, Hilden, Germany). In brief, sections were serially thawed and ﬁxed with 4% paraformaldehyde in PBS, dehydrated in graded ethanol solutions and chlo-
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roform, and air dried. Oligonucleotide probes were 3⬘-endlabelled with ␣[35S]dATP (GE Healthcare España S.A.,
Barcelona, Spain) using terminal deoxyribonucleotidyltransferase (Promega, Madison, WI). Labelled probes were
separated from unincorporated nucleotides on a Nensorb-20
column (Du Pont, Wilmington, DE). The sections were hybridized at 42°C for 16 hours in a humidiﬁed chamber with 150 l
of hybridization cocktail [50% formaminde, 4⫻ SSC (1⫻ SSC:
0.15 M sodium chloride-0.015 sodium citrate buffer, pH 7.0),
1⫻ Denhardt⬘s solution, 10% dextran sulfate, 0.25 mg/ml
yeast tRNA, 0.5 mg/ml sheared salmon sperm DNA, 1% sarcosyl (N-lauroy sarcoside), 0.02 M Na3PO4 (pH 7.0), 0.05 M
dithiotreitol] per slide containing 5 ⫻ 106 c.p.m./ml of the
probe. After hybridization, sections were rinsed and washed
ﬁve times for 20 minutes in 0.1⫻ SSC at 40°C, dehydrated in
ethanol, and air dried. Then, the slides were exposed to ␤-max
X-ray ﬁlm (GE Healthcare España S.A.) for 20 days and dipped
in LM-1 photoemulsion (GE Healthcare España S.A.) for 40
days at 4°C, developed in D-19 (Eastman Kodak Company,
Rochester, NY), ﬁxed, and counterstained with cresyl violet
before analysis. Addition of 100-fold excess of unlabelled
probe abolished all hybridization signals showing the speciﬁcity of the hybridization.
Nonisotopic in situ hybridization was performed as described elsewhere (Schaeren-Wiemers and Gerﬁn-Moser,
1993; Georgopoulos et al., 1994; Serrats et al., 2003;
Flames et al., 2004), using riboprobes for Ikaros (Georgopoulos et al., 1994), Ebf-1 (Garel et al., 1999), or Dlx-2 or
Dlx-5 (Flames et al., 2004) and oligoprobes for ENK and SP
(Canals et al., 2004). In brief, frozen tissue sections were
air dried, ﬁxed in 4% paraformaldehyde in PBS for 20 minutes at 4°C, washed once in 3⫻ PBS and twice in 1⫻ PBS
for 5 minutes each, and incubated for 2 minutes at 21°C in
a freshly prepared solution of predigested Pronase (Calbiochem) at a ﬁnal concentration of 24 U/ml in 50 mM TrisHCl, pH 7.5, 5 mM EDTA. Enzyme activity was stopped by
immersion for 30 seconds in 2 mg/ml glycine in PBS. Tissue sections were ﬁnally rinsed in PBS and dehydrated
through a graded series of ethanol. Tissue sections were
then covered with 100 l of hybridization buffer containing
the probes, overlaid with Nescoﬁlm coverslips (Bando
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Chemical, Kobe, Japan), and incubated overnight in humidiﬁed boxes at 42°C. Digoxigenin (DIG)-labeled probes
were diluted in hybridization solution [50% formamide, 4⫻
SSC (1⫻ SSC: 150 mM NaCl, 15 mM sodium citrate), 1⫻
Denhardt’s solution, 10% dextran sulfate, 1% Sarkosyl, 20
mM phosphate buffer, pH 7.0, 250 g/ml yeast tRNA, and
500 g/ml salmon sperm DNA] to a ﬁnal concentration of
1.5 nM. The oligodeoxyribonucleotide probes were 3⬘-endlabeled with terminal deoxynucleotidyltransferase and
DIG-11-dUTP (Roche). DIG-labeled oligonucleotides were
puriﬁed by ethanol precipitation and resuspended in 200
l TE (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, pH 8.0). After
hybridization, sections were washed four times (45 minutes each) in a buffer containing 0.6 M NaCl and 10 mM
Tris-HCl, pH 7.5, at 60°C. To develop the hybridization
signal, the slides were immersed for 30 minutes in a buffer
containing 0.1 M Tris-HCl, pH 7.5, 1 M NaCl, 2 mM MgCl2,
and 0.5% bovine serum albumin and incubated overnight at
4°C in the same solution with alkaline phosphate-conjugated
antidigoxigenin-F(ab) fragments (1:5,000; Roche). They were
then washed three times in the same buffer and twice in an
alkaline buffer (0.1 M Tris-HCl, pH 9.5, 0.1 M NaCl, and 5 mM
MgCl2). Alkaline phosphatase activity was developed by incubating the sections with 3.3 mg nitroblue tetrazolium and
1.65 mg bromochloroindolyl phosphate (Invitrogen S.A.) dissolved in 10 ml alkaline buffer. The enzymatic reaction was
stopped by extensive rinsing in alkaline buffer with the addition of 1 mM EDTA. The sections were then dehydrated and
air dried.

Quantitative (Q)-PCR assays
Gene expression was evaluated by Q-PCR assays, as previously described (Martin-Ibanez et al., 2007), using the following TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA): 18s, Hs99999901_s1; ␤III-tubulin,
Mm00727586_s1; nestin, Mm00450205_m1; Notch1,
Mm00435245_m1; Notch3, Mm00435270_m1, Hes-1,
Mm00468601_m1; Hes-5, Mm01266490_g1; RBPJK,
Mm00770450_m1; Deltex, Mm00492297_m1; delta, Mm00432841_m1; Jagged, Mm00496902_m1; Mash-1,
Mm01228155_g1; P21, Mm00432448_m1; and P27,
Mm00438168_m1. All Q-PCR assays were performed in duplicate and repeated in at least three independent experiments.
The Q-PCR data were analyzed and quantiﬁed using the
comparative quantitation analysis program of MxPro
Q-PCR analysis software version 3.0 (Stratagene, La Jolla,
CA), with 18S gene expression as an internal loading control. For developmental studies, the results are expressed
as relative levels of the expression in relation to E14.5
expression levels, considered as 1. For Ikaros-1 overexpression, the results are expressed as relative levels with
respect to the control eGFP overexpression, considered as
100%.

Western blot
We analyzed which Ikaros isoforms were present in
E18.5 and P15 striatum. Samples (n ⫽ 3) were prepared
and processed for Western blot as described elsewhere
(Canals et al., 2004). Thirty micrograms of striatal homogenates were loaded in a 7.5% SDS-PAGE (sodium dodecyl
sulfate-polyacrylamide gel electrophoresis) and transferred to Immobilon-P membranes (Milipore, Bedford, MA).
Blots were incubated overnight at 4°C with 1:1,000 of
anti-Ikaros antibody (Molnar and Georgopoulos, 1994),
and, after several washes in Tris-buffered saline with 0.1%
v/v Tween-20 (TBS-T), membranes were incubated with an
HRP-conjugated anti-mouse IgG (1:1,000; Promega) and
developed by the ECL Western blotting system (Amersham
Bioscience Europe GmbH, Freiburg, Germany).
To analyze the levels of p21Cip1/Waf1, p27Kip1, and
cleaved Notch1 in Ikaros-transfected neurospheres, 20 g
of neurosphere homogenates in lysis buffer (0.2% SDS in
80 mM Tris-HCl, pH 6.8) was loaded in a 12% SDS-PAGE,
transferred to Immobilon-P membranes, and incubated
with the appropriate primary antibodies (see Table 2).
Membrane signal was developed as described above.

In situ detection of cell death
Pregnant wt or Ikaros–/– mice were deeply anesthetized
at E18.5, and fetal brains were then excised and frozen in
dry ice-cooled isopentane. Cryostat-cut coronal sections
(14 m) were serially collected on silane-coated slides and
processed to detect DNA fragmentation with the TdTmediated dUTP nick-end labeling (TUNEL) technique, using
the in situ Apoptosis Detection System (Promega), as described by Bosch et al. (2004). In brief, sections were immersed in cool ethanol/acetic acid (2:1 vol/vol) for 5 minutes and washed twice with PBS at room temperature.
Sections were treated for 10 minutes with proteinase K (20
g/ml) and postﬁxed in 4% paraformaldehyde in PBS for 5
minutes. Next, tissue sections were incubated with the
equilibration buffer for 5 minutes at room temperature and
then with ﬂuorescein-12-dUTP and terminal deoxynucleotidyl transferase (TdT). After a 1-hour incubation at 37°C,
sections were washed with 2⫻ SSC for 15 minutes and
three times with PBS for 10 minutes. As a negative control,
adjacent sections were processed following the standard
procedure, except that TdT was replaced by water. Finally,
tissue sections were mounted with Mowiol (Calbiochem)
and visualized by ﬂuorescence microscopy.

Measurement of areas and cell counts
The volumes of certain brain regions were measured
with ImageJ v1.33 by Wayne Rasband (National Institutes
of Health, Bethesda, MD) on a computer attached to an
Olympus microscope (Olympus Danmark A/S, Ballerup,
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Denmark). Consecutive 30-m-thick sections (14 –16
sections/animal) were viewed, and the borders of the anatomical landmarks were outlined. The volume of the GZ
was also measured as the proliferative area observed after
BrdU administration. The volumes were calculated by multiplying the sum of all section areas (mm2) by the distance
between successive sections (0.3 mm), as described previously (Canals et al., 2004).
All cell counts were genotype-blind (n ⫽ 4 – 6 per each
condition). Except for BrdU staining, we counted those
cells showing a clear positive cytoplasm surrounding a less
well-stained nucleus. Unbiased stereological counts were
performed by using the Computer Assisted Stereology
Toolbox (CAST) software (Olympus Danmark A/S). The
number of positive cells in the striatum was estimated by
using the optical dissector method (Gundersen et al.,
1988). A grid size was chosen so that we counted a 10% of
total striatal area. The unbiased counting frame was positioned randomly on the outline of the striatum by the software, thereby creating a systematic random sample of the
area. Sections were viewed under a ⫻100 objective, and
the counting ﬁeld corresponded to 1,529.00 m2. Gundersen coefﬁcients of error for m ⫽ 1 were all less than
0.10. For striatal cell counts, sections spaced 300 m
apart were analyzed as previously described (Canals et al.,
2004). To count the number of BrdU-positive cells, we
analyzed serial sections separated every 70 m.
To determine the effect of Ikaros on the proliferation of
NPCs in vitro, we counted the cells that incorporate BrdU
per neurosphere after transfection with Ikaros-1 or eGFP
and expressed the number counted as a percentage of the
total number of cells per neurosphere identiﬁed by DAPIcounterstained nuclei (n ⫽ 3–5). At least 50 neurospheres
were counted per transfection (the number of cells per
neurospheres is between 20 and 50). Results were standardized in relation to control pmax-eGFP-transfected
NPCs (considered as 100%).
To calculate the proliferation rate of fetal primary neurospheres formed from wt, heterozygous, or Ikaros–/– embryos, we counted the number of neurospheres by phase
contrast at 5 days of neurosphere formation, and then,
after disaggregating them, we counted the cells in a
Neubauer chamber. Results are expressed as the percentage of each genotype in relation to wt mice (considered as
100%) from at least three independent experiments.
To determine the effect of Ikaros on the differentiation of
LGE primary cultures, we counted the number of cells per
coverslip overexpressing Ikaros-1 or GFP that colocalized
with different markers, such as nestin, ␤III-tubulin, calbindin,
and enkephalin 3 days after the transfection. The results are
expressed as the percentage of transfected cells colocalizing
with the different markers with respect to the total number of
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transfected cells. Between 50 and 200 transfected cells per
coverslip were counted per transfection (n ⫽ 3–5).

Statistical analyses
All results are expressed as the mean of independent
experiments ⫾ SEM. Results were analyzed by Student’s
t-test or one-way ANOVA, followed by the Bonferroni post
hoc test.

RESULTS
Ikaros-1 is selectively expressed by immature
neurons in the SVZ-MZ boundary
In agreement with the study of Agoston et al. (2007), we
found that Ikaros expression was mostly restricted to the
MZ of the LGE between E14.5 and P3, with a peak at about
E18.5 (Supp. Info. Fig. 5a– h,j–l). We also observed that
this expression showed a dorsomedial-to-ventrolateral
gradient, with most of the Ikaros-expressing cells located
at the GZ/MZ boundary (Supp. Info. Fig. 5b– e,l). Differential splicing of Ikaros gene generates up to eight different
protein isoforms that can be detected by Western blot
(Molnar et al., 1996; Rebollo and Schmitt, 2003). Our blot
analysis demonstrated that Ikaros-1 was the most abundant isoform in the developing striatum at E18.5 (Supp.
Info. Fig. 5i). Moreover, consistently with morphological
results (Supp. Info. Fig. 5a– h,j–l), high levels of Ikaros-1
were detected at E18.5, but they had disappeared by P15
(Supp. Info. Fig. 5i). We also detected other isoforms of
Ikaros that could be attributed to differentiating endothelial cells (Agoston et al., 2007).
To determine which cell types expressed Ikaros, we
performed colocalization studies in primary cultures obtained from E14.5 mouse LGEs. Double immunocytochemistry showed that Ikaros was not expressed by
nestin-positive NPCs (Fig. 1a– d) or by GFAP-positive
astrocytes (Fig. 1e– h). However, Ikaros-positive cells
colocalized mostly with ␤III-tubulin (Fig. 1i–l). Consistently, the temporal pattern of Ikaros expression during
LGE development correlated with the ﬁnal period of nestin expression and with the expression proﬁle of ␤IIItubulin (Fig. 1m,n). In addition, double immunohistochemistry for BrdU and Ikaros performed in E14.5
embryos injected with a short pulse of BrdU showed
that this transcription factor is expressed by postmitotic
cells in the MZ but not in the proliferative GZ (Supp. Info.
Fig. 6a– c). The fact that Ikaros is expressed by postmitotic immature neurons and located at the boundary
between the GZ and the MZ led us to hypothesize that
this transcription factor is involved in the striatal neurogenesis of NPCs that exit the GZ and enter the MZ.
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Figure 1. Ikaros is expressed by early postmitotic neurons in primary cultures from the LGE. a–l: Double-ﬂuorescence immunocytochemistry
performed on 5-day primary E14.5 LGE cultures. No Ikaros-expressing cells colocalize with the neural precursor marker nestin (a– d) or the
astroglial marker GFAP (e– h). In addition, Ikaros-1 is located in cells that express the early neuronal marker ␤III-tubulin (Tuj-1; i–l). a–l: Solid
arrowheads show Ikaros-positive cells. a– h: Open arrowheads show single-stained cells for nestin or GFAP. i–l: Blue arrowheads show doublenegative cells. m,n: Striatal samples at different stages of development (from E14.5 to P15) were analyzed by Q-PCR to study the patterns of
expression of nestin (m) and ␤III-tubulin (Tuj-1; n). The results are expressed as the mean of the levels of expression of each marker at each
developmental stage studied in relation to the expression at E14.5, considered as 1, from at least three independent samples. Error bars
represents the SEM. Scale bar ⫽ 30 m.

Ikaros-1 induces neurogenesis throughout
the regulation of p21Cip1/Waf1
Overexpression of Ikaros-1 in neurospheres derived from
E14.5 LGEs reduced the proliferation of NPCs from the level
of the eGFP-transfected controls (Fig. 2a). Consistently, NPCs
that overexpressed Ikaros-1 were negative for BrdU labeling
(Fig. 2g–j). The effect of Ikaros on NPC proliferation was also

conﬁrmed by the characterization of primary neurospheres
derived from Ikaros–/–, heterozygous, and wt embryonic forebrains (Fig. 2b). The number of NPCs per neurosphere was
greater in Ikaros-deﬁcient samples than in wt-derived samples (Fig. 2b), indicating increased proliferation. In addition,
NPCs overexpressing Ikaros-1 were differentiated toward
immature ␤III-tubulin-positive neurons (Fig. 2p–t), whereas
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NPCs overexpressing eGFP mainly colocalized with nestinpositive cells (Fig. 2k– o). Similar results were obtained
when primary cultures obtained from E14.5 LGEs were
transfected with Ikaros-1 and analyzed 3 days later (Fig. 3).
Ikaros-1-overexpressing cells barely colocalized with the
neural precursor marker nestin, compared with the control
eGFP-overexpressing cells (Fig. 3a–m; nestin-positive
cells/transfected cells; Ikaros-1 (Ik-1): 6.11% ⫾ 3.18%,
eGFP: 44.13% ⫾ 6.49%; 86.3% of reduction). Interestingly,
Ikaros-1-overexpressing cells showed a 56% increase of
colocalization with the neuronal marker ␤III-tubulin over
control eGFP-transfected cells (Fig. 3a–l,n; ␤-tubulin IIIpositive cells/transfected cells; Ikaros-1 (Ik-1): 80.32% ⫾
3.52%, eGFP: 51.40% ⫾ 2.04%).
Within the hematopoietic system, Ikaros controls
proliferation through the regulation of the levels of
cyclin-dependent kinase inhibitors (CDKi), such as
p27Kip1 (Kathrein et al., 2005). Thus, we analyzed
whether CDKi participates in Ikaros-1-induced neurogenesis (Fig. 4). Western blot analysis showed that
Ikaros-1-overexpressing neurospheres presented higher
levels of expression of p21Cip1/Waf1 than did controls
transfected with eGFP (Fig. 4a; Ikaros-1: 130.7% ⫾ 0.21%
of increase over eGFP controls). However, the levels of
p27Kip1 under these two conditions did not differ (Fig. 4a;
Ikaros-1: 115% ⫾ 16.5% increase over eGFP controls). We
also analyzed the mRNA levels of p21Cip1/Waf1 and p27Kip1.
Consistently, Q-PCR showed an increase of p21Cip1/Waf1

Figure 2. Ikaros-1 induces neurogenesis in neurosphere cultures
from the LGE. Neurospheres obtained from E14.5 LGE were used to
study the effect of Ikaros-1 on the proliferation of embryonic NPCs. a:
Overexpression of Ikaros-1 (Ik-1) in embryonic NPCs led to fewer
cells incorporating BrdU than in control NPCs transfected with the
eGFP plasmid (n ⫽ 3–5). Results are expressed as the percentage of
BrdU-positive cells per neurosphere, standardized to those obtained
from eGFP, considered 100%. b: Proliferation rate of NPCs obtained
from E14.5 wt, heterozygous (Ik ⫹/–), or Ikaros–/– (Ik –/–) mouse
forebrains (n ⫽ 3–5). Graphs show the number of cells per primary
neurosphere. Results are standardized to those obtained from wt
mice, considered as 100%. c–j: Representative photomicrographs
showing the lack of colocalization between Ikaros-1 and BrdU,
whereas controls overexpressing eGFP alone colocalize with both
BrdU-positive and -negative cells. Open arrows show double-stained
cells for eGFP and BrdU. k–t: Ikaros-1 induces neuronal differentiation of NPCs. Representative photomicrographs of distinct NPCs,
showing triple immunocytochemistry for eGFP and the neural and
neuronal markers nestin and ␤III-tubulin (Tuj-1). Note that Ikaros-1overexpressing cells colocalize with ␤III-tubulin-positive immature
neurons, whereas control eGFP-transfected cells mainly colocalize
with nestin-positive neural precursors. Arrows show eGFP-Ikaros
positive cells. a,b: Results are expressed as the mean of three to ﬁve
transfections (a) or mice (b). Error bars represent the SEM. Statistical
analysis was performed with the Student’s t-test. *P ⬍ 0.05 relative
to eGFP-transfected NSCs (a) or wt neurospheres (b). Scale bars ⫽
50 m.

mRNA levels (Fig. 4b; 156.8% ⫾ 28.33% of increase over
eGFP controls), whereas the expression of p27Kip1 did not
change (Fig. 4b; 85.2% ⫾ 11.52% of increase over eGFP
controls). To analyze this effect further, we studied the
effect of Ikaros-1 overexpression on the proliferation of
neurospheres obtained from p21–/– mice (Fig. 4c). Although Ikaros-1 overexpression reduced BrdU incorporation in neurospheres obtained from wt mice, this effect
was completely absent in neurospheres from p21–/– mice
(Fig. 4c). We also studied the possible involvement of
Notch pathway in Ikaros-1-mediated neurogenesis of
NPCs. Quantitative Q-PCR analyses of the levels of expression of different Notch pathway-related proteins showed
no differences between neurospheres overexpressing
Ikaros-1 or eGFP (Fig. 4d). Consistently, the levels of
Notch1 intracellular domain in protein extracts derived
from neurospheres overexpressing Ikaros-1 or eGFP were
not signiﬁcantly different (Fig. 4e).

Ikaros is a critical factor for the correct
development of late-born ENK-positive
striatal projecting neurons
To conﬁrm the results obtained in vitro, we next characterized the striatal neurogenesis in Ikaros–/– embryos. To
this end, we ﬁrst analyzed the relative volumes of the striatum, the GZ, and the olfactory bulb at E18.5 (Fig. 5),
because Ikaros–/– embryos had smaller brains than wt
ones at E18.5 (26.9% reduction). There was less MZ in
Ikaros–/– embryos at E18.5 than in wt mice (Fig. 5a,e,f).
This reduction was accompanied by an increased volume
of the GZ (Fig. 5b,d–f). However, there were no differences
in the relative volume of the olfactory bulb (Fig. 5c), another structure derived from the LGE (Alvarez-Buylla et al.,
2002; Stenman et al., 2003). Enlarged proliferating GZ in
Ikaros–/– mice could be a consequence of the incapacity of
NPCs to differentiate into MZ neurons. For this reason, we
performed a series of birth-dating experiments in Ikaros–/–
embryos, as described in Materials and Methods (Supp.
Info. Fig. 1). No signiﬁcant differences between wt and
Ikaros–/– embryos were found in the density of BrdUpositive cells in the GZ or the MZ of mice injected at E12.5
(Fig. 6a), when early-born neurons are generated (Mason
et al., 2005). However, Ikaros–/– embryos had a lower density of neurons exiting the cell cycle at E14.5 (Fig. 6b), a
time coinciding with the generation of late-born striatal
neurons (Mason et al., 2005). No differences between genotypes were detected in mice injected at E16.5 (Fig. 6c).
Thus, lack of Ikaros blocks the generation of early stages of
matrix striatal neurons. Consistently with these ﬁndings,
we observed that Ikaros was expressed by late-born matrix
neurons, insofar as there was a complementary pattern of
expression between Ikaros and DARPP-32, a patch-
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Figure 3. Ikaros-1 induces neuronal differentiation of striatal primary cultures. Colocalization studies performed in primary cultures obtained
from LGE at E14.5 overexpressing Ikaros-1 or eGFP alone as a control for 3 days. a–l: Representative photomicrographs showing triple
immunocytochemistry for eGFP, nestin, and ␤III-tubulin (Tuj-1) in primary cultures overexpressing Ikaros-1 or eGFP alone. Arrows show eGFPpositive cells. m,n: Quantiﬁcation of the number of Ikaros-1- and eGFP-positive cells colocalizing with nestin (m) and ␤III-tubulin (Tuj-1; n). Graph
bars represent the percentage of transfected cells positive for each marker out of the total number of transfected eGFP-positive cells. Ikaros-1overexpressing cells become ␤III-tubulin-positive immature neurons, whereas control cells overexpressing eGFP colocalize with both nestin- and
Tuj-1-positive cells. Results are expressed as the mean of three to ﬁve transfected LGE primary cultures and error bars represent the SEM.
Statistical analysis was by Student’s t-test. **P ⬍ 0.005, ***P ⬍ 0.001 relative to eGFP-transfected primary cultures. Scale bar ⫽ 50 m.

compartment marker during development (Supp. Info. Fig.
7).
The reduction in BrdU-positive cells in the MZ of
Ikaros–/– embryos could result not only from impaired proliferation but also from excessive cell death. GZ proliferation was studied in E14.5 embryos obtained from dams
that had been injected with BrdU 30 minutes before. The
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density of proliferating cells in the GZ of Ikaros–/– embryos
was higher than in wt ones (Fig. 6d–f). However, there were
no differences in the levels of cell death between wt and
Ikaros–/– embryos (Fig. 6g,h), indicating that naturally occurring cell death was not affected by the lack of this
transcription factor. Taken together, these results suggest
that lack of Ikaros compromises the second wave of stria-
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tal neurogenesis, which in turn increases NPC proliferation
at GZ. NPCs accumulated in the GZ of Ikaros–/– embryos
could ﬁnally differentiate into glial cells, in that we observed an increase of GFAP-positive cells in adult Ikaros–/–
mice with respect to wt mice (Fig. 6i–j).

We next characterized the striatal volume and neuronal populations of adult wt and Ikaros–/– mice by accurate, nonbiased stereological analysis. In Ikaros–/–
mice, there was a slight reduction in total brain volume
(18.85%; Fig. 7a– c), which could be associated with a
deﬁcit of growth hormone secretion in these mice (Ezzat
et al., 2006). Interestingly, striatal volume was severely
affected in adult Ikaros–/– mice (35.24%; Fig. 7a– c). To
test the affection of striatal projection neurons, we
counted the number of calbindin- and DARPP-32positive striatal cells. Ikaros–/– mice had a signiﬁcantly
lower density of calbindin-positive neurons than did wt
mice (29.25% less; Fig. 7d). Similarly, Ikaros–/– mice
also showed a lower density of DARPP-32-positive neurons than wt mice (26.8% less; Fig. 7e– g). Because two
subpopulations of striatal projection neurons are deﬁned on the basis of SP and ENK expression (Gerfen,
1992), we next analyzed them in Ikaros–/– mice. In situ
hybridization studies showed that Ikaros–/– mice had
lower relative levels of ENK expression than wt, but no
differences in SP expression (28% of ENK reduction;
Supp. Info. Fig. 8). This decrease in ENK levels of expression was due to a reduction in the number of ENKpositive neurons, insofar as their density was lower in
Ikaros–/– mice than in wt mice (Fig. 7h). However, no
differences in the expression levels or in the density of
SP-positive neurons were detected (Fig. 7i; Supp. Info.
Fig. 8). Finally, to test the speciﬁc affection of striatal
projection neurons, we analyzed the number of striatal
interneurons. No differences were found between
Ikaros–/– and wt mice in the density of GABAergic

Figure 4. p21Cip1/Waf1 is essential for Ikaros-1-regulated cell cycle arrest.
Neurospheres obtained from E14.5 LGE were used to study the mechanism
by which Ikaros-1 regulates the proliferation of embryonic NPCs. a: Western
blot showing the levels of expression of p21Cip1/Waf1 and p27Kip1 in neurospheres overexpressing Ikaros-1 (Ik-1) and the control eGFP. Graphs show
the relative levels of p21Cip1/Waf1 and p27Kip1, indicating an increase of
expression of p21Cip1/Waf1 with respect to the control eGFP in NPCs. Results
are expressed as the levels of p21Cip1/Waf1 and p27Kip1 in relation to the
control eGFP, considered as 100%. b: Q-PCR shows increased levels of
mRNA of p21Cip1/Waf1, but not of p27Kip1, in neurospheres overexpressing
Ikaros-1 (Ik-1). c: Ikaros-1 (Ik-1) overexpression in neurospheres derived
from E14.5 LGEs of wt or p21–/– mice. Graphs show that Ikaros-1 decreases
the incorporation of BrdU in wt- but not in p21–/–-derived neurospheres.
Results are expressed as the percentage of BrdU-positive cells in the culture
in relation to the control eGFP, considered as 100%. d: mRNA levels of
expression of different proteins involved in the Notch signaling pathway
measured in neurospheres overexpressing Ikaros-1 (Ik-1) or eGFP (n ⫽ 3–5)
by Q-PCR. e: Representative Western blot showing the lack of differences
between the levels of expression of Notch1 intracellular domain in neurospheres overexpressing Ikaros-1 (Ik-1) and the control eGFP. a–d: Results
are expressed as the mean of three to ﬁve transfections, and error bars
represent the SEM. Statistical analysis was by Student’s t-test. *P ⬍ 0.05,
**P ⬍ 0.005, ***P ⬍ 0.001 relative to eGFP-transfected NPCs.
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Ikaros-1 acts downstream of Dlx-gene
expression and independently of Ebf-1

Figure 5. Ikaros–/– mice show reduced striatal volume but enlarged
SVZ. a– c: Relative volumes of mantle zone (MZ; a), germinal zone
(GZ; b), and olfactory bulb (OB; c) examined by anatomical landmarks
in wt and Ikaros–/– embryos (Ik –/–) at E18.5. d: Relative volume of
the germinal zone (GZ) examined by measuring the proliferative area
observed after BrdU administration. This result conﬁrms the increased GZ volume observed in Ikaros–/– embryos with respect to wt
embryos. Results are expressed as the relative volume (%) of each
area in relation to total brain volume. Results represent the mean of
four to six animals ⫾ SEM. Statistical analysis was by Student’s
t-test. *P ⬍ 0.05 relative to wt. e,f: MAP2ab immunohistochemistry
performed in coronal sections of wt and Ikaros–/– (Ik –/–) embryos at
E18.5 shows the differences in volumes of GZ and MZ between the
two genotypes. Scale bar ⫽ 450 m.

parvalbumin-positive and cholinergic interneurons (Fig.
7j,k, respectively). Taken together, these results
showed that Ikaros regulates the generation of striatal
projection neurons that express ENK. To conﬁrm these
results in vitro, we overexpressed Ikaros-1 in striatal
primary cultures. Double immunocytochemistry showed
that Ikaros-1 induced the differentiation of NPCs to
ENK-positive striatal projection neurons, insofar as cells
overexpressing this transcription factor presented
greater colocalization with ENK- and calbindin-positive
neurons than did the eGFP-overexpressing control cells
(Fig. 8a–j).

342

Many transcription factors affect the development of
striatal neuronal populations following sequential expression patterns. In particular, Dlx-1 and -2 are involved in the
neurogenesis of late-born striatal neurons (Anderson et al.,
1997; Yun et al., 2002). Because Ikaros also participates in
the late wave of striatal neurogenesis, it was plausible that
these transcription factors could be acting on the same
NPCs. Thus, we examined the expression of Dlx-2 and
Dlx-5 in Ikaros–/– embryos. We observed no differences in
the distribution or levels of Dlx transcription factors in wt
mice at E15.5 or E18.5 (Fig. 9a– h). These ﬁndings indicate
that Ikaros was either downstream or independent of Dlx
genes. Therefore, we next examined the expression of
Ikaros in Dlx-1/2 double-knockout mice. Our results demonstrated that Ikaros expression was strongly reduced in
Dlx-1/2 double-knockout mice at E18.5 (Fig. 9i,j), suggesting that Ikaros is downstream of Dlx. These results have
also been observed at E15.5, reinforcing our hypothesis
(Long et al., 2009). Dlx-1/2 double-knockout mice have
lower MZ (Anderson et al., 1997), so it could be that Ikaros
was absent because of LGE atrophy. However, Ebf-1 expression, another LGE-speciﬁc transcription factor, was
preserved in the modiﬁed MZ of Dlx-1/2 double-knockout
mice (Fig. 9k,l). In addition, the analysis of Ikaros expression in Dlx-5/6-GFP mice showed that all Ikarosexpressing cells colocalize with GFP-positive cells, conﬁrming that this transcription factor was located in the
same NPC lineage (Fig. 9m– o).
We next studied the relationship between Ikaros-1 and
Ebf-1. First, we analyzed the expression of Ebf-1 in Ikaros–/–

Figure 6. Ikaros is a critical factor for the second wave of striatal
neurogenesis. a– c: Birth-dating experiments were performed by injecting BrdU in Ikaros⫹/– pregnant mice at E12.5 (a), E14.5 (b), and
E16.5 (c) and analyzed at E18.5. Ikaros–/– embryos (Ik –/–) show a
reduction in the density of new postmitotic cells (BrdU-positive
cells ⫻ 103/mm3) generated at E14.5 in the MZ. d: Analysis of the
number of proliferating cells in the GZ of E14.5 embryos that were
injected with BrdU and evaluated 30 minutes later. Ikaros–/– embryos showed increased density of BrdU-positive cells in the GZ. a– d:
Results are expressed as the mean of three or four embryos, and
error bars represent the SEM. Statistical analysis was by Student’s
t-test. *P ⬍ 0.05 relative to wt. e,f: Fluorescent photomicrographs of
BrdU immunohistochemistry following a short BrdU pulse at E14.5 in
wt and Ikaros–/– (Ik –/–) embryos. Arrows indicate proliferating
BrdU-positive cells in the GZ. g,h: Cell death analysis performed in
coronal sections of wt and Ikaros-deﬁcient embryos (Ik –/–) at
E18.5. There are no differences in the number of TUNEL-positive cells
between the two genotypes. Arrows indicate TUNEL-positive cells. i,j:
Fluorescent photomicrograph of GFAP immunohistochemistry performed in coronal sections of adult wt and Ikaros–/– (Ik –/–) mice.
Scale bars ⫽ 150 m in f (applies to e,f); 150 m in h (applies to g,h);
450 m in i (applies to i,j).
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Figure 7

and wt mice at E15.5 and E18.5 (Fig. 10a– d). No differences
were found in the levels of expression or in the distribution of
Ebf-1 between both genotypes at any of the ages studied.
Second, we analyzed the expression of Ikaros-1 in Ebf-1–/–
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and wt mice at E18.5. Consistently, no differences were
found in the levels of expression of Ikaros in the absence of
Ebf-1 (Fig. 10e,f). Taken together, these results suggest that
Ikaros-1 and Ebf-1 are involved in the determination of striatal
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Figure 8. Overexpression of Ikaros-1 increases the determination of ENK-positive projecting neurons in LGE primary cultures. a– h: Representative photomicrographs showing double immunocytochemistry for eGFP and calbindin in primary cultures overexpressing eGFP (a– d) or Ikaros-1
(e– h). i,j: Quantiﬁcation of the number of Ikaros-1- and eGFP-positive cells colocalizing with calbindin (i) and ENK (j). Note that Ikaros-1overexpressing cells show higher levels of colocalization with both calbindin and ENK than the control cells overexpressing eGFP. Graph bars
represent the percentage of positive cells for each marker from among the total number of eGFP-positive cells. Results are expressed as the mean
of three or four LGE primary cultures transfected, and error bars represent the SEM. Statistical analysis was by Student’s t-test. *P ⬍ 0.05 relative
to eGFP-transfected primary cultures. Scale bar ⫽ 50 m.

projection neurons following parallel but independent pathways.

DISCUSSION
NPCs from ganglionic eminences give rise to a broad range
of neurons during telencephalic development (Brazel et al.,
2003; Zaki et al., 2003; Guillemot, 2007). However, little is
known about the regulation of these processes, in particular
regarding cell cycle arrest and the speciﬁc neurogenesis of
discrete striatal projection neuronal populations. Our present
ﬁndings demonstrate that Ikaros induces cell cycle exit
through the regulation of p21Cip1/Waf1. This mechanism se-

Figure 7. Loss of Ikaros affects the development of striatal projecting neurons that express ENK. a: Absolute volumes corresponding to
total hemisphere and striatum of adult wt and Ikaros–/– mice. b,c:
NeuN immunohistochemistry performed in adult brain sections
shows that Ikaros–/– mice have less striatal volume than wt mice.
d– k: Histological characterization of neuronal populations in the striatum of adult Ikaros–/– mice (Ik –/–). d: The density of matrix striatal
neurons was determined by counting the number of calbindinpositive neurons per cubic millimeter in the striatum of wt or
Ikaros–/– mice. e: The density of striatal projection neurons was also
counted as the number of DARPP-32-positive neurons per cubic millimeter in the striatum of wt or Ikaros–/– mice. f,g: Representative
photomicrograph of DARPP-32 immunohistochemistry performed in
adult wt and Ikaros–/– brains. h,i: Analysis of the density of the two
populations of striatal projecting neurons: ENK-positive neurons
(ENK; h) and SP-positive neurons (SP; i) in wt and Ikaros–/– mice. j,k:
Analysis of the density of striatal interneurons, including GABAergic
(j; parvalbumin-positive cells) and cholinergic (k; ChAT-positive cells)
in wt and Ikaros–/– mice. a,d,e,h– k: Results are expressed as the
mean of six animals, and error bars represent the SEM. Statistical
analysis was by Student’s t-test. *P ⬍ 0.05, **P ⬍ 0.005, ***P ⬍
0.001 relative to wt. Scale bar ⫽ 50 m.

Figure 9. Ikaros expression is downstream of Dlx genes during striatal development. a– h: In situ hybridization analysis of the expression of Dlx-2 and Dlx-5 in wt and Ikaros–/– (Ik –/–) embryos at E15.5
(a– d) and E18.5 (e– h). There are no differences in the expression of
these transcription factors between the two genotypes. i–l: Ikaros
mRNA was not detected in the striatum of Dlx-1/2–/– at E18.5 (i,j),
whereas Ebf-1 expression was preserved in the modiﬁed MZ of these
mice at the same embryonic stage (k,l). m– o: Ikaros-1 is expressed in
neurons of the Dlx5/6 lineage; double immunohistochemistry performed for Ikaros-1 and eGFP in Dlx-5/6-Cre-IRES-GFP transgenic
mice at E18.5. Scale bars ⫽ 500 m in d (applies to a– d); 500 m in
h (applies to e– h) 100 m in o (applies to m– o).
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Figure 10. Ikaros-1 and Ebf-1 are independent factors during striatal development. a– d: In situ hybridization study to analyze the expression of
Ebf-1 in wt and Ikaros–/– (Ik –/–) embryos at E15.5 (a,b) and E18.5 (c,d). There are no differences in the expression of Ebf-1 between the two
genotypes. e,f: Analysis of the expression of Ikaros-1 in wt (e) and Ebf-1–/– (f) embryos at E18.8 by immunohistochemistry. There are no
differences in the expression of Ikaros-1 between the two genotypes. Scale bars ⫽ 500 m in b (applies to a,b); 500 m in d (applies to c,d); 150
 in f (applies to e,f).
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lectively affects the late NPCs that give rise to the second
wave of striatal neurogenesis. Consequently, Ikaros–/– mice
have a reduced striatum and a deﬁcit in the number of ENKpositive projecting neurons.

Ikaros-1 induces cell cycle arrest of late
striatal progenitors
Several transcription factors act as cell-fate determinants during the ﬁnal cell cycle of progenitor cells (Tanabe
et al., 1998; Nguyen et al., 2006). Our present ﬁndings
support the hypothesis that Ikaros-1 is an instructive factor that functions by regulating cell cycle arrest. First, and
in agreement with earlier studies (Agoston et al., 2007), we
found that the higher levels of Ikaros expression were detected at the SVZ–MZ boundary of the LGE, suggesting
that this transcription factor is involved in the delimitation
between the proliferating SVZ and the postmitotic MZ.
Second, Ikaros-1 is expressed by ␤III-tubulin-positive cells,
labeling early postmitotic neurons during or immediately
after the last mitotic cycle (Lee et al., 1990). Although it
has been suggested that ␤III-tubulin-positive cells become
postmitotic before migration to their target area, our
present ﬁndings point to the idea that a speciﬁc subset of
NPCs of the SVZ migrates to the MZ, where they become
postmitotic neurons through the inﬂuence of Ikaros-1.
Consistently with this hypothesis, we found that Ikaros-1
overexpression reduced the number of proliferating precursors in neurosphere assay, whereas Ikaros–/–-derived
neurospheres increased proliferation. Moreover, overexpression of Ikaros-1 in NPCs and/or in striatal primary cultures
induced the differentiation of neural precursors to postmitotic neurons. Although we observed that all Ikaros-1overexpressing NPCs were negative for BrdU labelling after a
short-term pulse, Ikaros colocalizes with BrdU-positive cells
in the LGE after long-term treatments (18 hours; Agoston et
al., 2007). This is consistent with the idea that Ikaros is expressed by young postmitotic neurons, insofar as a large
pulse of BrdU is useful for detecting cells that leave the cell
cycle (Mason et al., 2005). Taken together, all these ﬁndings
indicate that Ikaros-1 regulates the transition from NPCs to
postmitotic neurons. Interestingly, our results show that
Ikaros–/– mice retain NPCs at the GZ, which can ﬁnally differentiate into glial cells, as suggested by the increase of astrocytes observed in these mice in adulthood, especially in the
cerebral cortex. It has been demonstrated that NPCs ﬁrst
generate neurons and that later these NPCs terminaly differentiate into glial cells. Thus, the lack of Ikaros could reduce
neurogenesis and favor astroglial determination. In fact, astrocytes in the cerebral cortex derive from subpallial Dlx-2expressing cells (Marshall and Goldman, 2002). However, further experiments are needed to verify whether the increase of
astrocytes is directly or indirectly related to Ikaros loss.

It has been shown that Ikaros-1 participates in regulation of the cell cycle by leading to the growth arrest of
hematopoietic stem cells throughout up-regulation of
p27Kip1 (Kathrein et al., 2005). In addition, CDKi, such as
p21Cip1/Waf1 and p27Kip1, have important functions not
only in hematopoietic stem cell homeostasis (Ezoe et al.,
2004), but also in maintaining neural stem cells (van Lookeren and Gill, 1998; Doetsch et al., 2002; Kippin et al.,
2005). Here we show that Ikaros-1 induces cell cycle exit
by the up-regulation of p21Cip1/Waf1, but not of p27Kip1, in
NPCs. The effect of Ikaros-1 on p21Cip1/Waf1 mRNA and
protein suggests a direct effect, as was suggested for
p27Kip1 in the hematopoietic system (Kathrein et al.,
2005). In fact, we found that p21Cip1/Waf1 promoter has
one predicted binding site for Ikaros (TFSEARCH program,
version 1.3; 1995, Yutaka Akiyama, Kyoto University).
Therefore, p21Cip1/Waf1 and p27Kip1 are direct targets of
Ikaros that could be regulated speciﬁcally depending on
the acting system. Moreover, we show that Ikaros-1 cannot induce cell cycle arrest in p21–/–-derived NPCs.
p21Cip1/Waf1 acts in the G1 phase of the cell cycle and
delays or blocks the progression of the cell into S phase
(Sherr and Roberts, 1999). In addition, it has been reported that the exit of neural cells from the cell cycle appears to occur at the restriction point of the G1 phase
(Zetterberg et al., 1995; Edlund and Jessell, 1999; Pechnick et al., 2008). Thus, it seems plausible that Ikaros-1
causes higher levels of the CDKi p21Cip1/Waf1, which, in
turn, induce neurogenesis of NPCs. Moreover, we show
that this is a speciﬁc mechanism, in that we found no
changes in the expression of the Notch family members or
in the levels of Notch1 intracellular domain after Ikaros-1
overexpression, another pathway that is involved in Ikarosmediated regulation of proliferative processes (Demarest
et al., 2008).

Ikaros-1 acts as a positive regulator of the
second wave of striatal neurogenesis
During striatal development, late NPCs give rise to neurons of the matrix compartment, which can become ENKor SP-positive neurons (van der Kooy and Fishell, 1987).
Our results demonstrate that Ikaros-1 is essential for the
earlier stages of the second wave of striatal neurogenesis.
Moreover, Ikaros loss produces a reduction in the number
of striatal projection neurons and, particularly, those that
express ENK. Thus, similarly to some other transcription
factors (Tanabe et al., 1998; Canzoniere et al., 2004; Paris
et al., 2006), Ikaros-1 may have a dual role, regulating the
cell cycle arrest of striatal NPCs and inducing the differentiation of ENK-positive projection neurons. It has been previously described that Ikaros participates in the differentiation of ENK-positive neurons by direct interaction with the
ENK promoter (Dobi et al., 1997; Agoston et al., 2007).
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However, in the present work, we show that Ikaros increases the number not only of ENK-positive neurons but
also of calbindin-positive neurons in primary striatal cultures, demonstrating that it is acting at the promoter level
and on differentiation of NPCs. Interestingly, overexpression of Ikaros-1 in cerebellum-derived NPCs increased the
levels of ENK expression but was not effective for inducing
other striatal markers (data not shown). Thus, other,
context-dependent factors could be also important for the
role of Ikaros-1 during development.
Results obtained from Ikaros mutant models indicate
that this transcription factor is critical for the development
of a speciﬁc subpopulation of striatal ENK-positive neurons, in that not all ENK-positive neurons were depleted in
both mutant mice (present results and Agoston et al.,
2007). Thus, other factors should participate in the development of these neurons. In keeping with this view, Ikarosdominant negative mice showed more severe striatal affection than Ikaros–/– mice (Agoston et al., 2007),
suggesting the participation of other Ikaros-related factors. We observed that Helios is also expressed in the LGE
during development (Crespo et al., in preparation), which
favors a role for this factor. Moreover, within the hematopoietic system, compensatory mechanisms have been described between Ikaros and Helios (Zhang et al., 2007).
However, our ﬁndings show that Ikaros and Helios are
expressed by different cells and that the latter is equally
expressed in the striatum of wt and Ikaros–/– embryos
during development, suggesting a lack of compensation
(Crespo et al., in preparation). Nevertheless, it has been
described that other factors may regulate the expression
of ENK (Agoston and Dobi, 2000), which could compensate for the lack of Ikaros at later stages of matrix formation.

A model for development of striatal
projecting neurons
It has recently been shown that Ikaros regulates the
early competence of retinal NPCs, suggesting that similar
strategies may operate to generate neurons in other brain
areas (Elliott et al., 2008). However, the demonstration
that Ikaros-1 regulates late striatal neurogenesis argues
against this hypothesis, indicating that Ikaros family members act by selective mechanisms in different parts of the
nervous system, depending on determined contexts.
Speciﬁc genes coordinate intrinsic programs to produce
different progeny (Merkle and Alvarez-Buylla, 2006). Thus,
we next examined the relationship of Ikaros with other
factors involved in striatal development. Dlx-1/2 are involved in the differentiation of NPCs that produce the late
wave of striatal neurogenesis (Anderson et al., 1997),
which is the most affected by Ikaros loss (present results).
Dlx-1/2 are expressed by NPCs in the GZ (Bulfone et al.,
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1993; Eisenstat et al., 1999), which migrate to the MZ
(Nery et al., 2003). Within the MZ, Dlx-1/2 expression is
extinguished, whereas Dlx-5/6 are expressed in more mature cells (Eisenstat et al., 1999). Our ﬁndings demonstrated that Ikaros-1 exerts its effect downstream of Dlx
factors, insofar as its expression disappeared in Dlx-1/2
knockout (present results and Long et al., 2009). These
nuclear regulators expressed in NPCs may control not only
fate determinations but also migration during development (Cobos et al., 2007). Thus, Ikaros-1 could also participate in the control of NPC migration. However, this is
unlikely, because Ikaros-1 expression is downstream of
Dlx-5/6-positive migratory NPCs and is located only in the
postmigratory MZ.
Ebf-1 is highly expressed in the matrix compartment of
the MZ (Garel et al., 1999) and regulates cell cycle exit and
neural differentiation (Garcia-Dominguez et al., 2003).
Thus, a parallelism between Ebf-1 and Ikaros-1 can be
postulated. However, Ikaros-1 participates in the development of ENK-positive neurons, whereas Ebf-1 is a lineagespeciﬁc factor essential for the differentiation of earlygenerated SP neurons (Lobo et al., 2006). No effect of the
expression of Ikaros-1 and Ebf-1 is seen in either of the
opposed null mutant mice. This ﬁnding points to the existence of independent mechanisms for generating both
striatonigral and striatopallidal populations of the matrix
compartment. Our results also showed that Ikaros-1 depends on Dlx gene expression, whereas Ebf-1 is preserved
in the modiﬁed MZ of Dlx1/2 double mutant mice. These
ﬁndings allow us to propose a model for the development
of striatal projecting neurons located in the matrix compartment. A ﬁrst type of Mash1-negative/Dlx-negative
striatal NPCs has been described (Yun et al., 2002). Mash1
is required for the generation of a second type of Dlxnegative/Mash1-positive NPC (Yun et al., 2002), which
could directly or indirectly express Ebf-1 to produce the
SP-positive neurons in the matrix compartment. Another
subset of Mash-positive NPCs progresses toward Dlxpositive NPCs (Poitras et al., 2007). Within the MZ, Dlx-5/
6-positive NPCs express Ikaros-1, which will induce striatal
neurogenesis of ENK-positive neurons. In conclusion,
Ikaros-1 regulates cell cycle exit of speciﬁc Dlx-derived
NPCs that will generate a subset of striatal ENK-positive
neurons localized in the matrix compartment.
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