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Abstract
Interneurons comprise approximately one third of the total cortical neurons in the mammalian
cerebral cortex. Studies have revealed many details in the generation of this cell type. However,
the mechanism that defines interneuron-lineage specific gene expression is not well understood.
Gene regulatory elements, e.g., promoters, enhancers, and trans-acting factors, are essential for the
proper control of gene expression. Here, we report that a novel evolutionarily conserved cis-
element in the second intron of the Notch1 locus play an important role in regulating gene
expression in interneuron progenitors. The spatiotemporal activity of the cis-element in the
developing central nervous system (CNS) was determined by both transient reporter expression in
the developing chick and a transgenic mouse model. Its activity is well correlated with
neurogenesis in both the chick and mouse and restricted to neural progenitor cells in the
ganglionic eminence that are fated to differentiate into GABAergic interneurons of the neocortex.
We further demonstrate that the cis-element activity requires the binding motif for trans-acting
factors Gsh1/Barx2/Brn3. Deletion of this binding motif abolishes reporter gene expression.
Together, these data provide new insights into the regulatory mechanisms of interneuron
development in the vertebrate CNS.

INTRODUCTION
The differentiation of neural stem cells and the acquisition of their cell-fate are fundamental
issues facing the field of developmental neurobiology and stem cell biology. Radial glia are
multipotential stem cells that give rise to neurons and then glia (Ever and Gaiano, 2005;
Kriegstein and Alvarez-Buylla, 2009). Neurogenesis occurs from embryonic day 9.5 (E9.5)
to birth in the mouse (Noctor et al., 2001) and from E3 to E9 in the chick (Cheung et al.,
2007; Ferretti and Whalley, 2008; Ono et al., 1995). The elongated processes of radial glia
enable their own migration (Angevine and Sidman, 1961; Brittis et al., 1995; Norris and
Kalil, 1991) and guide the migration of nascent neurons from the ventricular zone (VZ) to
their site of differentiation and maturation (Rakic, 1971a, b, 1972). Notch1 is a focal gene in
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the genetic network related to the specification of neural stem cells to neural progenitors and
then mature cells (Gaiano et al., 2000; Louvi and Artavanis-Tsakon as, 2006; Lowell et al.,
2006; Pierfelice et al., 2011), and it plays an integral role in maintaining the radial glial state
as well as regulating neurogenesis and gliogenesis (Bao and Cepko, 1997; Gaiano et al.,
2000; Noctor et al., 2001). In addition to Notch1, brain lipid binding protein (BLBP) and
transcription factors Sox2 are expressed in neural stem cells (Feng et al., 1994; Zappone et
al., 2000). Pax6 is a transcription factor present in ventral progenitor cell populations
(Ericson et al., 1997). In the developing neuroepithelium during neurogenesis, neural stem
cells undergo asymmetric division and give rise to a progenitor cell and a differentiated
daughter cell (Nowakowski and Hayes, 1999; Zhong and Chia, 2008), and proteins such as
nuclear mitotic apparatus protein (NuMa) are involved during the asymmetric division
process (Bowman et al., 2006; Van Ness and Pettijohn, 1983).

It is now established that different types of neurons in the brain originate from separate
progenitor pools in distinct regions (Marin and Rubenstein, 2001). Excitatory glutamatergic
neurons are born in the proliferative VZ of the dorsal pallium and migrate radially to form
the cortical plate (Sidman and Rakic, 1973), while interneurons are born from the VZ of the
ganglionic eminence (GE) and tangentially migrate into the neocortex (Batista-Brito and
Fishell, 2009; Miyoshi et al., 2010; Parnavelas et al., 2000). Interneurons contain the
neurotransmitter γ-aminobutyric acid (GABA), which is synthesized by glutamate
decarboxylase (GAD) (Soghomonian and Martin, 1998). GAD65/67 marks GABAergic
interneurons and their progenitor population (Lopez-Bendito et al., 2004; Riccio et al.,
2012). The medial ganglionic eminence (MGE) is a major source of interneurons originating
from the striatum (Anderson et al., 2001; Lavdas et al., 1999; Wichterle et al., 1999;
Wichterle et al., 2001), while the lateral ganglionic eminence (LGE) gives rise to
interneurons of the olfactory bulb (Wichterle et al., 1999). Several known transcription
factor-coding genes are essential for the existence of interneurons including Gsh1/2
(Toresson and Campbell, 2001; Yun et al., 2003) and Dlx1/2 (Anderson et al., 1997).
Gsh1/2 are expressed in the GE and have demonstrated their roles in interneuron progenitors
(Toresson and Campbell, 2001; Yun et al., 2003).

Neurogenesis, amongst other basic developmental processes, is highly conserved across a
wide range of species (Finlay and Darlington, 1995; Gomez-Skarmeta et al., 2006). The
conservation is also believed to be present in non-protein coding regions that regulate gene
expression during development (Gomez- Skarmeta et al., 2006; Long and Miano, 2007).
Cis-regulatory elements (segments of DNA involved in gene regulation through the binding
of trans-acting factors) enhance or repress transcription in a spatiotemporal specific manner
independent of orientation or position relative to the transcription site (Blackwood and
Kadonaga, 1998; Jeziorska et al., 2009; Khoury and Gruss, 1983). However, there are only a
few known gene regulatory elements for neural progenitor cells (Visel et al., 2007;
Wahlbuhl et al., 2012), and no known cis-regulatory elements within Notch1 or for Notch1
have been identified. In this study, we report for the first time that an evolutionarily
conserved, 399-base pair, noncoding cis-element in the second intron of Notch1 gene locus
(Notch1CR2 or CR2) is active throughout the duration of neurogenesis, primarily in
interneuron progenitors of the developing CNS. We also present evidence that the binding
motif for trans-acting factors Gsh1/Brn3/Barx2 is required for the activity this cis-element.

EXPERIMENTAL METHODS
Genomic sequence analysis and reporter plasmid CR2

The genomic sequences containing Notch1 from various vertebrate species were obtained
using a non-coding sequence retrieval system (Doh et al., 2007). Comparative genomic
analysis using sequence alignment method (LAGAN/VISTA) (Brudno et al., 2003) was
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performed to reveal evolutionarily conserved regions. A 399-base pair region in the second
intron of the Notch1 locus (Notch1CR2, or CR2) was found highly conserved among
various species including human, mouse and chicken. Further analysis by MatInspector
shows that (Cartharius et al., 2005; Quandt et al., 1995; Werner, 2000), CR2 contains 164
predicted transcription factor binding sites (TFBS).

The plasmid reporter constructs were designed to identify gene regulatory activity of CR2.
CR2 was subcloned into an expression vector containing a minimal β-globin promoter
(βGP) and a GFP reporter gene. When this 399-base pair region is activated by endogenous
transcription factors, detectable levels of GFP are expressed. CR2.1 (ACA GCA TTA ATC
GCC TCC C) was cloned into the βGP-GFP backbone. Clones were confirmed with colony
PCR and sequencing (forward primer: GCA ACG TGC TGG TTA TTG TGC TGT; reverse
primer: GTG GTA TTT GTG AGC CAG GGC ATT).

Negative controls for in ovo transfections, which consist of GFP driven by the β-globin
promoter alone or with a random sequence, were also created. The transfection control is
reporter DsRed driven by the constitutively active CAG promoter, which drives DsRed
expression in all cell types.

In ovo electroporation and detection of enhancer activity
Fertilized eggs were purchased from Sunrise Farms, Inc. and incubated at 38 °C with 60%
humidity. The developmental stages of the chicks were determined according to stages
established by Hamilton and Hamburger (Hamburger and Hamilton, 1992). In ovo
electroporation was performed as described previously (Blank et al., 2007; Doh et al., 2010;
Islam et al., 2012) with minor modifications. Briefly, chick embryos at Hamburger-
Hamilton stage 11 (about 40–44 hours in incubation, ~ embryonic day 2, E2). DNA was
injected into the neural tube of the embryo at the telencephalic/diencephalic boundary. The
DNA mix consisted of CR2-GFP (6 μg/μl), CAG-DsRed (6 μg/μl), and 0.025% Fast Green
for visualization. Gold-plated, L-shaped electrodes (Model 512, Genetrodes) were placed
along the right and left sides of the embryo. An electric pulse at 15 V for 50 ms was applied
4 times at 950 ms intervals using an ECM 830 Electro Square Porator (BTX Harvard
Apparatus). After the electroporation, the aperture was sealed with tape, and the eggs were
returned to the incubator. Embryos were harvested at the desired time points (E4, E6, and
E8) and examined under a fluorescent dissecting microscope (Leica, MZ16FA).
Transfection patterns of enhancer activity were highly reproducible (20 embryos at E4, 15
embryos at E6, and 10 at E8). The prosencephalon was inaccessible during transfection, and
therefore, the optic lobes of mesencephalic regions were the main region of focus for
characterization.

Generation of transgenic mice
Digested DNA (Notch1CR2-GFP) was gel purified using Seakem GTG agarose gel. 3–5 pg
of purified DNA was introduced by microinjection in 0.5 dpc (days post coitum) fertilized
F1 (C57Bl/6J x CBA) mouse embryos and transferred to pseudopregnant recipient females.
At P10, tissue samples were collected from tail tip and DNA was prepared and digested by
EcoRI restriction enzyme, analyzed on 0.8% agarose gel for 18 hours at 35 volts in TAE
buffer, and transferred to a HybondN (Amersham) membrane. The 32P labeled probe was
hybridized at 65 °C for 20 hours and was washed with 2X SSC/0.1% SDS for 20 minutes,
1X SSC/0.1%SDS for 20 minutes, and then 0.5X SSC/0.1%SDS for 20 minutes. The
washed blot was exposed to KODAK X-ray film. The transmission of the transgene in
following generations was verified by PCR genotyping (forward primer: GCA ACG TGC
TGG TTA TTG TGC TGT; reverse primer GTG GTA TTT GTG AGC CAG GGC ATT).
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Tissue processing
For immunohistochemical analysis, three embryos at each time point were processed. Whole
embryos were fixed in 4% paraformaldehyde for 4–6 hours and subsequently washed in
cold, sterile PBS (three times, 15 minutes each), and soaked in sterile 30% sucrose in PBS
overnight until embryos sunk to the bottom. The tissue was mounted in Tissue Tek® OCT
Compound, frozen at −80 °C, and sectioned at 12–15 μm thickness using the CryotomeE
(Thermo Electron Corporation). Slide-mounted sections immersed in blocking buffer
containing 10% donkey serum, 0.1% TritonX, and 0.1% Tween for 30 minutes at room
temperature.

Immunohistochemistry
Slide-mounted sections were incubated overnight in primary antibodies: Brn3a (mlgG1,
1:100, Millipore), Doublecortin (RblgG, 1:250, Cell Signaling), NeuN (mlgG1, 1:500,
Millipore), Notch1 (RblgG, 1:400, Cell Signaling), Pax6 (mlgG1, DSHB, 1:10), Tbr1
(RblgG, 1:250, Santa Cruz Biotechnologies), Tbr2 (RblgG, 1:300, Abcam), and Sox2
(mlgG2b, 1:200, Millipore). A co-staining with anti-GFP antibody (RblgG, 1:1000,
Millipore GtlgG, 1:300 AbCam) was used to help visualize CR2-GFP. Primary antibodies
were diluted in blocking buffer and then washed three times (10mn each) with PBS
containing 0.1% Tween. For immunofluorescent staining, tissue sections were incubated
with appropriate secondary antibodies conjugated to different fluorophores (donkey anti-
RblgG Alexa 488 or donkey anti-GtlgG Alexa 388, 1:300, Jackson ImmunoResearch Labs)
(donkey anti-mlgG Alexa 647 or donkey anti-RblgG Alexa647, 1:150, Jackson
ImmunoResearch Labs). Secondary antibodies were prepared in blocking buffer and applied
at room temperature for one hour, followed by three 10mn washes with PBS and a 5mn rinse
in distilled water to remove salt crystals. After air-drying for 5mn, slides were mounted with
40 μl of mounting media with Dapi (Vector Laboratories).

The immunostained samples were visualized and imaged on a Zeiss Axio Imager M1
(AxioVision 4.8 software), Zeiss 200-M fluorescence microscope (Zeiss 510 LSM
software), which has four available filters for capturing green, red, blue, and far red
fluorescence, and a FluoView FV10i confocal microscope (Olympus, Inc.). For transfected
chick embryos samples, cell counts were performed on cells marked by Dapi-stained
nucleus. For each embryo in a sample size of 3, 100 CR2-GFP+ cells and 400 CAG-DsRed+
cells were counted from each individual embryo. Percent colocalizations of CR2 active cells
were calculated by number of (GFP+ plus far red cells)/total GFP+ cells. Percent
colocalizations in transfected cells were calculated by the number of (DsRed+ plus far red
cells)/total DsRed+ cells. In transgenic mouse tissue, at least 200 CR2-GFP+ cells were
counted for each antibody stain. The regions of focus were the lateral/medial ganglionic
eminence at E15.5 and the lateral ventricle at P0. Percent colocalization was calculated by
(CR2-GFP+ cells plus antibody+ cells) / CR2-GFP+ cells.

Data quantification
In all experiments, percentages of cells represent the averages calculated from at least three
independently samples. All values are shown as a mean ± standard error of the mean. Error
bars in figures represent the standard error of the mean. In cases where results were tested
for statistical significance, a student’s t-test was applied with a significance determined as p-
value < 0.05.

Site-directed mutagenesis
Mutations were generated by deleting one or four base pairs or core-binding sequences.
According to Table S3, primers were designed based on the 399 bp sequence of CR2 with

Tzatzalos et al. Page 4

Dev Biol. Author manuscript; available in PMC 2013 December 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



deletions that targeted the core-binding site of Brn3/Barx2/Gsh1 (position 91–94) and Dlx2
(position 76–79) as well as the peripheral binding sequence of Brn3/Barx2/Gsh1 (position
95–96). The deletion of position 235–239 served as a negative control since this region
contains no known core-binding sequence. PCR was performed using a high fidelity enzyme
ExTaq with the following program: initial heat inactivation = 95 °C, 5 minutes; 16 cycles of
heat inactivation [95 °C, 30 seconds]; annealing [Tm, 1 minute], extension [72 °C, 10
minutes]. The PCR product was transformed into NEB5α competent cells (NEB), colonies
were analyzed by cPCR, and their sequences were confirmed at the DNA Sequencing Core
Facility. Confirmed sequences were amplified and purified using MidiPrep and expression
vectors were tested in chick embryos using in ovo electroporation method.

RESULTS
Regulatory activity of a novel cis-element in the Notchl locus is exclusive to the CNS of
developing chick embryos

Based on sequence conservation among vertebrate species (e.g., human, mouse, and chick),
we identified a 399-base pair region in the second intron of the Notch1 locus (CR2) as a cis-
regulatory element (Fig. S1A). The ability of CR2 to direct tissue-specific gene expression
in the vertebrate CNS was explored using a GFP reporter assay (Fig. S1B). A plasmid
construct, CR2-GFP (containing CR2, a minimum beta-globin promoter, and a reporter
GFP, Fig. S1B), along with a transfection control construct CAG-DsRed were injected at
equal concentrations and electroporated into the chick neural tube to transfect neural
progenitor cells at Hamburg-Hamilton stage 12 (HH12), which is approximately embryonic
day 2 (E2). CR2-dependent GFP expression was found exclusively in the developing CNS
(Fig. 1A). In contrast, reporter gene expression in the transfection control (CAG-GFP) was
also observed in the visceral arch in addition to the CNS, suggesting that the activity of CR2
is specific to the CNS (Fig. 1B).

To determine temporal CR2 activity, CR2-GFP expression was compared with the
expression of the transfection control CAG-DsRed at E4 (Fig. 1C), E6 (Fig. 1D), and E8
(Fig. 1E) after electroporation at E2. These three stages were analyzed because they cover
most of the neurogenic period in chick (Cheung et al., 2007; Ferretti and Whalley, 2008;
Ono et al., 1995). The expression of the transfection control CAG-DsRed remained strong
from E4 to E8. However, CR2-GFP expression diminished modestly from E4 to E6 and
dramatically by E8. This decrease in CR2-GFP expression was reflected in the percentage of
CR2- GFP+ cells in the transfected cell populations (CAG-DsRed+ cells), which decreased
progressively from E4 (78±17%, n = 3) to E6 (38±8%, n = 3) and to E8 (15±2%, n = 3)
(Fig. 1F). This finding indicates that CR2 activity is well correlated with the decreasing
trend of neural progenitor cells during chick neurogenesis (Myat et al., 1996).

To ensure that the expression of GFP reporter is solely due to activity of CR2, we performed
negative control experiments with a beta-globin promoter. DNA constructs containing a
minimal beta-globin promoter alone without a conserved element or with a random DNA
sequence were injected and electroporated to transfect the neural progenitors in the
developing chick neural tube. No GFP expression was observed in transfected tissues at any
of the three stages (i.e., E4, E6, and E8), indicating that the minimal promoter alone or a
random DNA sequence does not possess the ability to independently direct GFP expression
(n = 6, data not shown).
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CR2 is active in early neural progenitor cells but not in differentiated neurons in the
developing chick CNS

Next, we determined the identity of CR2-GFP+ cells by immunohistochemistry. Sections of
transfected chick brains were stained with neural progenitor markers. Cell counts of E4
samples found that 90±9% (n = 3) and 93±3% (n = 3) of CR2-GFP+ cells co-localized with
Sox2 (Fig. 2A–D) and Pax6 (Fig. 2E–G), respectively, indicating that the vast majority of
the CR2-GFP+ cells at E4 were neural progenitors. Similarly, 94±7% and 93±3% of CAG-
DsRed+ cells co-localized with Sox2 and Pax6, respectively. This result indicates that there
is no significant difference between the expression of CR2-GFP and CAG- DsRed, since
chick neural tube at this stage consists entirely of undifferentiated neural progenitor cells.
However, differences were observed at E8, a later stage of neurogenesis (Fig. 3).
Immunostaining of neuronal markers, NeuN (Fig. 3A–D), doublecortin (DCX) (Fig. 3E–H),
and Brn3a (Fig. 3I–L), showed that approximately one half of the control CAG-DsRed+
cells differentiated into neurons (NeuN = 52±20%; DCX = 46±13%; Brn3a = 42±2%),
while in CR2-GFP+ cells, these percentages significantly decreased (NeuN = 17±6%; DCX
= 10±9%; Brn3a = 15±6%; for all cell counts, n = 3) (Fig. 3M). This result indicates that
CR2 activity is significantly decreased in differentiated neurons.

CR2 activity is prominent in the embryonic ganglionic eminence and the neonatal rostral
migratory stream of the transgenic mice

Since electroporation experiments in the developing chick only provide transient gene
expression, transgenic mouse lines (n = 2) containing the CR2-GFP construct were
generated. The two founder lines were analyzed for a complete spatiotemporal expression
profile of CR2 activity. No obvious differences were detected in phenotypes with CR2-GFP
expression between the two lines.

Similar to the GFP expression generated by in ovo electroporation experiments, CR2-GFP
expression in transgenic mice was also found exclusive to the developing CNS (Fig. 4A–E).
CR2-GFP expression in whole-mount transgenic mice was detected starting from E9.5 (n =
3) until postnatal day 0 (P0) pups (n = 3) (Fig. 4,S2), and prominently in the ventricular zone
(VZ) and subventricular zones (SVZ) of the ganglionic eminences (GE) at E15.5 (Fig. 4F).
Although GFP+ cells were not directly observed in brain sections at P7 and later stages
under fluorescence scope, low level or residual GFP expression can be retrieved after
staining with anti-GFP antibody in regions known to contain neural progenitor cells in the
postnatal mouse brain, e.g., the VZ and SVZ of the lateral ventricles of the neocortex (Fig.
S2), the hippocampus at P7 (Fig. S3), the rostral migratory stream (RMS) and the olfactory
bulb (Fig. 4,S4). Since interneurons are born from the VZ/SVZ of the GE (Batista-Brito and
Fishell, 2009; Miyoshi et al., 2010; Parnavelas et al., 2000), this well correlated
spatiotemporal GFP expression pattern suggests that CR2 activity is in the interneuron
progenitors.

CR2-GFP+ cells in transgenic mice are interneuron progenitors
To determine the cellular identity of CR2-GFP+ cells in the transgenic mice,
immunostaining was performed on E15.5 and P0 tissue sections because E15.5 is near the
peak of neurogenesis and P0 is the end of neurogenesis (Angevine and Sidman, 1961; Cai et
al., 2002; Eccles, 1970; Sidman et al., 1959).

At E15.5, less than 10% of CR2-GFP+ cells were co-stained with radial glial markers,
Notch1 (Fig. 5A) and BLBP (Fig. 5B), suggesting there were few neural stem cells at this
time. However, 56±9% of CR2-GFP+ cells co-stained with a nuclear mitotic antigen
(NuMa) (Fig. 5C), which is unevenly distributed between two asymmetrically dividing cells
(Knoblich, 2008; Siller and Doe, 2009). In addition, only 5±4% of CR2-GFP+ cells were co-
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stained with DCX newborn neurons (Fig. 5D). These results indicate that the majority of
GFP+ cells are not post-mitotic neurons but rather asymmetrically dividing neural
progenitor cells.

At P0, CR2-GFP+ cells were largely found in the VZ/SVZ of the neocortex (Fig. 4G, 6, S2).
Similar to E15.5, few of these GFP+ cells were co-stained with Notch1 (4±3%) and radial
glial marker BLBP (9±5%) (Fig. 6A,S2B). Approximately one half of CR2-GFP+ cells
(47±21%) around the VZ co-stained with NuMa and 59±14% co-localized with GAD65/67
(Fig. 6B), suggesting that they are asymmetrically dividing progenitor cells with
GABAergic potential. Thus, GAD65/67+/GFP+ cells possessed a phenotype of interneurons
or interneuron progenitors, since some GAD65/67+ neurons have been shown to be dividing
progenitor cells (Riccio et al., 2012).

To determine whether CR2 activity is present in the differentiated cells of the transgenic
CNS, immunostaining recovered GFP+ cells were co-stained with DCX for early
differentiated neurons, Tbr1 for layer VI projection (excitatory) neurons in the neocortex
(Hevner et al., 2001), and GFAP for astrocytes. Only about 14±2%, 6±4%, and 5±9% of
CR2-GFP+ cells were co-stained with DCX, Tbr1, and GFAP, respectively (Fig. 6C–D,S2).
In addition, CR2-GFP+ cells did not co-stain well with Tbr2 (Fig. S2C), an intermediate
progenitor marker []. The boundary between CR2-GFP+ cells and Tbr1+ cells was distinct,
suggesting that CR2 activity was not prevalent in differentiated cortical layer VI projection
neurons or astrocytes.

CR2-GFP+ cells are GABAergic interneuron progenitors as revealed by GFP
immunofluorescence staining

Protein expression (e.g., GFP) is a dynamic process dictated by rates of protein expression
and degradation. Since the half-life of GFP is 26 hours (Corish and Tyler-Smith, 1999), it
takes approximately 7 days for 99% of the GFP protein to degrade after initial expression.
Immunofluorescence staining on transgenic brain sections thus allows the retrieval of GFP
signals that may not be observed directly due to decreased/degraded GFP fluorescence.
Thus, a CR2-GFP+ cell may be “tracked” for approximately 7 days after GFP is no longer
expressed and thus provides an extended period of time for tracking the fate of GFP+ cells.

When stained with anti-GFP antibody, additional GFP+ cells were unveiled in new regions
of the CNS. At E15.5, bright GFP+ cells were detected in the ganglionic eminence below
the VZ/SVZ and the basal (top) layer of the neocortex (Fig. 7B), as well as faint GFP+ cells
stretching across the neocortex at P0 (Fig. 7D). This new pattern contrasts with GFP
fluorescence without anti-GFP antibody staining, which is only observed in the VZ/SVZ
layers of the ganglionic eminence at E15.5 (Fig. 7A) and the cortical lateral ventricles at P0
(Fig. 7C).

At P0, immunostaining recovered GFP+ cells continued to co-stain with GAD65/67 (Fig.
7E–F) but were not co-labeled with either glutamine synthetase (GS) for glutamatergic
neurons (Fig. 7G-H) or calbindin interneurons (Fig. 7I–J). At P7, immunostaining recovered
GFP+ cells were detected in the ependyma, cortical plate, hippocampus, and midbrain (Fig.
S3A), and they were co-stained with NuMa and GAD65/67 in some cells but not with
BLBP, Tbr2, or Tbr1 (Fig. S3B). These results further confirmed that CR2-GFP+ cells are
dividing interneuron progenitor cells with GABAergic potential.

Binding motif of Gsh1/Brn3/Barx2 is required for CR2 gene regulatory activity
To determine the mechanism by which CR2 regulates specific gene expression in
interneuron progenitors, we searched for trans-acting factor binding sites (TFBSs) of CR2
that were conserved between chick and mouse using MatInspector (Genomatix, Germany).
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The search result contained 164 predicted TFBSs (supplemental Table S1). Further sequence
analysis showed that a 150 bp region of the mouse CR2 sequence (position 48–198) shared
83% similarity with a chick Notch1 locus. In this 150 bp DNA fragment, 10 known TFBSs
were predicted, which are common to both M. musculus and G. gallus (supplemental Table
S2). We then determined sequence-specific protein factor binding to narrow down active
subregions of CR2. Electrophoretic mobility shift assays (EMSAs) were performed using
DNA probes designed to cover the 150 bp conserved region (Fig. 8A,B). Probe 1 spanned
the region of CR2 with TFBSs for Brn5, Oct1, and Dlx2; while Probe 2 contained TFBSs
for Brn3, Barx2, Gsh1, and Sox5 (Fig. 8A). After testing the forward and reverse strands
separately, results showed binding of Probe 1 (reverse only) and Probe 2 (forward and
reverse) with nuclear extract from the E8 chick brain (Fig. 8B). The potential TFBSs located
on these probes include Oct1 and Dlx2 (Probe 1-reverse), Sox5 (Probe 2-forward), and
Brn3, Barx2, and Gsh1 (Probe 2-reverse).

To determine whether regions with strong binding as determined by EMSA were important
for gene regulatory activity of CR2, mutant reporter constructs were generated by site-
directed mutagenesis (primers listed in the supplemental Table S3). A deletion of the 4 bp
core-binding motif of Gsh1/Barx2/Brn3 (position 91–94) abolished the ability of CR2 to
drive GFP expression (n = 2) in the E4 chick CNS (Fig. 8C). A two bp deletion in the
peripheral binding sequences of Gsh1/Barx2/Brn3 (position 95–96) greatly diminished GFP
expression (n = 2) (Fig. 8D), suggesting that this region is crucial for CR2 activity.
However, deletion of the Dlx2 binding motif (position 76–79) did not affect GFP expression
(n = 2) (Fig. 8E). The Dlx2 binding motif was also examined due to its role in inhibitory
interneurons (Mizuguchi et al., 2006; Toresson and Campbell, 2001; Yun et al., 2003),
although it is not conserved between mouse and chicken. As a negative control, deletion of
position 235–239, a region without known TFBS, did not affect CR2-GFP expression (Fig.
8F). Therefore, these results suggest that TFBSs for Brn3/Barx2/Gsh1 are important for
reporter GFP expression.

To further determine the minimum sequence requirement for gene regulatory activity,
CR2.1, a subregion of CR2, was designed to contain the 18 bp DNA fragment at position
86–104 with the whole conserved binding motif of Gsh1 and the core 4 bp binding motif of
Gsh1/Brn3/Barx2 (Fig. S1B). Gsh1 is known to be an important transcription factor for
GABAergic interneurons (Mizuguchi et al., 2006; Stenman et al., 2003; Toresson and
Campbell, 2001), Then, CR2.1 was tested for its ability to direct reporter GFP expression in
chick embryos using in ovo electroporation technique. The CR2.1 subregion was shown to
direct GFP expression in E4 chick CNS (n = 2) (Fig. 8G). CR2.1-GFP+ cells were shown to
stain with neural progenitor markers Pax6 (Fig. 8H) and Sox2 (Fig. 8I). Thus, the data
indicates that CR2.1 possesses gene regulatory activity and supports the role of Gsh1/Barx2/
Brn3 binding motif in regulating CR2 activity in neural progenitor cells.

DISCUSSION
CR2 activity is well correlated with neurogenesis in both the chick and mouse

This study identified that CR2, an evolutionary conserved non-coding DNA sequence in the
second intron of Notch1 locus, is involved in regulating gene expression in interneuron
progenitors. Its exclusivity in the CNS during neurogenesis is indicative of cis-regulatory
characteristics. CR2-GFP expression patterns in chick (E4-E8) and in mouse (E9.5 to P0)
correspond to their respective periods of neurogenesis and Notch1 expression during CNS
development. These results also support the known role of Notch1 in inhibiting neuronal
differentiation during development (Ishibashi et al., 1994; Nye et al., 1994). Notch1
maintains the stem cell state through lateral inhibition, a process by which binding of the
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Notch1 ligand in one cell prevents its own differentiation through interactions with an
inhibitory ligand (i.e., Delta) of an adjacent cell (Chitnis, 1995).

However, it appears that CR2 activity is not entirely related to the radial glial phenotype or
Notch1 expression despite its location in the Notch1 locus. There were three striking
phenomena of CR2 activity in the transgenic mouse cortex that may not be consistent with a
radial glial phenotype. (1) Expression of CR2-GFP was limited to the ventral CNS as seen in
the whole mounts. Long, radial GFP+ cells illuminate the VZ/SVZ of primarily the
ganglionic eminences at E15.5. (2) GFP is not limited to the VZ/SVZ at P0 but rather
includes the rostral migratory stream and olfactory bulb. (3) Few CR2-GFP+ cells co-
localize with radial glial markers BLBP and Notch1. Since the majority of CR2-GFP+ cells
were not radial glia, neurons, or glia, then the phenotype was expected to be in an
intermediary state such as of a neuronal progenitor.

CR2 is a regulatory element for GABAergic interneuron progenitors
Our interpretation that CR2 is preferentially active in GABAergic progenitors is based on
the following two observations: 1) during embryonic development at E15.5, CR2-GFP+
cells (without anti-GFP antibody staining) were predominantly found in the VZ/SVZ of the
ganglionic eminence where interneuron progenitors reside (Anderson et al., 1997; Ang et al.,
2003; Lavdas et al., 1999; Lopez-Bendito et al., 2004; Morozov et al., 2009; Nery et al.,
2002; Wichterle et al., 1999); but not the dorsal pallium where progenitors of excitatory
glutamatergic projection neurons reside (Fig. 4F); and 2) the majority of CR2-GFP+ cells at
P0 (with anti-GFP antibody staining) were co-labeled with an interneuron marker
GAD65/67 (Fig. 6B), and GFP+ cells were not co-labeled with Tbr1, a marker for
glutamatergic neurons (Fig. 6C).

Embryonic and postnatal CR2-GFP+ cells were not newborn neurons or glia (negative for
NeuN, Tbr1, and GFAP staining), but rather mitotic cells that continue to undergo
asymmetric division (positive for NuMa staining indicative of mitotic progenitors
(Knoblich, 2008; Siller and Doe, 2009)). Recently, a radial glia-like progenitor cell has been
reported to arise from asymmetric divisions of radial glia, to reside in the outer SVZ, and to
generate neurons (Wang and Kriegstein, 2009). Studies have shown that GAD65/67 marks
not only GABAergic interneurons but also interneuron precursors (Lopez-Bendito et al.,
2004; Riccio et al., 2012). Thus, the fact that the majority of CR2-GFP+ cells co-stained
with GAD65/67 indicates that CR2 is active in interneuron progenitors.

After CR2 activity subsides, cells may differentiate into interneurons that tangentially
migrate into the neocortex. Immunostaining recovered GFP signals allowed tracking of the
fate of cells after losing GFP fluorescence. Although there was no CR2-GFP expression in
adolescent and adult mice, immunostaining recovered GFP+ cells were present in the
hippocampus, the rostral migratory stream and the olfactory bulb. These regions contain
GABAergic inhibitory cells, therefore, these results indicate that CR2 activity is in cells with
GABAergic potential. Since a very small population of GFP+ cells were found in the VZ of
the developing cerebral cortex where progenitors of glutamatergic projection neurons reside,
it is possible that CR2 may be active in glutamatergic lineage. If this were the case,
immunostaining with anti-GFP antibody would have revealed GFP+ glutamatergic neurons.
However, no immunostaining recovered GFP+ cells were found to be glutamatergic neurons
or calbindin-binding interneurons. Thus, the possibility that CR2 might be active in
progenitors of these two neuronal types was ruled out. Overall, it is not surprising that gene
expression in GABAergic interneuron progenitors is regulated by a conserved regulatory
element because GABA signaling is conserved in different species during neurogenesis
(Abdel-Mannan et al., 2008; Cheung et al., 2007).
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Gsh1/Barx2/Brn3 binding motif is required for CR2 gene regulatory activity
Among the conserved TFBSs on CR2, several are directly relevant to the CNS development.
For example, Brn3 is essential for retinal and auditory sensory progenitors (Bryant et al.,
2002), Barx2 is involved in the brain and the floor plate of the spinal cord (Jones et al.,
1997; Meech et al., 1999), and Gsh1 plays an important role in interneuron progenitors of
the brain and spinal cord (Mastick et al., 1997; Mizuguchi et al., 2006). In particular, several
studies have demonstrated that Gsh1 is expressed in the VZ of the ganglionic eminence and
plays an important role in the development of the striatum and olfactory bulb (Toresson and
Campbell, 2001; Yun et al., 2003). The observed CR2-GFP expression pattern in the
ganglionic eminence, the rostral migratory stream, and the olfactory bulb was tightly
correlated to the Gsh1 expression. The absence of Gsh1 binding motif on CR2 abolishes its
ability to independently drive GFP expression in the reporter assays, and a subregion
representing the whole binding sequence of Gsh1 demonstrates activity. Gsh1 is expressed
in areas of CR2 activity including the MGE and LGE (Toresson and Campbell, 2001;
Valerius et al., 1995; Yun et al., 2003). In addition, Gsh1 has been shown to promote the
maturation of progenitors towards neurogenesis (Pei et al., 2011). These observations
strongly support the role of Gsh1 in CR2 regulation of interneuron progenitors. Thus, we
propose that a mechanism of CR2 activation and regulation of interneuron gene expression
is through the binding of transcription factor Gsh1.

In summary, we identified a 399-bp cis-element in the second intron of the Notch1 locus
that functions in GABAergic interneuron progenitors. CR2 and its regulatory mechanism
contribute to the comprehensive knowledge of the genetic network in neural progenitor cells
for interneuron development in the CNS. For instance, CR2-GFP transgenic mouse can be
utilized as a model for tracking/studying interneuron progenitors and their cell fate in normal
development as well as other neurological disease/injury models. Comprehensive
knowledge of CR2 can also serve bioengineering purposes. CR2, Gsh1 and possibly other
factors including Brn3, and Barx2 are factors to consider when engineering interneuron
progenitors for transplant in patients with GABAergic interneuron deficiencies. Our findings
provide a new approach for the future investigation of interneuron progenitors in the CNS.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• a cis-element in Notch1 locus regulates gene expression in interneuron
progenitors

• activity of this cis-element is correlated with vertebrate neurogenesis

• spatiotemporal activity of this cis-element is in GABAergic progenitors

• cis-element activity requires the binding motif for Gsh1/Barx2/Brn3

• CR2-GFP transgenic mice are useful for study of interneuron development and
defects
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Figure 1. CR2 directs reporter GFP expression in embryonic chick CNS
(A–B) Whole mount images of transfected chick embryos at E4 two days after
electroporation at E2 (HH12). CR2-GFP expression was observed only in the CNS. CAG-
GFP expression (the transfection controls) was observed in both the CNS and non-CNS
tissues, e.g., the visceral arch (arrowhead). (C–E) Fluorescent microphotographs of chick
brain sections showing CR2-GFP+ and CAG-DsRed+ cells in developing chick midbrain.
Chick embryos were co-transfected with CAG-DsRed control and CR2-GFP at E2 and
harvested at E4, E6, and E8. CR2-GFP expression decreased dramatically from E4 to E8,
while control DsRed expression remained relatively constant. (F) Histograph showing that
the percentage of CR2-GFP+ cells in the total number of transfection control CAG-DsRed+
cells decreased from 78% at E4, to 38% at E6, to 15% at E8. For all three developmental
stages, n = 3; p<0.05. Scale bar = 10 μm.
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Figure 2. CR2 activity is in neural progenitor cells at early chick neurogenesis
Confocal images of CR2-GFP+ cells in early chick neurogenesis at E4 with
immunofluorescence staining of neural progenitor cell markers: Sox2 (A–D) and Pax6 (E–
H). (A–B) At E4, 90±9% (n = 3) and 93±3% (n = 3) of CR2-GFP+ cells co-localized with
Sox2 and Pax6, respectively. (C-D) 94±7% and 93±3% of CAG-DsRed+ cells were co-
stained with Sox2 or Pax6. (I) Histograph showing the percentage of CR2-GFP+ cells co-
localized with neural progenitor markers. There was no significant difference between the
experimental CR2-GFP and control CAG-DsRed groups (n = 3). (J) Immunostained coronal
sections were located in the dorso-lateral optic tectum. Scale bar = 20 μm.
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Figure 3. CR2 activity is dramatically decreased in differentiated neurons at late chick
neurogenesis
Confocal images of CR2-GFP+ cells in late chick neurogenesis at E8 with
immunofluorescence staining of neuronal markers, NeuN (A–D), DCX (E–H), and Brn3a
(I–L). The vast majority of CR2-GFP+ cells were not labeled with a neuronal marker (cells
in dash-lined box). (M) Histograph showing the percentage of CR2-GFP+ cells co-localized
with neuronal markers. The percentage of CR2-GFP+/neuronal marker+ cells was
significantly lower than that in the control CAG-DsRed+ cells, i.e., 10±9% vs. 46±13% for
DCX, 17±6% vs. 52±20% for NeuN, and 15±6% vs. 42±2% for Brn3a, respectively (n > 3;
*p<0.05, **p<0.005). (N) Immunostained coronal sections were located in the dorso-lateral
optic tectum. Scale bar = 20 μm.
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Figure 4. CR2-GFP+ cells are predominant in the embryonic ganglionic eminence and in VZ/
SVZ of the mouse neonatal cortex
(A–E) Whole mount images of transgenic mouse embryos at various stages: E9.5 (n=3),
E10.5 (n = 3), E11.5 (n = 4), E12.5 (n = 4), E14.5 (n = 5), and E15.5 (n=10). GFP
expression was exclusive to the CNS ranging from the telencephalon to the sacral spinal
cord. (F) Fluorescent microphotographs of coronal brain sections of the transgenic mouse at
E15.5 showing CR2-GFP+ cells were predominantly located in the VZ/SVZ of the
ganglionic eminences (GE). (G–K) CR2-GFP+ cells in saggittal brain sections of transgenic
mouse at P0 were primarily located in regions surrounding the lateral ventricle, the olfactory
bulb, the rostral migratory stream, and hippocampus. Blue represent nuclear marker Dapi
staining. c-LV = caudal lateral ventricle, Hp = hippocampus, r-LV rostral-lateral ventricle,
SVZ = subventricular zone, VZ = ventricular zone, OB = olfactory bulb, rms = rostral
migratory stream. Scale bars = 20 μm.
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Figure 5. CR2-GFP+ cells are in neural progenitors undergoing asymmetric division in E15.5
transgenic mouse
(A–D) Fluorescent microphotographs of coronal brain sections of the transgenic mouse at
E15.5 showing CR2-GFP+ cells co-stained with radial glial markers, Notch1 (A) and BLBP
(B), a marker for asymmetric division, NuMa (C), and an early neuronal marker, DCX (D).
(E) Histograph showing the percentage of CR2-GFP+ cells co-localized with cell-specific
markers. Less 10% of CR2-GFP+ cells were co-stained with Notch1 (9±5%), BLBP
(8±4%), and DCX (5±4%). 56±9% of CR2-GFP+ cells were co-stained with NuMa. Scale
bar = 20 μm.
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Figure 6. CR2-GFP+ cells are asymmetrically dividing interneuron precursors in P0 transgenic
mouse
Fluorescent microphotographs of coronal (A) and sagittal (B,C) brain sections of the
transgenic mouse at P0. CR2-GFP+ cells co-stained with cell specific markers. (D)
Histograph represents the percentage of CR2-GFP+ cells co-stained with radial glial markers
Notch1 (4±3%) and BLBP (9±5%) (A); an asymmetric division marker NuMa (47±21%)
and a marker for GABAergic interneuron progenitor GAD65/67 (59±14%) (B); and an early
neuronal marker DCX (14±2%), a layer VI neuronal marker Tbr1 (6±4%), and an astrocyte
marker GFAP (5±9%) (C). Scale bar = 20 μm.
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Figure 7. Immunostaining recovered CR2-GFP+ cells are GABAergic interneuron progenitors in
the transgenic neocortex
Fluorescent microphotographs of coronal brain sections of the transgenic mouse at E15.5
(A–B) and P0 (C–D). (A) At E15.5, without anti-GFP staining, the CR2-GFP+ cells were
prominently seen in the VZ/SVZ of the GE. (B) With anti-GFP staining, three additional
populations of CR2-GFP+ cells were revealed: the ventral ganglionic eminence (GE) below
the VZ/SVZ, the basal (upper) layers of the neocortex, and VZ/SVZ of the neocortex. (C) At
P0, without anti-GFP staining, CR2-GFP+ cells were only seen mostly VZ/SVZ surrounds
the lateral ventricle of the ventral forebrain, and a few GFP+ cells in the cortical plate. (D)
With anti-GFP staining, more than twice as many CR2-GFP+ cells were revealed, and they
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were located in the VZ/SVZ of the entire lateral ventricle and widely spread over the cortical
plate. (E-J) Sagittal brain sections of P0 transgenic mouse were co-stained with anti-GFP
antibody and cell specific markers, GAD65/67 (E–F), glutamine synthetase (GS) (G–H),
and Calbindin (I–J). The majority of immunostained GFP+ cells were co-stained with
GAD65/67 but not with GS or calbindin. Scale bars = 20 μm.
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Figure 8. Gsh1 binding site in CR2 is important in directing GFP expression
(A) Two probes (1 and 2) were designed between position 48 and 198 of CR2 which
possessed TFBSs that are conserved between mouse and chick. TFBSs on forward and
reverse strands are represented by red and black font, respectively. (B) Electrophoretic
mobility shift assays (EMSA) show that DNA probes containing the Brn5/Oct1/Dlx2 (Probe
1) or Brn3/Barx2/Gsh1 (Probe 2) have CR2 sequence-specific binding activity with nuclear
extract (NE) from E8 chick brain. The probes were run as forward strands (lanes 1–3, 7–9)
and as reverse strands (lanes 4–6, 10–12). Lanes 1, 4, 7, and 10 are controls consisting of the
probe alone without nuclear extract. Probe 1-rev, Probe 2-fwd, and Probe 3-rev showed
band shift (lanes 5, 8, 11) that was competed away by the unlabeled competition probes
(lanes 6, 9, 12). (C–F) Reporter assay using in ovo electroporation/transfection method with
mutant CR2-GFP constructs generated by site-directed mutagenesis. (C) Deletion of
position 91–94 (Δ91–94) removed the core binding sequence for the trans-acting factors of
Brn3, Barx2, and Gsh1. The transfection of CR2Δ91–94 –GFP construct was not able to
produce GFP expression in the E4 chick embryo. (D) Deletion of position 95–96 (Δ95–96)
disturbed the peripheral binding sequence for Brn3, Barx2, and Gsh. The transfection of
CR2-GFPΔ95–96 –GFP construct resulted in diminished GFP expression. (E) Deletion of
position 76–79 removed the TFBS for Dlx2, which is a transcription factor of inhibitory
neurons but is not conserved. The transfection of CR2-GFPΔ76–79 –GFP construct was able
to drive GFP expression. (F) As a negative control, the deletion of position 235–239
(containing no known TFBS) on CR2 did not affect GFP expression. (G) Plasmid constructs
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containing subregions of CR2 were electroporated into the developing chick neural tube at
E2, and GFP expression was detected at E4. CR2.1 (position 86–104) is an 18 bp fragment
containing the conserved binding motif for Gsh1. (H–I) CR2.1 co-localizes with Pax6 and
Sox2.
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