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Abstract

The development of the cerebral cortex is directed by a series of methodically precise events, including progenitor cell

proliferation, neural differentiation, and cell positioning. Over the past decade, many studies have demonstrated the critical
contributions of Notch signaling in neurogenesis, including that in the developing telencephalon. However, in vivo evidence
for the role of Notch signaling in cortical development still remains limited partly due to the redundant functions of four
mammalian Notch paralogues and embryonic lethality of the knockout mice. Here, we utilized the conditional deletion and
in vivo gene manipulation of Rbpj, a transcription factor that mediates signaling by all four Notch receptors, to overcome
these challenges and examined the specific roles of Rbpj in cortical development. We report severe structural abnormalities
in the embryonic and postnatal cerebral cortex in Rbpj conditional knockout mice, which provide strong in vivo
corroboration of previously reported functions of Notch signaling in neural development. Our results also provide evidence
for a novel dual role of Rbpj in cell type-specific regulation of two key developmental events in the cerebral cortex: the
maintenance of the undifferentiated state of neural progenitor cells, and the radial and tangential allocation of neurons,

possibly through stage-dependent differential regulation of Ngn1.
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Introduction

The development of the cerebral cortex with its characteris-
tic laminar and columnar organization requires tightly coor-
dinated sequential processes, including progenitor cell prolif-
eration, neuronal and glial cell differentiation, cell migration,
and synaptogenesis (Rubenstein and Rakic 1999; Fishell and
Kriegstein 2005). One of the most important elements in corti-
cal development is the signaling mediated by Notch receptors
(Notch 1-4 in mammals), which is critically involved in many

of these processes (Pierfelice et al. 2011). The binding of ligands
such as Delta and Serrate (known as Jagged in mammals) to
the Notch receptor results in proteolytic release of the Notch
intracellular domain (NICD), which then translocates to the
nucleus and binds to Rbpj (also known as Rbpjk, Rbpsuh, or
CBF1), a transcription factor and primary mediator of the canon-
ical Notch signaling (Artavanis-Tsakonas et al. 1999; Mumm
and Kopan 2000; Bray 2006). Together with its co-activators,
this transcriptional complex activates downstream genes such
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Figure 1. Smaller cerebral cortex in Rbpj cKO mice. (A and B) Whole brains of control (A) and Rbpj cKO (B) mice at P24, showing severe reduction in the size of the
cortex in cKO mice. (C and D) Nissl staining of brain sections of control (C) and Rbpj cKO (D) mice at P24 (in the anterior to posterior order). The smaller size and lack
of lamination of the cerebral cortex are apparent in the cKO brain, along with the absence of the corpus callosum and hippocampus. Bars (mm)=5 (A and B) and 1 (C
and D). (E) Thickness of the CP is decreased in Rbpj cKO mice relative to that in control mice. The data represent the mean =+ standard error of the mean (SEM) (n=5

animals per genotype). *P < 0.001 by Student’s t-test.

as Hesl and Hes5 (Bray 2006), ultimately regulating multiple
biological processes including fate specification, maintenance,
and differentiation of neural stem cells and progenitor cells
(Hitoshi et al. 2002; Gao et al. 2009); specification of glial cells
(Taylor et al. 2007); and the survival and outgrowth of neurons,
among other functions (Sestan et al. 1999; Redmond et al. 2000;
Yang et al. 2004; Louvi and Artavanis-Tsakonas 2006; Mason et al.
2006; Ables et al. 2011; Imayoshi and Kageyama 2011; Pierfelice
et al. 2011; Giniger 2012).

With four Notch receptors capable of potentially distinct
and/or redundant functions in mammals (Andersson et al. 2011),
one approach to examine the roles of canonical Notch signal-
ing in vivo has been utilizing knockout mice of the common
downstream mediator Rbpj. However, the deletion of Rbpj results
in early embryonic lethality before the onset of neurogenesis
in the nervous system (Oka et al. 1995). Thus, recent studies
have utilized several lines of Rbpj conditional knockout (cKO)
mice to examine the roles of Rbpj in various contexts during
later development and in adulthood (Zhu et al. 2006; Komine
et al. 2007; Taylor et al. 2007; Imayoshi et al. 2010; Liu et al.
2015). However, direct evidence for the functions of Rbpj in
cortical development remains limited to those aspects during
the embryonic period (Imayoshi et al. 2010; Dave et al. 2011) due
likely to neonatal lethality of these mice (Nakhai et al. 2008).

Previous studies have shown the interaction between Notch
signaling and Reelin-Dabl signaling (Hashimoto-Torii et al.
2008; Keilani and Sugaya 2008; Sibbe et al. 2009; Keilani et al.
2012). This interaction mediates the Reelin signal to control the
formation of radial glial scaffolds (Keilani and Sugaya 2008; Sibbe
et al. 2009) and radial migration of cortical neurons (Hashimoto-
Torii et al. 2008). However, the contributions of Rbpj in these
processes have not been well understood, and it remains
unknown whether Notch-Rbpj signaling deficit leads to other

characteristic reeler phenotypes such as radial glial dysmorphol-
ogy (Dulabon et al. 2000; Forster et al. 2002; Hartfuss et al. 2003),
neuronal invasion into layer I (Trommsdorff et al. 1999; Hack
et al. 2007) and disrupted cortical lamination (Caviness and
Sidman 1973).

In this study, we examined the role of Rbpj in cortical devel-
opment using cortex-specific Rbpj cKO mice and in utero elec-
troporation (EP)-mediated gene manipulation approaches. Our
results demonstrate that Rbpj plays two critical cell type-specific
roles in cortical development. First, Rbpj is an essential player
for the maintenance of neural progenitor cells for controlled
neurogenesis by inhibiting their premature differentiation into
neurons. Second, Rbpj is required for the proper radial and
tangential positioning of cortical neurons through the preser-
vation of radial glial scaffolds and cell-autonomous regulation
of neuronal migration. Our results also suggest the involvement
of opposite regulations of Neurogeninl (Ngn1) by Rbpj in neu-
ral progenitor cells and migrating neurons in these processes.
Together, our work demonstrates the multimodal and complex
function of Rbpj in cortical development.

Materials and Methods
Mice

All animals were handled according to protocols approved by the
Institutional Animal Care and Use Committees of the Children’s
National Hospital. Generation and genotyping of the floxed Rbpj
mouse line (provided by T. Honjo) has been described previously
(Han et al. 2002; Tanigaki et al. 2002). Cerebral cortex-specific
Rbpj cKO mice were generated by crossing floxed Rbpj mice with
Emx1-Cre mice (Jackson lab) and kept under a C57/BL6J back-
ground. Although homozygous Rbpj cKO mice (Emx1-Cre;Rbpjf!)



6446 | Cerebral Cortex, 2020, Vol. 30, No. 12

600
500
400
300
200

Control

100

CP thickness (% of Cont)

120

100

1

Cont cKO

*

=
o
o
e
o
p X 80
Ol £ &0
f 2
2 4
]
S 20
(o))
=)
©
L = Cont cKO
RC2 Cux1
~ 300 *
s =
o 250
)
b
S 200
3 X
g ‘=5 150
[0
S © 100 | ==
(&) I
O 50
[t
© 5
Cont cKO
] 120 *
E 100 |
)
S 80
Qo E g
X )
© 8 40
s
< 20
o= |
o
Cont cKO

(| Control |

cKO

Figure 2. Premature neurogenesis and disrupted radial glial structure in the cortex of Rbpj cKO mice. (A-B’) Immunohistochemistry for Tuj1 at E15.5, showing the thicker
CP occupied by TuJ11 neurons (brackets) and smaller tangential length of the ventricular surface (arrows) in cKO mice (B and B') comparing with those in control mice
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survive until adulthood [at least until postnatal day (P) 50], these
mice experience hair loss followed by cyst formation throughout
the body as early as a few days after birth, which becomes
more severe with age. As such, our examination of these mice
was mostly done by adolescence (P35). Conditional heterozygous
Emx1-Cre;Rbpj/+ mice were used as the control. CD-1 mice (The
Jackson Laboratory) were used for EP experiments.

Constructs and in utero Electroporation

In utero EP was carried out at E13.5 or E14.5 as previously
described (Torii and Levitt 2005; Hashimoto-Torii et al. 2008)
with the following constructs: pTa1-Cre-IRES-Venus (4 mg/mL)
(Hashimoto-Torii et al. 2008), pCMX and pCMX-dominant
negative mouse Rbpj (R218H, 4 mg/mL) (Kato et al. 1997), pCAG-
DsRed2 and pCAG-EGFP (Hashimoto-Torii et al. 2003; Torii and
Levitt 2005) (0.5 mg/mL), and Heslp-dVenus, HeslpAmBm-
dVenus and TP-1-dVenus, rBG-dVenus (Kohyama et al. 2005)
(4 mg/mL, gifts from H. Okano).

Immunohistochemistry

Brains were fixed with 4% paraformaldehyde in phosphate-
buffered saline overnight. A total of 40-70 pm-thick coronal
vibratome slices or 18 pm coronal cryosections were collected.
The following primary antibodies were used; polyclonal
anti-GFP (also detect Venus and dVenus; 1:200; Abcam),
anti-DsRed (1:5000; BD Biosciences), anti-BrdU (1:100; Accu-
rate), anti-CTGF (1:500; Abcam), anti-Cux1 (1:300; Santa Cruz
Biotechnology), anti-FoxP2 (1:10000; Abcam), anti-Pax6 (1:500;
Covance), anti-Rbpj (1:100; Cell Signaling), monoclonal anti-
Reelin (1:2000; Chemicon), anti-RC2 (1:5; Developmental Studies
Hybridoma Bank), anti-Crym (1:500; Abcam), anti-Ki67 (1:200;
Vector), anti-Ngn1 (1:500; a kind gift from J.E. Johnson), and
anti-g tubulin (class III) (Tujl; 1:200; Covance) antibodies.
Immunohistochemistry was performed as described previously
(Hashimoto-Torii et al. 2003; Torii and Levitt 2005; Torii
et al. 2009). For the amplification of dVenus detection, the
TSA Plus Fluorescein system (PerkinElmer) was used. The
slices and sections were nuclear counterstained with TO-
PRO3 or DAPI (Molecular Probes). For TUNEL staining, the
ApopTag kit (Chemicon) was used. Images were acquired
using the LSM510 (Carl Zeiss) or Olympus FV1200 confocal
microscope.

Dil Labeling

To label radial glia, saturated Dil solution (in ethanol) was
injected into the lateral ventricle of PO brains fixed with
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4% paraformaldehyde. After 48 h of incubation at 37°C,
coronal vibratome slices were made at 100 pm thickness
and photographed using an Olympus FV1200 confocal
microscope.

Quantitative Analyses

For all analyses, investigators were blind to the genotype
and experimental conditions. Measurements were performed
focusing at the level of the somatosensory cortex, as all the
phenotypes were consistent across the entire anterior-posterior
levels. Tangential length of the cortex was measured as the
distance from the cortex-ganglionic eminence boundary to
the cortex-(presumptive) hippocampal primordium boundary
along the ventricular surface, and the thickness of cortical plate
(CP) was measured at the center of this tangential span of
the cortex. The relative values were then calculated against
the average values for the control mice set as 100. For the
quantification of layer-specific neuronal subtypes, the number
of marker-positive neurons per cortical column of 100 pm width
was calculated for each sample, and normalized against the
average value for the control mice set as 100. The number
of Ki67*, Ki67~, Ngnl*, DsRed2*, dVenus*, EGFP' single- or
double-labeled cells was similarly counted, and the percentage
against the number of DsRed2*, dVenus™, Ngnlt or DAPI*
cells was calculated. To quantify the radial distribution of
neurons, the cortex was radially divided into 10 equal-sized
bins from the ventricle to the pia. The cells in each bin were
quantified and normalized as the percentage of total cells
counted. For the analysis of neuronal morphology, neurons
located in the lower CP close to the intermediate zone (IZ) were
analyzed. Axons and the endfeet attaching to the marginal
zone were excluded in our quantification of the number of
the primary processes and the number of branching points,
respectively. For the cell cycle exit analysis, we followed
previous studies (Chenn and Walsh 2002; Sanada and Tsai
2005). Bromodeoxyuridine (BrdU, at 50 mg/kg body weight) was
injected 24 h after the EP at E14.5, and the brains were fixed after
another 24 h.

Results

Absence of Rbpj in the Developing Cerebral Cortex
Accelerates Neurogenesis and Prematurely Depletes
Neural Progenitor Cells

To examine the effects of Rbpj deficiency in the developing
cerebral cortex, we generated cortex-specific Rbpj cKO mice by
crossing floxed Rbpj mice (Han et al. 2002; Tanigaki et al. 2002)

(A and A’). Nuclei were counterstained with DAPI in A and B. Bar (um)=200. (C and D) The quantification of the tangential length of the ventricular surface (C)
and thickness of the CP (D). The data represent the mean & SEM relative to the mean value of control mice (n=5 animals per genotype). *P < 0.001 by Student’s
t-test. (E and F) Immunohistochemistry for Tuj1 and Pax6 in control (E) and cKO (F) cortices at PO, showing premature depletion of Pax6t neural progenitor cells in
the VZ of cKO mice. Nuclei were counterstained with DAPI. Dotted lines trace the ventricular surface of the LGE. Bar (pm)=200. (G and H) Immunohistochemical
labeling of Reelin™ Cajal-Retzius cells and CTGF' subplate neurons in control (G) and cKO (H) cortices at PO. Reelin® neurons in control and cKO cortices show
similar layer I-specific distribution, whereas normally laminar-specific distribution of CTGF+ neurons (G) is highly disrupted in the cKO cortex (H). Nuclei were
counterstained with DAPI. Bar (pm) = 200. (I and J) Immunohistochemistry for RC2 and Cux1 in control (I) and cKO (J) cortices at PO. The laminar-specific distribution
of Cux1t upper layer neurons (1) is disrupted in cKO mice (J). RC2 staining reveals that comparing with uniform distribution of radial glial fibers that show clear
accumulation of their endfeet at the pial surface of the cortex in control mice (I, bracket), the cKO cortex exhibits their irregular distribution and lack of endfeet
accumulation at the pial surface (). Bar (um)=200. (K and L) A number of CTGFT (K) and Cux1™ neurons (L) per unit width of the cortex. The data represent the
mean + SEM relative to the mean value of control mice (n=5 animals per genotype). *P < 0.05 (K) and *P < 0.001 (L) by Student’s t-test. (M-P’) Dil-labeled radial
glial fibers in control (M, M/, O and O’) and cKO (N, N/, P and P’) cortices at PO. M, N, and O, P show the medial and lateral part of the cortex, respectively. M’, N’, 0’,
and P’ are higher magnification view of the boxed areas in M, N, O, and P, respectively. Compared with the straight and evenly distributed fibers reaching to the
pial surface in control, many fibers are curved and/or branched before reaching to the pia (arrows) in cKO mice. Ctx, cortex; LGE, lateral ganglionic eminence; St, striatum.
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Figure 3. Disruption of the laminar organization of the cortex in Rbpj cKO mice. (A-F) Immunohistochemistry for layer-specific neuronal markers in the cortex of control
(A-C) and cKO (D-F) mice at P14 (in the anterior to posterior order). Nuclei were counterstained with DAPI. Laminar-specific distribution of Cux1T upper-layer neurons
and Crym lower-layer neurons (A-C) is severely disrupted, forming discrete clustering patterns throughout the entire cortex in cKO mice (D-F). Relative increase of
lower-layer neurons and decrease of upper-layer neurons in the cKO cortex are also observed. Bar (um) =500. (G-I') The cortex labeled for Crym™, FoxP2+ and Cux1t
layer-specific neuronal subtypes (G-I) and TO-PRO3 nuclear staining (G'-I') at P34. Compared with the clear laminar pattern in the distribution of neuronal subtypes
and cell densities observed in the control (G and G'), the cKO cortex show the lack of laminar pattern (H-I'). Bars (um) = 200. (Jand K) Number of FoxP2* (J) and Cux1t
neurons (K) per unit width of the cortex. The data represent the mean + SEM relative to the mean value of control mice (n=6 animals per genotype). P= 0.49 (J) and

*P < 0.01 (K) by Student’s t-test.

with Emx1-Cre mice (The Jackson Laboratory) (Fig. 1). In these
cKO (Emx1-Cre;Rbpj"f) mice, Rbpj is deleted in all cells originated
from cortical neural progenitor cells (Supplementary Fig. 1). Het-
erozygous Emx1-Cre;Rbpj’V* mice were used as the control.

In comparison to controls, the cortex size in cKO mice was
significantly smaller at postnatal day (P) 24 (Fig. 1). Although
brain regions that are connected with the cortex such as thala-
mus also showed reduction in size in cKO mice, most other parts
such as the cerebellum and midbrain appeared grossly normal
(Fig. 1A-D), consistent with the cortex-specific deletion of Rbpj.
In addition, the absence of the hippocampus, corpus callosum,
and cortical laminar organization was observed in cKO brains
(Fig. 1D).

The role of Rbpj in the maintenance of cortical neural
stem cells in the embryonic brain has been previously demon-
strated using other cKO lines (Nestin-Cre;Rbpj"f! and Nestin-
CreERT2;Rbpjf!) (Imayoshi et al. 2010; Dave et al. 2011) and
ribonucleic acid interference (RNAi)-mediated knockdown
(Mizutani et al. 2007). Given that the smaller cortex is likely
attributed to defects in the maintenance of neural stem/progen-
itor cells, we first examined the degree of cortical neurogenesis
in our cKO mice (Fig. 2). Immunohistochemistry for the neuronal
marker TuJ1 at embryonic day (E) 15.5 showed that CP was
thicker in cKO mice compared with controls (Fig. 2A-C), whereas
the tangential length of the ventricular surface that consists of
neural progenitor cells was significantly smaller in cKO mice
(Fig. 2B, B/, D). These results suggest that neural progenitor cells
are prematurely differentiated into neurons and depleted in the
cortex of cKO mice.

Consistent with these observations, the labeling for Pax6 at
PO demonstrated a severe reduction of neural progenitor cells
according to the decreased tangential size of the ventricular
zone (VZ) in the cKO cortex (Fig. 2E, F). In the CP, the number of
CTGF* subset of subplate neurons generated from the cortical
neural progenitor cells at the earliest period of neurogenesis per
unit width (per column) was higher in the cKO cortex than that
in the control at PO (Fig. 2G, H, K). Severe disruptions in their lam-
inar distribution in cKO mice were also observed (Fig. 2H). The
Reelin* Cajal-Retzius cells, which are also among the earliest-
generated neuronal population, appeared to be less evenly dis-
tributed in cKO mice comparing with those in controls, but still
localized on the surface of the cortex (Fig. 2G, H), consistent with
their origin outside of the cortex (Corbin et al. 2001). In contrast
to these early-generated neurons, the number of Cux1* neurons
that are generated from the cortical progenitors during late
embryonic stages was much smaller in the cKO cortex compared
with that in controls (Fig. 21, J, L), consistent with the premature
depletion of neural progenitor cells. These Cux1™ neurons also
showed severe disruption in distribution in cKO mice in contrast
to the continuous distribution specific in upper cortical layers
(layers II-1V) in control mice (Fig. 21, )).

Given the abnormal distribution patterns of CTGF™ and
Cux1l™ neurons generated from cortical progenitor cells, we
examined the organization of radial glial processes, which
serve as essential scaffolds for the radial migration of cortical
neurons (Rakic 2003, 2007). Immunohistochemistry with the
radial glial cell Marker-2 antibody (clone RC2) and Dil (1,1'-
dioctadecyl-3,3,3,3'-tetramethylindocarbocyanine perchlorate)
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Figure 4. Pattern of Rbpj transcriptional activity during cerebral cortical development. (A-B’) Immunostaining for dVenus and DsRed2 1 day after EP at E13.5 with
indicated plasmids. dVenus expression driven by the Hes1 promoter is observed in neural progenitor cells in the VZ/subventricular zone (SVZ) (arrowheads in A and A’).
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labeling of radial glia revealed that, in association with the
premature depletion of neural progenitor cells and acceler-
ated neurogenesis, radial glial fibers in cKO mice were not
evenly distributed along the tangential axis of the cortex
(Fig.2J, N,N’,P,P) in contrast to the even distribution in
control mice (Fig. 2I, M, M’, O, O'). In addition, in contrast to the
radially elongated shape of radial glial fibers with their endfeet
accumulated at the pial surface observed in controls (Fig. 2I, M),
most radial glial fibers in cKO mice are curved or branched, and
do not reach the pial surface (Fig. 2, N’), suggesting that their
abnormal shape may also contribute to the incorrect positioning
of cortical neurons.

Rbpj is Required for Proper Radial and Tangential
Positioning of Cortical Neuronal Subtypes

Based on our observation, we further examined the organi-
zation of the cortex at later postnatal ages using molecular
markers for layer-specific neuronal subtypes (Fig. 3). Immuno-
histochemical labeling at P14 and P34 showed that each of the
neuronal subtypes is generated in the Rbpj cKO cortex. However,
instead of positioning into specific cortical layers that are con-
tinuous along the tangential axis of the cortex in the normal
cortex (Fig. 3A-C), the distribution of these neuronal subtypes
was severely disorganized throughout the cortex along both the
radial and tangential axes in cKO mice (Fig. 3D-F). Cux1* (layers
II-1V) neurons formed segregated clusters surrounded by Crym™*
(layers V and VI) neurons, whereas FoxP2" (layer VI) neurons
often intermingled with Cux1™ neurons and Crym™ neurons
(Fig. G and H). In some cases, Cux1™ neurons and Crym™ neu-
rons, which normally form distinct cortical layers, were segre-
gated into tangential domains (Fig. 3G, I). The number of Cux1*
per unit width (per column) of the cortex was greatly reduced
in the cKO cortex compared with controls (Fig. 3K) similar to the
observation at PO (Fig. 2), whereas the number of FoxP2+ neurons
per unit width was comparable with that in controls (Fig. 3)).
Consistent with abnormal distribution of neuronal subtypes,
the laminar variation of cell packing density observed in the
cortex of control mice was lost in cKO mice (Fig. 3G'-I'). The
marginal zone (layer I), which normally is a relatively cell-poor
layer, was also fully invaded by cortical neurons in the cKO cortex
(Fig. 3G'-T).

These results demonstrate that the cKO cortex undergoes
accelerated neurogenesis and premature depletion of neural
progenitor cells, as well as abnormal morphology of radial glial
fibers (Fig. 2). Together, these abnormalities likely lead to the
formation of a smaller cerebral cortex with a relatively larger
number (per unit width of the cortex) of early-born lower-layer
neurons and smaller number (per unit width of the cortex) of
later-born upper-layer neurons, both of which show severe radial
and tangential positioning defects (Fig. 3).

Transcriptional Function of Rbpj is Activated in the
Progenitor Cells and Migrating Neurons

The cortical phenotype in cKO mice suggested that Rbpj plays
essential roles in both neural progenitor cells and neurons. We
have previously examined Rbpj activity using the TP-1-dVenus
construct, which expresses dVenus, a Venus variant yellow
fluorescent protein that is fused with the PEST domain for
accelerated degradation [e.g., reduces the half-life of Enhanced
Green Fluorescent Protein (EGFP) from ~26 h to ~2 h in
mammalian cells) (Li et al. 1998)], under the control of a
minimal promoter and the Rbpj binding motifs (Kato et al. 1997;
Hashimoto-Torii et al. 2008). Here, we further examined the
pattern of the transcriptional activity of Rbpj in the developing
cortex using an additional reporter construct, Heslp-dVenus,
which contains the promoter of Hesl, a downstream target of
Rbpj (Kohyama et al. 2005) (Fig. 4). The Heslp-dVenus plasmid
was introduced into the wild-type mouse cerebral cortex at
E13.5 using in utero EP, together with the pCAG-DsRed2 plasmid
for the labeling of electroporated cells (Hashimoto-Torii et al.
2008), and brains were observed 24 h later. dVenus™ cells were
detected by immunohistochemistry in a subset of DsRed2* cells
in the VZ, mostly in mitotic (Ki67%) neural progenitor cells
(Fig. 4A, A’, C-D). When the Heslp-dVenus and pCAG-DsRed2
plasmids were introduced at E14.5 and brains were observed
3 days later, dVenus™ cells were detected in both mitotic (Ki671)
neural progenitor cells in the VZ with characteristic elongated
radial fibers, as well as in postmitotic (Ki67~) neurons in the
I1Z (Fig. 4E, E', G-I). Very few dVenus™ cells were found in Ki67~
cells within the VZ (Fig. 4G-H). Similar results were obtained
using the TP-1-dVenus plasmid (Supplementary Fig. 2). Control
EPs with the HeslpAmBm-dVenus (in which the Hes1 promoter
was mutated in its Rbpj binding sites) (Kohyama et al. 2005)
or rBG-dVenus (in which Rbpj binding sites were deleted from
the minimum promoter of TP-1) resulted in very few Venus*
cells (Fig. 4B, B/, D, F, F/, H, I, Supplementary Fig. 2). These obser-
vations suggest that Rbpj activity is tightly dependent on the
developmental state of cortical cells: active in neural progenitor
cells, acutely turned off in newly-generated neurons and turned
on again in neurons upon migration.

Rbpj is Required for the Maintenance of Neural
Progenitor Cells in the Developing Cortex

The severe cortical phenotype in the cKO likely exhibits a
mixture of primary and secondary impacts of Rbpj deletion
in neural progenitor cells and neurons. To decipher the cell-
autonomous roles of Rbpj activated in neural progenitor cells
and migrating neurons, we next examined the effect of Rbpj
manipulation using in utero EP. We co-introduced a plasmid that
expresses a dominant-negative form of Rbpj (dnRbpj) (Kato et al.
1997) under the ubiquitous cytomegalovirus promoter (Kolk et al.

Little dVenus expression was induced by the control HeslpAmBm promoter (B and B’). The signal at the apical surface in dVenus staining is nonspecific signal
introduced during the process of amplified detection of weak dVenus expression. Bar (um)=>50. (C-C”) Immunostaining for dVenus and Ki67 1 day post-EP at E13.5
with Heslp-dVenus showing the expression of dVenus mainly in Ki67T mitotic neural progenitor cells in the VZ/SVZ (arrows). Bar (pm)="50. (D) Percentages of
Ki67F/dVenus™ (black bars) and Ki67~/dVenus™ (white bars) cells in the VZ/SVZ in the DsRed2™ cells electroporated with indicated plasmids. The data represent
the mean + SEM (n=6 animals per condition). *P < 0.001 by Student’s t-test. (E-F') Immunostaining for dVenus and DsRed2 3 days after EP at E14.5 with indicated
plasmids. dVenus expression driven by Hes1 promoter is observed in both neural progenitor cells in the VZ and migrating neurons in the IZ (arrowheads in E and
E’). Little dVenus expression was induced by HeslpAmBm-dVenus (F and F’). Bar (pm) =50. (G-G”) Immunostaining for dVenus and Ki67 3 days post-EP at E14.5 with
Hes1p-dVenus, showing the expression of dVenus mainly in Ki671 mitotic neural progenitor cells in the VZ (arrows) and Ki67~ neurons in the IZ (arrowheads). Bar
(1m) =50. (H and I) Percentages of Ki67/dVenus™ (black bars) and Ki67~/dVenus™ (white bars) cells in DsRed2* cells electroporated with indicated plasmids in the
VZ/SVZ (top) or IZ/CP (bottom). The data represent the mean + SEM (n=6 animals per condition). *P < 0.01 by Student’s t-test.
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Figure 5. Expression of dnRbpj promotes neurogenesis. (A-D’ and F-G”) EGFP immunostaining with Tuj1 (C-D’) or Ki67 (F-G”) 3 days after EP at E14.5 with dnRbpj (B,
B’,D, D', and G-G”) or control (empty pCMX) (A, A’, C, C’, and F-F”) plasmids. Nuclei were counterstained with DAPI. A’ and B’ are the higher magnification view of the
squared areas in A and B, respectively. In the cortex electroporated with dnRbpj, EGFPT cells are found deeper in the cortex than those in the control-electroporaed
cortex (compare A and B), and EGFP radial glial fibers reaching to the pia were rarely observed (compare A’ and B'). Many of dnRbpj-expressing cells in the VZ/SVZ
are abnormally Tuj1t (arrowheads in D and D/, compare with C and C') and Ki67~ (arrows in G-G”, compare with F-F”). Bars (um) =100 (A and B), 25 (C-D’) and 10
(F-G”). (E and H) Quantification of the percentage of EGFPT cells in the 1Z/CP (E), and that of Ki677 cells in EGFPT cells in the VZ (H), in the cortex electroporated with
indicated plasmids. The data represent the mean =+ SEM (n=5 animals per condition). *P < 0.01 by Student’s t-test.

2011) (pCMX-dnRbpj) with the pCAG-EGFP plasmid (for labeling
of the electroporated cells) (Hashimoto-Torii et al. 2008) into the
mouse cortex at E14.5 (Fig. 5, Supplementary Fig. 3). At E17.5,
the majority of EGFP* dnRbpj-expressing cells were positioned
deeper in the cortex than control cells (Fig. 5A, B, E). EGFP* radial
glial fibers reaching to the pia were hardly detectable in dnRbpj
electroporated brains (Fig.5A’,B’), and consistently, many
of these dnRbpj-expressing cells were Tujl* (Fig. 5C-D/, see
arrowheads in Fig. 5D, D’) and Ki67~ (Fig. 5H, compare Fig. 5G-G”
with Fig. 5F-F”), indicating premature neuronal differentiation.
dnRbpj-expressing cells also showed increased cell-cycle exit
index (Supplementary Fig. 4). These results indicate that Rbpj is
required for the maintenance of proliferative neural progenitor
cells and inhibits neurogenesis, consistent with both the
phenotypes observed in Rbpj cKO (Fig. 2) and previous reports on
different stages or regions of the nervous system (Hitoshi et al.
2002; Gao et al. 2009; Imayoshi et al. 2010).

Rbpj is Required for Proper Radial Migration of Cortical
Neurons

The activation of Rbpj in migrating neurons (Fig. 4), the posi-
tional defects of dnRbpj-introduced cells in the developing cor-
tex (Fig.5), and the abnormal distribution of cortical neuronal
subtypes in Rbpj cKO mice (Figs 2 and 3) collectively suggest a
role of Rbpj in neuronal migration. To dissociate the function
of Rbpj specific in migrating neurons apart from its role in
neural progenitor cells, we used the Cre/LoxP system to delete
Rbpj specifically in migrating neurons (Fig. 6). We introduced
pTal-Cre-IRES-Venus, by which the o-tubulin promoter (Gloster
et al. 1994) drives Cre recombinase only in neurons (Hashimoto-
Torii et al. 2008), into the E14.5 cerebral cortex of floxed Rbpj
mice by in utero EP and observed 6 days later. In comparison
to the migration of Venus™ neurons into upper cortical layers
in control Rbpj¥+ electroporated mice, a significant number of
Venus™ neurons in Rbpj"f! mice were abnormally positioned in
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Figure 6. Neuron-specific Rbpj deletion causes radial migration defects and abnormal neuronal morphology during migration. (A and B) Venus immunostaining and
nuclei labeling 6 days after EP at E14.5 with pTa1-Cre-IRES-Venus in Rbpjf/* (A) and Rbpjf1 (B) mice, showing radial migration defects of neurons by deletion of Rbpj.
Bar (um)=100. (C) Quantification of the distribution of Venus* neurons. Venus™ neurons in Rbpj¥fl mice were abnormally located in deeper layers comparing to
those in Rbpj/V+ mice. The data represent the mean + SEM (n =4 animals per genotype). P < 0.0001 by Kolmogorov-Smirnov test. *P < 0.05 by Mann Whitney U pairwise
comparisons between corresponding bins. (D and E) Venus immunostaining, revealing the morphology of migrating neurons 3 days post-EP with pTa1-Cre-IRES-Venus
in the indicated mutants at E14.5. Arrows in E indicate ectopic processes of migrating neurons. Bar (pm) = 10. (F and G) Percentage of cells with one (black), two (gray)
or > 3 (white) processes per cell (F), and the number of branch points per cell (branch points/primary processes) in Venus neurons (G), showing an increase of the
processes and branches in in Rbpj/f! mice comparing to those in Rbpj/* mice. The data represent the mean = SEM (n =20 cells from 5 brains per genotype). *P < 0.05

(F) and P < 0.01 (G) by Student’s t-test.

deeper layers (Fig. 6A-C). In addition, morphological abnormali-
ties of migrating neurons were commonly observed (Fig. 6D-G).
In normal cortical development, newly generated neurons enter
the multipolar stage, a temporal transitional state during which
their processes become multifurcated within the subventric-
ular zone (SVZ) through the IZ. Subsequently, the multipolar
neurons assume a bipolar shape for further migration through
the CP, extending one leading process toward the pial surface
(LoTurco and Bai 2006). In contrast, Rbpj-deleted neurons exhib-
ited abnormal morphology with multiple processes within the
CP (Fig. 6E-G), suggesting that the multipolar-to-bipolar transi-
tion is affected or the leading processes of bipolar neurons are
abnormally branched by Rbpj deletion. No effects of Rbpj deletion
on apoptosis analyzed by Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) staining in Venus™ cells were
observed (data not shown). Together, these results demonstrate
anovel role of Rbpj in regulating proper morphological transition
and radial migration of cortical neurons.

Context-Dependent Regulation of Ngn1 Expression
by Rbpj

We next aimed to find the molecular target of Rbpj that mediates
Rbpj’s bifunctional role in neurogenesis and neuronal migration.
A recent genome-wide analysis has provided a list of genes that
are regulated by Notch-Rbpj signaling (Li et al. 2012). Among
these genes, the upregulation of proneural factors such as neu-
rogenins and mouse acute-scute homologues was shown in
the neuroepithelium of caudal brain regions in Rbpj knockout
mice at earlier developmental stages (Oka et al. 1995). Proneural
basic helix-loop-helix genes including Neurogenins have also
been shown to independently regulate both the neurogenic
and cell migration machineries through the regulation of gene
expression, activation, and inhibition by serving as molecular
“linkers” connecting neurogenesis with migration (Hand et al.
2005; Ge et al. 2006). We therefore compared expression patterns
of proneural genes with the pattern of Rbpj activity indicated
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Figure 7. Differential regulation of Ngn1 by Rbpj in neural progenitor cells and migrating neurons. (A and A’) Immunostaining for Ki67 and Ngn1 in the cortex at E16.5,
revealing that Ngn1™ cells are not proliferative (i.e., Ki67 ). Nuclei are labeled with DAPI. Yellow and white arrows indicate Ngn1-expressing cells in the IZ and VZ/SVZ,
respectively. Bar (um) = 50. (B) Percentages of Ki671 cells in Ngn1t cells in the VZ and IZ. The data represent the mean + SEM (n =6 animals). (C-D’) Immunostaining
for dVenus and Ngn1 in the VZ (C and C’') and IZ (D and D') of the cortex 3 days after EP with Hes1p-dVenus at E14.5, showing that dVenus cells are Ngn™~ in the VZ
(arrows in C and C’) but Ngnt in the 1Z (arrows in D and D). Bars (um) =25 (C and C’) and 10 (D and D'). (E) Percentages of Ngn1t cells in dVenus™ cells in the VZ
and IZ in the cortex electroporated with Hes1p-dVenus. The data represent the mean + SEM (n=4 animals). *P < 0.05 by Mann-Whitney U test. (F-G’) Co-detection of
EGFP and Ngn1 in the VZ 3 days after EP with the dnRbpj or control plasmid together with EGFP plasmid in wild-type mice. Yellow and white arrows indicate Ngn1t
cells in EGFP and EGFP™ cells, respectively. Bar (um)=25. (H) Percentages of Ngn1t cells in EGFP™ cells in the VZ as represented in F-G’. The data represent the
mean + SEM (n=4 animals per condition). *P < 0.05 by Student’s t-test. (I-J') Co-detection of Venus and Ngn1 in the IZ 3 days after EP with the pTa1-Cre-IRES-Venus
plasmid in RbpjV+ or Rbpf¥f mice. Yellow and white arrows indicate Ngn1t cells in Venust and Venus ™~ cells, respectively. Bar (um) = 25. (K) Percentages of Ngn1+
cells in Venus™ cells in the 1Z, as represented in I-J'. The data represent the mean + SEM (n=4 animals per genotype). *P < 0.05 by Student’s t-test.

by dVenus under the control of Hes1 promoter (Heslp-dVenus) neurons within the IZ (Fig. 7A and A’, D-E). To test Rbpj-mediated
(Fig. 7). Among the list, the expression of Ngn1, which is mainly regulation of Ngn1l expression, we examined the effect of Rbpj
observed in postmitotic neurons in the VZ/SVZ, showed a clear suppression/deletion in neural progenitor cells and migrating
complementary pattern to that of dVenus (Fig. 7A-C’, E). How- neurons. Compared with the control EP (at E14.5 and obser-
ever, to our surprise, Ngn1 is strongly colocalized with dVenus in vation 3 days later), the percentage of Ngnl* cells in the VZ
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was increased in the neural progenitor cells electroporated with
the dnRbpj expression construct (Fig. 7F-H). In stark contrast,
the percentage of Ngnlt neurons in the IZ was significantly
decreased by neuron-specific Rbpj deletion by EP with pTal-
Cre-IRES-Venus in Rbpjf! mice (at E14.5 and observation 3 days
later) (Fig. 7I-K). These results suggest that Rbpj negatively and
positively controls Ngn1l expression in neural progenitor cells
and migrating neurons, respectively, in the developing cerebral
cortex.

Discussion

The present study shows the dual role of Rbpj in neurogenesis
and neuronal migration (Supplementary Fig. 5). Our work has
confirmed several previous reports, which have demonstrated
that Rbpj is required for the maintenance of neural progeni-
tor state by inhibiting neuronal differentiation (Imayoshi et al.
2010; Dave et al. 2011). Importantly, we found that this activity
is critical not only for timely generation of proper numbers
of layer-specific neuronal subtypes, but also for matching the
balance between the numbers of radial glial scaffolds required
for neuronal migration and the neurons to be generated. After
the decrease in its expression for neuronal differentiation, Rbpj
expression is restored in neurons, which is further required for
their radial migration.

The Multifaceted Functions of Rbpj on Cortical
Development

To circumvent embryonic lethality of conventional Rbpj knock-
out mice before the onset of neurogenesis, previous studies have
explored the use of RNAi-mediated knockdown or cKO mouse
approaches to address the role of Rbpj in cortical development
in vivo. These studies have demonstrated that Rbpj-mediated
Notch signaling is required for preventing neural progenitor
cells to differentiate into neurogenic intermediate progenitors
and neurons during embryonic cortical development (Mizutani
et al. 2007; Imayoshi et al. 2010; Dave et al. 2011). Accelerated
neurogenesis and premature depletion of cortical progenitor
cells that we observed in our Rbpj cKO (Emx1-Cre;Rbpj’Vfl) mice
corroborate these previous findings.

Previously, our group and others have shown that the inter-
action between Notch and Reelin-Dab1 pathways is essential for
the formation of radial glial scaffold (Keilani and Sugaya 2008;
Sibbe et al. 2009), proper morphological changes of migrating
neurons, and radial migration of neurons (Hashimoto-Torii et al.
2008). The present study indicates that Rbpj is critically involved
in all of these processes, as the present in vivo data demon-
strate that Rbpj cKO mice exhibit radial glial dysmorphology
and abnormal neuronal invasion into layer I, both of which are
similar to the reeler phenotype (Trommsdorff et al. 1999; Dulabon
et al. 2000; Forster et al. 2002; Hartfuss et al. 2003; Hack et al.
2007). This provides further evidence for the critical involve-
ment of Rbpj in several broad aspects of Notch and Reelin-
mediated processes in cortical development. Rbpj cKO mice
survive postnatally (until at least P50), which has enabled us
to examine the impact of Rbpj deletion in cortical development
through the postnatal period. The severe disruption of cortical
organization in Rbpj cKO mice is likely due to the neuronal
migration defects on top of the accelerated neurogenesis and
premature depletion of radial glial scaffolds, as the phenotypes
of other mutant mice that have either radial migration deficits
such as reeler mice (Rice and Curran 2001; Forster et al. 2006) or

accelerated neurogenesis (Ritchie et al. 2014; Yang et al. 2015)
are not as severe as those observed in Rbpj cKO mice. Neurons
generated at an abnormally accelerated rate may not have a
sufficient number of radial glial scaffolds to advance apically
as neural progenitor cells are prematurely depleted at the same
time. Combined with the neuronal migration deficits, this may
result in later-born neurons to crowd into the domains in which
radial glial fibers are still available, hence generating an uneven
distribution of these neurons along the tangential axis of the
cortex.

Alternatively, although each layer-specific neuronal subtype
appears to be generated across the cortex of Rbpj cKO mice
despite at abnormal ratios (Fig. 3), some neural progenitor cells
may generate only specific subtypes at local domains. This is
possible if Rbpj plays a role in controlling the timely produc-
tion of layer-specific neuronal subtypes. Interestingly, it has
been suggested that mammals use a temporal sequence of
the cortical neurogenetic program to generate a uniformly lay-
ered neocortex, whereas other amniotic species such as birds
impose spatial constraints on the sequence to pattern the pal-
lium (Suzuki et al. 2012; Nomura et al. 2014). In addition, the level
of Rbpj-mediated canonical Notch signaling in pallial progenitor
cells in these species is either higher or lower than that in
mammalian cortical progenitors (Nomura et al. 2013) and may
be applicable in here given the similarity between the nuclear
organization of the pallium in non-mammalian amniotes and
the abnormally clustered distribution of neuronal subtypes in
the cortex of Rbpj cKO mice.

The Switching of Rbpj Transcriptional Activity
in Cortical Developmental Contexts

A key feature that we found in the role of Rbpj in cortical
development is the switching of its transcriptional activity
during specific developmental phases; namely, Rpbj is turned
off at neuronal differentiation and turned back on during radial
migration. One potential mechanism is that the activated Notch
(NICD), which interacts with Rbpj to induce its transcriptional
activity for the maintenance of the neural progenitor state,
is targeted for degradation by Fbxw7, an adaptor molecule
of E3 ligase, upon neuronal differentiation (Hoeck et al. 2010;
Matsumoto et al. 2011). This Fbxw7-mediated Notch degradation
can then be suppressed in neurons during their migration
by receiving the Reelin-Dabl signaling (Hashimoto-Torii et al.
2008).

In addition, we also observed opposite regulations of Ngn1
by Rbpj in neural progenitor cells and migrating neurons. These
activities are well coordinated with the function of Ngn1 during
neurogenesis and neuronal migration (Ge et al. 2006). Whether
Ngnl is the primary mediator of Rbpj-dependent regulation of
neuronal migration, and how Rbpj regulates Ngn1 in opposing
effects within different cell types remains to be elucidated.
During the progenitor cell stage, Rbpj has been shown to sup-
press proneural gene expression through the control of Hes
transcription (Kageyama and Nakanishi 1997), consistent with
our results in the VZ/SVZ. Recent studies have shown that
specific co-factors such as Ptfla with Rbpj can directly activate
the transcription of Ngn2 in the spinal cord (Henke et al. 2009).
Similar mechanisms may be involved in the stage-specific reg-
ulation of Ngn1 by Rbpj. As our approach of focusing on Rbpj, a
downstream mediator of canonical Notch signaling has limita-
tion in addressing specific roles of individual Notch 1-4 recep-
tors, further studies in this direction would unravel in depth
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the Rbpj-mediated mechanisms in the regulation of cortical
development.

Supplementary Material

Supplementary material is available at Cerebral Cortex online.
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