8578 - The Journal of Neuroscience, July 1, 2009 - 29(26):8578 — 8585

Development/Plasticity/Repair

Reelin and Notch1 Cooperate in the Development of the
Dentate Gyrus
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The development of the hippocampal dentate gyrus is a complex process in which several signaling pathways are involved and likely
interact with each other. The extracellular matrix molecule Reelin is necessary both for normal development of the dentate gyrus radial
glia and neuronal migration. In Reelin-deficient Reeler mice, the hippocampal radial glial scaffold fails to form, and granule cells are
dispersed throughout the dentate gyrus. Here, we show that both formation of the radial glia scaffold and lamination of the dentate gyrus
depend on intact Notch signaling. Inhibition of Notch signaling in organotypic hippocampal slice cultures induced a phenotype remi-
niscent of the Reelin-deficient hippocampus, i.e., a reduced density of radial glia fibers and granule cell dispersion. Moreover, a Reelin-
dependent rescue of the Reeler phenotype was blocked by inhibition of Notch activation. In the Reeler dentate gyrus, we found reduced
Notchl1 signaling; the activated Notch intracellular domain as well as the transcriptional targets, brain lipid-binding protein, and Hes5 are
decreased. Disabled1, a component of the Reelin-signaling pathway colocalizes with Notch1, thus indicating a direct interaction between
the Reelin- and Notch1-signaling pathways. These results suggest that Reelin enhances Notch1 signaling, thereby contributing to the

formation of the radial glial scaffold and the normal development of the dentate gyrus.

Introduction
The dentate gyrus (DG) is crucial for higher brain functions such
as learning and memory, and malformation and malfunction of
the DG are associated with neurological and psychiatric disorders
(Raz et al., 1995; Sato et al., 2001; Haas et al., 2002; Frey et al,,
2007). The DG is known for its ongoing neurogenesis throughout
postnatal life (Altman, 1962; Eriksson et al., 1998; Kempermann
et al., 2004).

In mice, development of the DG starts around embryonic day
10 as a proliferation of neuroepithelial cells within a small inden-
tation of the medial wall of the lateral ventricle, the dentate notch.
Through subsequent migration and continued proliferation, the
stem/progenitor cell pool shifts into deeper aspects of the devel-
oping DG. One group of cells generated in this secondary prolif-
erative matrix starts to form the granule cell layer. Another group
of cells migrates into the hilus and populates this tertiary prolif-
erative matrix. After the suprapyramidal blade of the granule cell
layer has formed during embryonic development, proliferation
within the secondary and tertiary matrices continues and leads to
the formation of the infrapyramidal blade after birth. Stem cells
of the tertiary matrix persist within the subgranular zone and
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generate new granule cells throughout life. Radial glial cells
have been postulated to serve two important functions in these
processes, being stem cells themselves and guiding migrating
granule cells (Rickmann et al., 1987; Altman and Bayer, 1990;
Sievers et al., 1992; Malatesta et al., 2000; Noctor et al., 2001;
Seri et al., 2001).

The signaling events governing DG development are poorly
characterized. Wnt signaling and proneural transcription factors
such as Neurogenin2 and NeuroD1 are important for granule cell
generation and differentiation (Galceran et al., 2000; Lee et al.,
2000; Liu et al., 2000; Galichet et al., 2008). Formation of the
dentate radial glial scaffold depends on Reelin, and both Reelin
and SDFI1 control granule cell migration (Bagri et al., 2002;
Drakew et al., 2002). Reeler mutants lack Reelin, their radial glial
cells undergo precocious astrocytic differentiation, and granule
cells show severe migration defects being scattered throughout
the dentate gyrus (Forster etal., 2002; Frotscher et al., 2003; Weiss
et al,, 2003). An early exhaustion of radial glial cells potentially
explains the decrease in postnatal neurogenesis in Reeler mutants
(Zhao et al., 2007). Radial glial cells express the Reelin receptors
ApoER2 (apolipoprotein E receptor 2) and VLDLR (very low
density lipoprotein receptor) (Luque et al., 2003), and Reelin
stimulates and directs radial glial fiber growth (Forster et al.,
2002; Hartfuss et al., 2003; Zhao et al., 2004, 2006).

Like Reelin signaling, the canonical Notch pathway controls
radial glia maintenance and differentiation (Gaiano et al., 2000;
Patten et al., 2003). Expression of brain lipid-binding protein
(BLBP), a transcriptional target of Notchl, is reduced in the cor-
tex of Reeler mutants, and recently, Reelin and Notch1 have been
shown to interact during neuronal migration and differentiation
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in the neocortex (Sibbe et al., 2007; Hashimoto-Torii et al., 2008).
Here, we studied whether Notchl is involved in the Reelin-
dependent development of the DG. Our results suggest that
Reelin stimulates Notch1 signaling, which is important for radial
glia development and maintenance in the dentate gyrus.

Materials and Methods

Animals. Reeler mutant mice (B6C3Fe strain) were identified by their
well known morphological malformations in the cortex and hippocam-
pus. Reeler mutants were crossed with Hes5-GFP transgenic animals to
generate Reeler Hes5-GFP mutants. Generation of the Hes5-GFP mice
has been described previously (Basak and Taylor, 2007). The genotypes
of the mutants were confirmed by PCR analysis of genomic DNA, as
described previously (Deller et al., 1999; Basak and Taylor, 2007). In
total, 24 wild-type (wt) mice, 8 heterozygous mice (rIn™'7), and 30 Reeler
mice (rln~"7), 5 wild-type Hes5-GFP mice, and 5 Reeler Hes5-GFP mice
were analyzed. All experiments were performed in agreement with the
institutional guide for animal care of the University of Freiburg.

Immunostaining. Brains from 4-d-old (P4) Reeler mutant mice, het-
erozygous mice, wild-type littermates, and organotypic slice cultures
were immersion-fixed in 4% paraformaldehyde in 0.1 M phosphate
buffer. Brains and organotypic slice cultures were sectioned on a cryostat
at 15 wm or on a vibratome at 20 um (slice cultures) or 40 um (brain).
Sections were then incubated in the following antibodies: anti-green-
fluorescent-protein (GFP; Abcam), anti-glial fibrillary acidic protein
(GFAP, rabbit polyclonal, pGFAP, DAKO; guinea pig polyclonal, pG-
FAP, Advanced ImmunoChemical; or mouse monoclonal, mGFAP,
Sigma-Aldrich), anti-Notchl intracellular cleaved domain (NICD; Cell
Signaling Technology), anti-Notch1l Receptor (M20; Santa Cruz Bio-
technology), anti-neuronal nuclear antigen (NeuN; Millipore Bioscience
Reagents), anti-BLBP (Millipore Bioscience Research Reagents), and
anti-Disabled 1 (Dabl; Millipore Bioscience Research Reagents). The
Dabl1 antibody resulted in higher than normal background staining in
Dab1-deficient tissue which, however, was significantly reduced by pre-
incubating the antibody with Dabl knock-out tissue for 2 d (see Fig.
5A,B). For NICD and Notchl staining, sections received antigen re-
trieval before the primary antibody incubation (citrate buffer: 10 mm, pH
6.0, 105°C, 15 min).

For visualization of immunostainings, Cy2-, Cy3-, or Cy5-labeled flu-
orescent secondary antibodies (Dianova) were used. Notchl and NICD
stainings were performed according to Tokunaga et al. (2004). NICD and
Notchl stainings were amplified by tyramide amplification (TSA;
PerkinElmer). In addition, cell nuclei were stained with the fluorescent
dye 4,6-diamidino-2-phenylindole (Roche Molecular Biochemicals).
For Dab1/Notchl double-labeling, the Dabl signal was amplified by
TSA, the Notch1 signal was enhanced by using a FITC-coupled antibody
followed by a monoclonal anti-FITC antibody, and a Cy5-coupled anti-
mouse antibody. In these instances, slices were preincubated in mouse-
on-mouse serum (Vector Laboratories) to avoid labeling of endogenous
mouse IgGs. Sections were coverslipped with Moviol (Hoechst
Pharmaceuticals/Sanofi-Aventis). For quantitative analysis, images were
captured using a confocal microscope (LSM 510; Carl Zeiss).

Quantitative analysis of immunostainings. Quantitative measurements
were performed using cellP software (Olympus-Imaging System) or Im-
ageJ (http://rsbweb.nih.gov/ij/index.html). The intensities of NICD and
GFP immunolabelings were measured as integral intensities over the
entire area of the DG. Borders of the DG were identified by means of
mGFAP double-staining. Four (NICD) and five (GFP) animals per ge-
notype and five sections per animal containing the dorsal hippocampus
were analyzed.

Western blotting. Protein samples were derived from 4-d-old Reeler
mice and their heterozygous and wild-type littermates. To analyze NICD
protein levels, three animals per genotype were used; the analysis of BLBP
comprised five heterozygous animals, three wild-type mice, and seven
Reeler mutants. The analysis of delta-likel (DIl1) and Jaggedl protein
levels was done on three animals per genotype. Primary antibodies were
as follows: anti-NICD (Cell Signaling Technology), anti-Notch1 Recep-
tor (M20; Santa Cruz Biotechnology), anti-DII1 (rabbit, polyclonal; Ab-
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cam), anti-Jagged [rabbit, polyclonal (Nyfeler et al., 2005)]. The hip-
pocampi were excised on cooling plates, snap-frozen in liquid nitrogen,
and homogenized in 100 ul cold lysis buffer (20 mm Tris buffer, pH 7.5,
150 mm NaCl, 1% Triton-X-100, 0.1% SDS, 1 mm EDTA) in the presence
of protease inhibitors (Complete; Roche Molecular Biochemicals) and
phosphatase inhibitors (Pierce). Cell nuclei were destructed by sonica-
tion for 15 min in ice water. The homogenate was clarified by centrifu-
gation at 14,000 rpm for 5 min at 4°C. Proteins were separated by elec-
trophoresis on 3—8% Tris-acetate gels (NuPage; Novex, Invitrogen) and
electroblotted onto nitrocellulose membranes (Bio-Rad). Membranes
were blocked in 5% nonfat dry milk in Tris-buffered saline containing
0.1% Tween 20 (TBST) for 1 h at room temperature. Blots were then
incubated with the primary antibodies overnight at 4°C in milk/TBST or
5% BSA/TBST, followed by 1 h incubation with the appropriate second-
ary peroxidase-conjugated antibody (Dianova). Blots were developed
using ECL reagents (Pierce), following the manufacturer’s instructions.

Densitometric analysis. The bidimensional optical densities of protein
bands were quantified and analyzed with TINA (Isotopenlabor Bochum,
Ruhr University, Bochum, Germany). The ratios of NICD to NEXT
(Notch extracellular truncation), BLBP, DII1 and Jagged1 to Actin were
calculated for standardization, and ratios between wild-type/heterozy-
gous and mutant animals were normalized to the highest value.

Organotypic slice cultures. Slice cultures were prepared from newborn
[postnatal day 0 (P0)] or P5 homozygous Reeler mutant mice and wild-
type or heterozygous littermates as described previously (Zhao et al.,
2004). In brief, hippocampi were excised, cut in 400 wm slices, and
incubated as static cultures in 1 ml nutrition medium (25% heat-
inactivated horse serum, 25% Hank’s balanced salt solution, 50% mini-
mal essential medium, 2 mm glutamine, pH 7.2) at 5% CO,, 37°C (Stop-
pini et al., 1991). To inhibit the y-secretase-dependent S3 cleavage of
Notchl, the +y-secretase inhibitor N-[N-(3,5-difluorophenacetyl)-l-
alanyl]-S-phenylglycine t-butyl ester (DAPT; Sigma-Aldrich) was used
(Geling et al., 2002). The activity of DAPT was tested beforehand in neural
stem cell cultures (supplemental Fig. 1, available at www.jneurosci.
org as supplemental material). After the first 8 h and then every subsequent
day, the medium was replaced with media containing 10 um DAPT (n = 6)
or 10 um dimethyl sulfoxide (DMSO; Sigma-Aldrich) for wild-type (n = 5)
and Reeler (n = 5) slices.

For Reelin treatment, supernatant from Reelin-synthesizing
HEK293 cells and GFP-transfected control cells (Forster et al., 2002)
was concentrated and partially purified as described previously
(Mayer et al., 2006). The resulting 20X concentration was diluted in
culture medium to yield a 1 X final concentration. Treatment started
from day 0 in vitro (DIV 0). In addition, 1 ul medium was directly
applied to each individual hippocampal culture twice a day. Slices
were grown either in Reelin-containing medium plus DAPT (n = 5)
or DMSO (n = 5) for control or in control medium with the addition
of DMSO (n = 5). After a 5 d culture period, slice cultures were fixed
and processed for immunostaining.

Quantitative analysis of GFAP-positive fibers. The two innermost sec-
tions of each slice culture were analyzed. To estimate the density of
GFAP-positive fibers, a cycloid grid was superimposed onto the images
of GFAP-stained sections, using the cycloid arc plugin in Image] (Image],
open source software; http://rsb.info.nih.gov/ij/plugins/grid-cycloid-
arc.html). The number of cross-sectioned GFAP-positive fibers per cy-
cloid length was then determined. The fiber density (L) was calculated
using the following formula: L = N/Lwith L. = 2+ I/p+ N, [N, number
of intersections; Ly, total length of the test line; I/p, length per pixel (arc
height); N,., number of arcs]. Normalized mean values are given.

Neural stem cell cultures. Hippocampi of 4-d-old wild-type C57BL/6]
mice were removed and dissociated mechanically in Neurobasal A (In-
vitrogen) containing Glutamax (2 mw; Invitrogen) and 20 ul/ml B27
(Invitrogen). For generation and expansion of neurospheres, epidermal
growth factor (EGF) (PreproTech) and fibroblast growth factor-2
(FGF-2) (PreproTech) were added to a final concentration of 10 ng/ml
each. The initial seeding density was 200,000 cells/ml. After 6 d in vitro,
cells were passaged for the first time with a seeding density of 50,000
cells/ml. From the first passage onward, neurospheres were passaged
every fourth day. Experiments were performed with EGF-FGF-
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generated neurospheres between passages three
and six. To inhibit the y-secretase-dependent
S3 cleavage of Notchl, DAPT (Sigma-Aldrich)
was added to the medium at a final concentra-
tion of 10 um. DMSO (10 um) was added to
control cultures.

Statistical analysis. Statistical analysis was
done using GraphPad InStat 3.0 (GraphPad
Software). Student’s t test and ANOVA were
used. Statistical significance was assumed with
p = 0.05. Values are expressed as mean = SEM.

Results

Notchl expression in the

developing hippocampus

Previous studies have shown that the ra-
dial glia scaffold in the DG evolves after
birth in wild-type mice but fails to form in
Reeler mutant mice (Weiss et al., 2003). To
understand the role of Notch during
Reelin-dependent radial glia scaffolding of
postnatal mice, we first determined the ex-
pression of Notchl in the hippocampus of
P4 wild-type mice (Fig. 1 A—C). Immuno-
histochemical staining for the Notch1 re-
ceptor showed strong expression in the
principal neuronal layers, namely the
granule cell layer of the DG, the pyramidal
cell layer of the hippocampus proper, and
in the hilus (Fig. 1A). A few Notchl-
positive cells were also found in the strata
radiatum and oriens. Notchl immunore-
activity was generally weak in the neuropil
layers. Double-labeling for BLBP, a
marker of glial cells and a Notch1 target
(Anthony et al., 2005), indicated that ra-
dial glial cells of the dentate gyrus express
Notchl (Fig. 1A, B). Interestingly, BLBP-
positive glial cells within the strata oriens
and radiatum showed only weak Notchl
expression, suggesting an inverted rela-
tionship between Notchl expression and
astrocyte maturation (Fig. 1).

Notchl is activated by two, sequential
proteolytic cleavages after ligand bind-
ing. The first cleavage at the S2 site is
extracellular and results in a membrane-
tethered truncated Notch (NEXT),
which is subsequently cleaved at the in-
tramembrane S3 site by the enzyme
complex y-secretase, thereby releasing
the NICD that translocates to the nu-
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Figure 1. Notch1 signaling in wild-type and Reeler developing hippocampus. Immunohistochemical staining of P4 wild-type
hippocampus. Colabeling of Notch1 (red) and BLBP (green) of the hippocampus is shown in A at low magnification. Notch1
immunoreactivity is strong in the granule cell layer of the dentate gyrus (gc), the hilus (hi), and the pyramidal cell layer (pc) of the
hippocampus proper, whereas the stratum moleculare (ml) of the dentate gyrus is only weakly immunoreactive. Weakly Notch1-
positive cells were also found in strata radiatum (sr) and oriens (so). In B, part of A is shown at higher magnification (boxed area).
Colabeling with BLBP reveals coexpression of Notch1and BLBP in radial glial cells of the dentate gyrus (arrows). In €, a section from
the infrapyramidal blade illustrates expression of NICD by a GFAP-positive radial glial cell. D—G, Immunoreactivity for NICD (D, E;
red) and hes5-GFP (F, G; green) in wild-type (D, F) and Reeler (E, G) dentate gyrus from P4 mice. NICD and hes5-GFP staining
shows numerous positive cells in the granule cell layer and hilus of the dentate gyrus. The Reeler dentate gyrus shows significant
reductionin NICD and hes5-GFP intensity compared with wild-type littermates. Images represent single laser-scanned slices in the
z-plane. Scalebars: 4, 200 m; B, 50 um; €, 20 wm; E (for E, D), 50 um; G (for G, F), 100 m; white-dotted line encircles the DG.
H, Western blot analysis of BLBP and Actin expression in P4 wt, heterozygous (+/—), and Reeler (—/—) hippocampus. BLBP
levels are significantly reduced in Reeler hippocampus compared with wild-type and heterozygous animals.

Notchl signaling and transcription of its target genes is

cleus. In the nucleus, NICD binds to and converts the CSL
protein complex (from CBF1 in mammals, suppressor of hair-
less [Su(H)] in Drosophila, LAG-1 in Caenorhabditis elegans)
from a transcriptional repressor into an activator of gene ex-
pression (Louvi and Artavanis-Tsakonas, 2006). To evaluate
the activation of canonical Notchl signaling, we immuno-
stained hippocampal sections with an antibody that specifi-
cally recognizes the y-secretase cleaved and thus active NICD
(Fig. 1C-E). Activated NICD was detected in numerous cells
within the dentate granule cell layer and hilus (Fig. 1D).
Double-labeling revealed that presumptive radial glial cells
express GFAP and have active NICD (Fig. 1C).

diminished in the hippocampi of Reeler mice
To study the role of Notch1 signaling in Reelin-dependent radial
glia formation in the DG, we analyzed Notch1 activation in the
Reeler mouse (Fig. 1D, E). The mean intensity levels of NICD
immunostaining per area were significantly reduced by 20%
(p <0.05) in the Reeler DG (0.79 = 0.05), compared with wild-
type littermates (set 1.00 for the highest value of each simulta-
neously processed pair).

BLBP and hes genes are transcription targets induced by
NICD/CSL binding (Kageyama and Ohtsuka, 1999; Anthony et
al., 2005; Louvi and Artavanis-Tsakonas, 2006). We analyzed
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hippocampal lysates for BLBP protein levels by immunoblotting
to study Notchl activity (Fig. 1 H). After standardization to Ac-
tin, the mean level of BLBP in the hippocampi of wild-type/
heterozygous mice was 0.56 = 0.12 and was significantly reduced
(p < 0.05) to 0.22 * 0.06 in lysates of hippocampi from Reeler
mice.

To verify the potentially reduced Notch1 signaling in Reeler
mutants, we analyzed hes5 expression. The helix—loop—helix
transcription factor Hes5 is a well described Notchl target
(Kageyama and Nakanishi, 1997). We used an established Notch
reporter mouse line (Hes5-GFP) in which GFP is expressed under
the control of the hes5 regulatory elements (Basak and Taylor,
2007). GFP expression in this line is dependent on, and restricted
to, cells with canonical Notch activity. The majority of these cells
were previously shown to exhibit stem cell characteristics (Basak
and Taylor, 2007). This reporter mouse enabled us to localize
hes5-expressing cells in the postnatal DG. Labeling with the glial
markers BLBP showed numerous double-labeled cells and con-
firmed the glial identity of hes5-expressing cells in the wild-type
DG (O. Basak and V. Taylor, unpublished data). Intensity mea-
surements of GFP-immunostained sections revealed a significant
reduction of GFP labeling per area in the DG by ~50% in Reeler
mutants (Fig. 1G), compared with their wild-type littermates
(Fig. 1 F), further affirming altered canonical Notch1 signaling in
the absence of Reelin (wt, 0.93 = 0.07; Reeler, 0.52 % 0.09; Stu-
dent’s t test; p < 0.05).

Expression levels of Notch1 ligands are not altered in the
Reeler hippocampus

The observed reduction in Notch1 activation could result from a
reduced expression of Notch1 ligands. Therefore, we measured
expression levels of the two Notch1 ligands, Jagged1 and DII1, for
which the expression patterns in the normal hippocampus have
been described previously (Stump et al., 2002). Western blots of
hippocampal brain lysates from P4 animals showed no signifi-
cant alteration of DII1 or Jagged1 in Reeler brains, compared with
those of wild-type animals (Fig. 2A, B). Mean expression levels of
Jagged]1 after standardization to Actin were 0.89 = 0.06 for wild-
type and 0.80 = 0.11 for Reeler; expression levels of DII1 were
0.79 * 0.14 (wt) and 0.73 = 0.20 (Reeler) (Student’s t test; p >
0.5).

NICD and thus Notch activation is reduced in the
hippocampus of Reeler mice, and inhibition of Notch
signaling induces a Reeler-like phenotype in hippocampal
slice cultures

Notchl has previously been implicated in radial progenitor (ra-
dial glia) maintenance and differentiation (Gaiano et al., 2000;
Patten et al., 2003, 2006; Breunig et al., 2007). However, the sig-
nificance of Notch1 cleavage during early postnatal DG develop-
ment has remained an open question. Analysis of hippocampal
homogenates by immunoblot revealed a 50% reduction in NICD:
NEXT ratio to 0.52 £ 0.04 in Reeler compared with 0.93 = 0.04 in
wild-type animals after normalization to the highest value (Stu-
dent’s f test; p < 0.01) (Fig. 2C). Thus, Notch activation is signif-
icantly reduced in Reeler mice. Therefore, Reelin deficiency re-
duces Notch activation or leads to a destabilization of the NICD.
Inhibition of y-secretase phenocopies Notch mutations in ze-
brafish and Drosophila (Geling et al., 2002; Micchelli et al., 2003 ),
and the y-secretase inhibitor DAPT downregulates hesI and hes5
gene expression and reporter activity (Nelson et al., 2006). To
investigate the role of Notch1 signaling in DG radial glial cells, we
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Figure2.  Western blot analysis of the Notch1ligands Jagged1 (A) and DII1 (B), and NICD (C)
in P4 wt, heterozygous (+/—), and Reeler (—/—) hippocampus. Jagged1 and DII1 levels are
not significantly altered in Reeler hippocampus, compared with wild-type and heterozygous
animals. In contrast, the NICD is significantly diminished compared with the expression levels of
NEXT. Membranes were incubated first for Jagged1, DII1, or NICD and subsequently for Actin or
NEXT, respectively.

inhibited Notch1 activation in slice cultures of the hippocampus
by administration of the y-secretase inhibitor DAPT (Fig. 3).

Slice cultures were prepared from hippocampi of PO Reeler
and wild-type animals, an age at which the infrapyramidal blade
of the DG is still being formed, and the existing granule cell layer
continues to expand with the addition of newborn granule cells
(Altman and Bayer, 1990). DAPT treatment was initiated 8 h after
slice culture preparation, at which time point the culture medium
was replaced with media containing 10 uM DAPT, a concentra-
tion that has previously been reported to specifically inhibit
Notchl signaling in retinal explants without inducing cell death
(Nelson et al., 2006).

After 5 DIV, glial fibers were visualized by GFAP immuno-
staining and antibodies against NeuN used to visualize neuronal
cell layers and Prox1 immunolabeling to visualize granule cells
(Fig. 3). In Reeler DGs, analysis of the glial fiber density showed a
significant 35% reduction compared with wild-type cultures
(0.9 = 0.03 in wild-type cultures compared with 0.6 £ 0.05 in
Reeler cultures). DAPT treatment of wild-type DG slices signifi-
cantly decreased the mean glial fiber density to 43% (0.4 = 0.03;
p < 0.0001; ANOVA) (Fig. 3A,B,E). In contrast, the mean den-
sity of GFAP-positive glial fibers in the CAl region showed no
apparent reduction (control, 0.9 = 0.05; DAPT, 0.8 = 0.14; Stu-
dent’s f test; p > 0.5), indicating that the DAPT treatment specif-
ically inhibited putative neurogenic radial glia of the DG (Fig.
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3E). When DAPT was added to Reeler cul- wil
tures no further significant decrease in fi- :
ber density was observed if compared with  Sui
Reeler control cultures (data not shown).
Moreover, in 70% of DAPT-treated cul-
tures, severe granule cell dispersion had
developed, reminiscent of the Reeler phe-
notype (Fig. 3C,D). In contrast, after
Notchl inhibition in cultures from 5-d-
old wild-type animals, a time point when
the development of the DG is mostly com-
plete, the radial glial fiber density as well as
granule cell layering appeared grossly nor-
mal (data not shown).

Inhibition of Notch activation blocks
Reelin-dependent rescue of glial growth
The developmental defects in the Reeler
hippocampus can be rescued in slice cul-
ture preparations by exogenous Reelin ad-
ministration (Zhao et al., 2004). If Reelin
regulates radial glia growth independently
of Notchl1 activity, rescue of fiber density
by exogenous Reelin should be possible
despite inhibition of vy-secretase with
DAPT. Slice cultures of hippocampi of
Reeler animals were treated from DIV 0
with Reelin and DMSO, Reelin and DAPT
or control medium. Reelin treatment led
to a significant increase (>40%) in glial
fiber density within the DG compared
with control-treated slices (p < 0.001;
ANOVA). This rescue of fiber density was significantly impaired
if Notch cleavage was inhibited by DAPT (Fig. 4 A-D), indicating
that Reelin-induced radial glia differentiation in the DG depends
on y-secretase activity (Reeler control, 0.89 = 0.03; Reeler plus
Reelin/DMSO, 1.3 = 0.06; Reeler plus Reelin/DAPT, 0.72 =*
0.04).

Figure 3.

Notchl and Dab1 colocalize in the DG

The results presented above demonstrate that y-secretase inhibi-
tion and thereby inhibition of Notch1 activation recapitulates the
Reeler phenotype characterized by reduced glial fiber density and
granule cell dispersion in the DG. Given that y-secretase inhibi-
tion also hinders the Reelin-dependent rescue of glial fiber
growth in Reeler slice cultures, Reelin signaling seems to depend
on y-secretase activity during DG development. Furthermore,
reduced Notchl activity in the Reeler hippocampus suggests that
Reelin signaling is involved in regulating Notch1 activity during
normal DG development.

What could be the actual protein—protein interactions? An
interaction between Drosophila Dab and Notch was demon-
strated by Giniger (1998). More recently, coprecipitation of
Notchl and Dabl, an adapter protein in the Reelin-signaling
cascade, was described in a neural stem cell line and in the em-
bryonic mouse neocortex (Hashimoto-Torii et al., 2008; Keilani
and Sugaya, 2008), corroborating our results of a possible inter-
action of the Reelin and Notch pathways during postnatal DG
development. To this end, we compared the immunohistochem-
ical localization of Dab1l and Notchl1 (Fig. 5). Dabl and Notchl
are coexpressed in numerous cells of the dentate gyrus and neo-
cortex and show partial colocalization (Fig. 5A-D).
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Inhibition of Notch1 signaling reduces radial glial fiber density. Organotypic hippocampal slice cultures from wild-
type and Reeler mice were treated with DAPT to inhibit Notch1 signaling via inhibition of -y-secretase-dependent Notch1 receptor
cleavage. Control slices were treated with DMSO. Radial glial fibers were visualized by GFAP immunostaining (pGFAP; green).
Granule cells are shown by Prox1 staining (red). A and B show GFAP-positive radial glial fibers in control slices (4) and DAPT-
treated wild-type slices (B). In DAPT-treated wild-type cultures (B), the density of GFAP-positive fibers is strongly reduced
compared with wild-type controls (4). In Cand D, double-labeled images of the same sections as above display the arrangement
of granule cells in control slices (C) and DAPT-treated wild-type slices (D). In DAPT-treated slices, granule cells are dispersed
throughout the dentate gyrus (D). Scale bar, 100 wm. Images represent projected 7 m z-stacks of laser-scanned pictures. E,
Fiber density was evaluated by superimposing a cycloid arc grid onto the images and quantifying the intersections of fibers per
length of cycloid arc in the DG or hippocampal region CA1. Fiber densities of Reeler and DAPT-treated slice cultures are reduced
compared with control slices. Evaluation of randomly selected regions within CA1 did not yield significant differences between
DAPT-treated wild-type cultures and control wild-type cultures (normalized mean values + SEM; ***p < 0.0001).

Discussion

The formation of a radial glial scaffold is indispensable for the
correct formation and lamination of the hippocampal DG. Dur-
ing this developmental process, Reelin plays a pivotal role. The
lack of Reelin in the Reeler mouse leads to severe morphological
distortions: namely, the radial glial scaffold fails to form, and
granule cells disperse throughout the DG (Drakew et al., 2002;
Forster et al., 2002; Frotscher et al., 2003; Weiss et al., 2003).
Recently, it has been shown that Reelin and Notch signaling in-
teract in the regulation of neuronal migration and lamination in
the cerebral cortex (Hashimoto-Torii et al., 2008). Given that
Notch and Reelin regulate the expression of the radial glial pro-
tein BLBP (Hartfuss et al., 2003; Anthony et al., 2005), we inves-
tigated a potential cross talk between Reelin and Notch1 in post-
natal DG lamination and radial glial development.

Here, we show that Reelin and Notchl synergize during the
development of the dentate gyrus, in particular in the develop-
ment and maintenance of radial glial cells. In Reeler mutants,
deficient in Reelin, Notch signaling is reduced as shown by a
decrease in NICD and expression of Hes5 and BLBP relative to
wild-type littermates. BLBP is expressed by radial glial cells, and
we show that the density of GFAP-positive radial glial fibers is
significantly reduced in Reeler mutants and in wild-type hip-
pocampal slice cultures where Notch activation is blocked. Fur-
thermore, an adapter protein in the Reelin pathway, Dab1, colo-
calizes with Notchl in cells of the DG. Together, these findings
show that Reelin and Notchl not only interact during the radial
migration in the neocortex as described recently (Hashimoto-
Torii et al., 2008) but furthermore demonstrate that this interac-
tion is essential for the development and maintenance of radial
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Notch1 signaling is reduced in the
hippocampus of Reeler mutants
Extending the findings of an interaction
between Reelin and Notch in immature
migratory neurons of the cerebral cor-
tex, we show specifically Notchl expres-
sion and activation in radial glial cells of
the early postnatal DG supporting a role
for Notchl in the regulation of granule
cell generation in the hippocampus. In
Reeler mutants, NICD levels are reduced
in the DG as is the expression of the
Notch targets Hes5 (Louvi and
Artavanis-Tsakonas, 2006) and BLBP
(Anthony et al., 2005). Thus, these re-
sults support previous data showing de-
creased BLBP expression in the neocor-
tex of Reeler mice (Hartfuss et al., 2003).

K%k

Figure4.
were treated with Reelin to rescue radial glial fiber density. Glial fibers are stained for GFAP (pGFAP; green). In A, reduced fiber
density is apparent in Reeler slices that were treated with control medium (GFP-conditioned medium containing DMS0). Reelin
administration resulted in asignificantincrease in fiber density (B), an effect that s blocked by the addition of DAPT to the medium
(€). Images represent single laser-scanned slices in the z-plane. Scale bar, 150 wm. In D, mean values + SEM, normalized to
control, are shown (***p < 0.001).

glial cells in the rodent DG. As GFAP-positive radial glial cells are
neuronal precursors (Malatesta et al., 2000; Noctor et al., 2001;
Serietal., 2001), our results also present an important additional
facet for understanding the molecular interactions controlling
adult neurogenesis in the DG.

Notchl signaling is activated in hippocampal radial glial cells

In accordance with a role in radial glial differentiation, Notch1
expression has been localized to Bergmann glial cells of the
developing cerebellum (Patten et al., 2003), to radial glial cells
of the embryonic ventricular zone (Tokunaga et al., 2004), and
to hippocampal progenitor cells of young adult mice (Breunig
et al., 2007). Here, we show the expression of Notchl and its
cleaved intracellular domain in radial glial cells of the early
postnatal DG. The expression pattern of Notchl, the colocal-
ization of Notch1 and BLBP, and the colocalization of NICD
with GFAP suggest an involvement of canonical Notchl sig-
naling in the development and maintenance of radial glia in
the DG. Glial cells within the molecular layer and hippocampus
proper were less Notch1 immunopositive than radial glia in the hilus
or subgranular layer, supporting the notion that Notchl activity
plays a pivotal role in the development of immature neurogenic glia
(Tokunaga et al., 2004).

DAPT blocks Reelin-dependent rescue of glial fiber density. Organotypic hippocampal slice cultures from Reeler mice

— Importantly, the expression of the Notch
1.27 ligands DII1 and Jagged1 are not altered
>1.01 in Reeler; hence, the reduced Notchl
7 activity is not likely to be attributable
% 0.8+ — to aberrant ligand binding. Together,
O 0.6 these results show that Notch signal-
oy ing is diminished in a Reelin-deficient
8 0.4+ environment.
£ 0.24 The y-secretase-dependent cleavage at
S3 releasing NICD is constitutive during
0.0- rIn-/- rin/- rin-/- ligand binding (Struhl and Adachi, 2000).
+GFP+DMSO +Re+DMSO +Re+DAPT  Therefore, our results suggest that Reelin

may enhance Notchl signaling in radial
glia of the DG by stabilizing NICD in a
similar manner to the mechanism de-
scribed for radial migration of neurons in
the cerebral cortex (Hashimoto-Torii et
al., 2008).

Notchl and Dab]l colocalize in the DG

Previous experiments have shown that
Dab1 and Notchl can be coimmunoprecipitated from imma-
ture neurons and neural stem cells lines (Hashimoto-Torii et
al., 2008; Keilani and Sugaya, 2008), and we show that Dabl
and Notch1 are colocalized near the cell membrane in numer-
ous cells of the cortex and hippocampus including the putative
neurogenic radial glia. Given that Dabl can inhibit ubiquiti-
nation (Park et al., 2003), and has been described to shuttle
between the cytoplasm and nucleus (Honda and Nakajima,
2006), it is possible that Dab1 could inhibit directly the ubig-
uitination of activated NICD. Indeed, we found evidence for a
significantly increased NICD ubiquitination in Reeler animals.
Therefore, the Dab1 interaction could lead to a stabilization of
NICD by inhibiting ubiquitination and promoting proper de-
velopment, fiber extension, and maintenance of DG radial
glial cells. This is also supported by our observations that
blocking Notch signaling induces a Reeler-like phenotype, in-
cluding aberrant radial glial morphology and development similar
to antibody block of Reelin signaling in postnatal animals (Heinrich
etal., 2006). The results do not exclude that both pathways converge
at other sites, including Gsk3beta, a kinase critical for Reelin signal-
ing and reportedly inhibiting Notch-induced transcription (Espi-
nosa et al., 2003). Additional experiments would be needed to assess
if the two pathways converge at other levels.
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Notch1 inhibition leads to a

Reeler-like phenotype

Conditional knock-out of Notchl in mice
indicates an important role in the mainte-
nance of radial progenitor cells during devel-
opment, and mutants displayed precocious
neuronal differentiation and decreased neu-
ronal numbers (Liitolf et al., 2002; Yang et
al., 2004; Yoon et al., 2004). Similarly, the
proliferation of hippocampal progenitor
cells in adult mice was decreased in condi-
tional Notch mutants (Breunig et al., 2007).
In Reeler, developmental defects arise as a
postnatal lack of a radial glial scaffold and
defective granule cell lamination (Stanfield
and Cowan, 1979; Drakew et al., 2002; see
also this study). We were able to mimic these
Reeler-like defects by inactivating Notch sig-
naling with DAPT applied to slice cultures
from newborn animals. DAPT caused a
strong decrease (>60%) in radial glial fiber
density comparable with the reduction in
Reelin-deficient slices, and whereas Reelin
administration to Reeler slices can rescue ra-
dial fiber length and density (Zhao et al,
2004), a rescue of the DAPT-induced defects
was not observed after Reelin treatment.
These results indicate that y-secretase activ-
ity is downstream of Reelin signaling in the
process of radial glial development, similar
to the ability of NICD to rescue neuronal
migration in the cerebral cortex of Reeler. Al-
though y-secretase activity is involved in the
cleavage of several transmembrane mole-
cules, including amyloid precursor protein
(APP), the Reelin receptors ApoER2 and
VLDLR, and Erb4 (Lee et al., 2002; Iwatsubo,
2004; Hoe and Rebeck, 2005), cells lacking
the essential y-secretase component Presenilin-1, respond to Reelin
normally, excluding a direct effect on Reelin receptors in our assay.
However, APP and Erb4, both expressed in astroglial cells, could
contribute to the observed effects (Trapp and Hauer, 1994; Chauvet
etal., 1997; Zheng and Feng, 2006). It will be important in the future
to elucidate the different roles of various y-secretase targets and their
interactions in radial glial differentiation, neurogenesis, and neuro-
nal migration in the dentate gyrus.

In conclusion, our data suggest that Reelin enhances Notch1 ac-
tivation in the DG which is necessary during an early, receptive phase
of radial glial development. This interaction of Notchl and Reelin
pathways is likely to include Dab1’s reduction of NICD degradation
in neurogenic radial glia in the same manner as has been proposed in
immature neurons. Given that Notchl and Reelin deficiency both
lead to reduced DG progenitor proliferation at older ages (Breunig et
al,, 2007; Zhao et al., 2007), the interaction is likely to continue in
progenitor cells of the adult brain.

Figure 5.
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