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SUMMARY

Neuronal migration is a fundamental component of
brain development whose failure is associated with
various neurological and psychiatric disorders.
Reelin is essential for the stereotypical inside-out
sequential lamination of the neocortex, but the mo-
lecular mechanisms of its action still remain unclear.
Here we show that regulation of Notch activity plays
an important part in Reelin-signal-dependent neuro-
nal migration. We found that Reelin-deficient mice
have reduced levels of the cleaved form of Notch in-
tracellular domain (Notch ICD) and that loss of Notch
signaling in migrating neurons results in migration
and morphology defects. Further, overexpression of
Notch ICD mitigates the laminar and morphological
abnormalities of migrating neurons in Reeler. Finally,
our in vitro biochemical studies show that Reelin
signaling inhibits Notch ICD degradation via Dab1.
Together, our results indicate that neuronal migration
in the developing cerebral cortex requires a Reelin-
Notch interaction.

INTRODUCTION

Cerebral cortical development is composed of multiple pro-
cesses, including neuronal production from neuroepithelium,
migration of neurons to their proper positions, and neuronal mat-
uration (Rakic, 1988; Kriegstein and Noctor, 2004). These steps
are tightly controlled by various molecular pathways (Caviness
and Rakic, 1978; Walsh and Goffinet, 2000; Lambert de Rouvroit
and Goffinet, 2001; Olson and Walsh, 2002; Bielas and Gleeson,
2004; LoTurco and Bai, 2006; Ayala et al., 2007; Kawauchi and
Hoshino, 2008). For example, the precise positioning of radially

migrating neurons is critically controlled by the Reelin signaling
pathway and is indispensable for forming a stereotypical in-
side-out, six-layered pattern (Bar et al., 2000; Magdaleno and
Curran, 2001; Rice and Curran, 2001; Tissir and Goffinet, 2003;
Soriano and Del Rio, 2005; Kanatani et al., 2005; Forster et al.,
2006; D’Arcangelo, 2006).

Reelin deficiency (Reeler) is characterized by an inverted lam-
ination of the neocortex, and the human Reelin (RELN) mutation
has been linked to lissencephaly, autism, and other disorders
(Hong et al., 2000; Zaki et al., 2007). Reelin encodes an extracel-
lular matrix-associated glycoprotein that is secreted by Cajal-
Retzius cells in the developing cerebral cortex. Very low density
lipoprotein receptor (VIdIr) and apolipoprotein E receptor type2
(ApoER2) are canonical Reelin-binding receptors that subse-
quently activate intracellular Dab1 (Sheldon et al., 1997; Howell
et al.,, 1997, 1999, 2000; Ware et al., 1997; Rice et al., 1998;
Trommsdorff et al., 1999; Hiesberger et al., 1999; D’Arcangelo
et al., 1999) and mediate divergent roles in neuronal migration
(Hack et al., 2007). Dab1 interacts with multiple molecules, but
most of these interactions have yet to be examined formally in
migrating neurons (Bock et al., 2003; Ballif et al., 2004; Suetsugu
et al., 2004; Chen et al., 2004; Pramatarova et al., 2003, 2008;
Jossin and Goffinet, 2007). Thus the underlying molecular mech-
anisms of Reelin signaling that contribute to Reeler pathogenesis
remain elusive.

Notch signaling represents another molecular pathway that is
integral to cortical development. Delta and Serrate (known as
Jagged in mammals) ligand binding to Notch receptors causes
proteolytic release of the Notch ICD, the active form of Notch,
which translocates to the nucleus and induces transcription of
multiple target genes by forming a transcriptional complex with
Rbpj (also known as CBF-1), a transcriptional factor that medi-
ates canonical Notch signaling. This pathway has well-character-
ized roles in neurogenesis including cell elimination by controlling
apoptosis and dendrite morphogenesis (reviewed by Yoon and
Gaiano, 2005; Louvi and Artavanis-Tsakonas, 2006).
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Previous studies have shown that Notchi1 protein strongly
localizes in the nuclei of cortical neurons as they accumulate
beneath the marginal zone (M2) (Sestan et al., 1999; Redmond
et al., 2000), which consists of Reelin-expressing Cajal-Retzius
cells. Although a Reelin homolog has not been identified in inver-
tebrates including Drosophila, it also has been shown that Dis-
abled (a Drosophila homolog of mammalian Dab1) binds Notch
in vitro (Giniger, 1998; Le Gall and Giniger, 2004; Le Gall et al.,
2008). Furthermore, reduction of a Notch downstream gene
has been reported in Reeler mutant mice (Baba et al., 2006).
These observations led us to hypothesize that Notch may play
a role in Reelin-regulated lamination of the mammalian neocor-
tex. In the present study, we provide evidence for a Reelin and
Notch signaling pathway interaction that regulates neuronal
migration during cerebral cortical development.

RESULTS

Notch Activity in Migrating Neurons Is Reduced

in Reeler Cerebral Cortex

To test our hypothesis, we first used immunostaining to examine
whether the expression pattern of Notch1 is altered in Reelin-de-
ficient cortex during the peak period of radial migration to layers Il
and Il of the developing cortical plate (CP). Using an antibody
targeted against the Notch1 ICD, we observed strong expression
of Notch1 in the nuclei of wild-type cortical neurons beneath the
MZ as previously reported (éestan et al., 1999; Redmond et al.,
2000), which gradually became weaker toward lower layers and
the intermediate zone (1Z) (Figures 1A and 1A'). Strikingly, nuclear
Notch1 expression is severely reduced in Reeler (rl/rl in Figures
1C and 1C'). Upon stimulation by its ligands, the Notch receptor
undergoes several cleavages to become its activated form,
which translocates to the nucleus. Since the Notch1 antibody
recognizes the intracellular domain of both cleaved (active) and
uncleaved (nonactive) forms of Notch1 gene products, nuclear
Notch1 label presumably represents cleaved Notch1 ICD. In con-
trast, cytoplasmic expression of Notch1 in Reeler appeared to be
comparable to that in wild-type (Figures 1A-1D’). To confirm the
reduction of Notch1 ICD in Reeler cortex, we performed immu-
nostaining using a different antibody that specifically recognizes
the Notch1 ICD form. The presence of nuclear Notch1 ICD was
strong in the cortex of wild-type mice, but dramatically reduced
in Reeler mice (Figures 1E-1F’). Reduced Notch1 ICD was also
observed in the VidIr/ApoER2 Reelin signaling receptors double
knockout (dKO) (Figures 1G and 1H) and the signaling mediator
Dab1 knockout (Scrambler) (data not shown).

To confirm our immunohistochemistry, we probed protein
extracts from Reeler neocortex with each of the Notch1 anti-
bodies. We observed an ~50% decrease in Notch1 ICD, but
no significant difference in the full-length (Figure 1I) and mem-
brane-anchored transient intermediate forms of Notch1 (Fig-
ure S1, available online). Similar results were obtained from the
Vidir/ApoER2 dKO and Dab? knockout neocortex (data not
shown). Previous studies have shown that inhibition of S1 or
S2-3 cleavage of Notch results in accumulation of full-length or
transient intermediate Notch proteins, respectively. The evi-
dence that no significant increases in full-length or transient
Notch1 precursors were observed in Reeler (Figure 11 and S1)
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Figure 1. Nuclear Notch ICD Is Reduced in Cortical Neurons in
Reeler

(A-H) Nuclei (red), Notch1 (green in [A]-[D'], antigen is Notch1 ICD), and
Notch1 ICD cleaved form (green in [E]-[H]) immunostaining in the cortex of
wild-type mice and mutants as indicated. Higher-magnifications are shown
in the insets. Dashed lines in (E)-(G) indicate the pial surface and the border
between CP and MZ in wild-type or superplate (SPP) in the mutants. (G) and
(H) show upper CP and lower CP/IZ, respectively (the asterisk indicates the
same cell). Note that Notch1 ICD expression at the lower CP (inverted layer
II/111) is significantly decreased in VidIr/ApoER2 mutant (H), which is similar to
Reeler (not shown). Green staining at the pial surface in (G) is nonspecific.
Bars = 25 um.

(I) Immunoblots of full-length Notch1 (p300), Notch1 ICD, and B-actin from the
same cortical lysates of two r//+ and two rl/rl. Notch1 ICD bands include p110
nonphosphorylated and p120 phosphorylated forms. (Right) Relative values of
the band intensity of indicated proteins from rl/rl against those from rl/+, which
were set as 100. Band intensities for each mutant were normalized to B-actin.
The data represent the mean + SD of five brains from independent experi-
ments. *p < 0.01 by paired t test.

(J) Immunoprecipitation (IP) of brain lysates with a nonspecific goat I1gG as
negative control (left) or Dab1-specific antibody (E-19; right) followed by
Notch1 and Dab1 immunoblotting (IB).

suggests that Reelin signaling does not affect the proteolytic
processing of the Notch receptor during cortical development.
Therefore, the loss of Notch1 ICD in Reeler is likely due to other
mechanisms, such as enhanced degradation, that would
prevent Notch1 ICD from accumulating in the nucleus.

We next examined Notch activity in migrating neurons
using Notch signaling-dependent reporter constructs. In utero
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electroporation of the Rbpj-bp reporter construct enabled us to
monitor the acute on/off level of Rbpj-dependent transcription
activated by Notch signaling (Kohyama et al., 2005). The reporter
expression confirmed Notch activity in postmitotic migrating
neurons in both the IZ and CP in wild-type, as well as in mitotic
neuronal progenitor cells in the ventricular zone/subventricular
zone (VZ/SVZ) as previously reported (Kohyama et al., 2005;
Ohtsuka et al., 2006; Figure S2). In contrast, the reporter activity
was barely detected in Reeler (Figure S3).

These results suggest that Notch signaling is active in migrat-
ing neurons but is significantly reduced in Reelin-signaling-
deficient cortex. As additional confirmation we performed quan-
titative RT-PCR and found that Hes7 and Hes5 (downstream
target genes of Notch signaling) had reduced transcription in
Reeler while the transcription level of Notch1 was comparable
to that of wild-type (Figure S3). Taken together, these findings
suggest that Reelin signaling via Dab1 may regulate nuclear
Notch ICD levels, and thereby active Notch signaling by mecha-
nisms distinct from transcriptional regulation or cleavage
processing of the Notch receptor.

Notch ICD and Dab1 Interact during Cerebral

Cortical Development

We next tested whether the Reelin and Notch signaling pathways
interact during cortical development. Using multiple antibodies
against Dab1 (see antibody list in Supplemental Experimental
Procedures), we were able to coimmunoprecipitate p110, a
nonphosphorylated form (Redmond et al., 2000) of Notch1 ICD
from E18.5 neocortical lysate (Figure 1J). Conversely, Dab1
coimmunoprecipitated with Notch1 when we used multiple anti-
bodies against Notch1 ICD (data not shown; see antibody list in
Supplemental Experimental Procedures). This is consistent with
previous reports that Drosophila Disabled interacts with Notch
via the phosphotyrosine-binding (PTB) domain (Giniger, 1998;
Le Gall and Giniger, 2004) and that the Dab1 PTB domain prefer-
entially binds nonphosphorylated proteins (Howell et al., 2000).
These results indicate that Dab1 and Notch1 ICD physically
interact during mouse cortical development and serve as the
foundation for our hypothesis that a Reelin-Notch signaling
interaction may be involved in neuronal migration in the cortex.

Notch Signaling Is Indispensable for Proper Radial
Migration in the Cerebral Cortex

To test whether Notch signaling has a functional role in migra-
tion, we systematically deleted Notch genes within postmitotic
migrating neurons. Because Notch also plays important devel-
opmental roles in Cajal-Retzius cells in the MZ and VZ/SVZ
neural progenitor cells (Yoon and Gaiano, 2005; Louvi and Arta-
vanis-Tsakonas, 2006), it was crucial to preclude any secondary
effects of Notch deletion in these cell populations. We therefore
took advantage of the Cre/loxP system in combination with in
utero electroporation to delete Notch in postmitotic migrating
neurons within the neocortex. As depicted in Figure 2A, we elec-
troporated a construct including Cre recombinase and Venus (an
enhanced yellow fluorescent protein [EYFP] variant) reporter
under the T alpha 1 alpha-tubulin promoter (pTa1-Cre-IRES-
Venus) into E14.5 cortex of floxed Notch mice. The Ta1 promoter
activates predominantly in postmitotic neurons (Gloster et al.,
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Figure 2. Notch Signaling Is Required for Proper Radial Migration of
Cortical Neurons

(A) Schematic representation of Notch genomic deletion in the migrating
neurons.

(B-E) Venus immunostaining 6 days postelectroporation with pTa.1-Cre-IRES-
Venus (B-D) or pTal-IRES-Venus (E) into indicated mice. Bar = 100 pum.
Dashed lines indicate pial and ventricular surfaces.

(F) The graph indicates quantification of the distribution of Venus* neurons in
the 10 bins dividing the whole thickness of the cortex as indicated in (B) in
each genotype. The data represent the mean + SEM of four brains each
from independent experiments. p < 0.0001, p < 0.0001, and p > 0.05 for ri/rl,
Notch1™":Notch2™"(+Cre), and Notch1":Notch2™(—Cre), respectively, com-
pared with wild-type by two-sample Kolmogorov-Smirnov test (K-S test);
F(9,54) = 107.40, p < 0.0001; F(9,45) = 54.92, p < 0.0001; and F(9,54) = 0.78,
p > 0.05, respectively, by repeated-measures ANOVA.

1994), allowing us to delete Notch in postmitotic neurons by
Cre-mediated recombination (Figure 2A). Some reports claim
that the Ta1 promoter also drives gene expression in a small
population of mitotic neuronal progenitor cells (Sawamoto
etal., 2001; Gal et al., 2006), while other groups detected expres-
sion only in postmitotic neurons (Gloster et al., 1994; Coksaygan
et al., 2006). In our system, Cre/loxP recombination was acti-
vated almost exclusively in postmitotic neurons, which was
confirmed by a series of experiments (Figure S4). In the Supple-
mental Data, we further discuss the differences between the
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experimental systems used in our previous (Gal et al., 2006) and
current report.

Deletion of Notch1 by introduction of pTa1-Cre-IRES-Venus
into floxed Notch1 homozygote (Notch1™) resulted in a distribu-
tion of Venus* neurons in the cortex that was similar to that of
wild-type, floxed Notch1, and Notch2 (closest paralog of Notch1)
heterozygotes (Figure S5 and data not shown). Similarly, Notch2
deletion (Notch2™) did not affect neuronal positioning (Fig-
ure S5). To eliminate possible compensatory effects of single
Notch deletion, we next deleted Notch1 and Notch2 simulta-
neously. In contrast to wild-type cortex in which most Venus*
neurons reached the upper CP (Figures 2B and 2F), many
Venus* neurons in Notch1 ™": Notch2 ™" brains were abnormally
located within the lower CP and IZ (Figures 2D and 2F). Although
direct comparison between the cases in Reeler (Figure 2C) and
Notch1 ™ Notch2 ™" brains (Figure 2D) is not strictly adequate
(Notch deletion by electroporation in a sparse population among
normal cells versus the Reeler mutant), Figure 2F implies the sim-
ilarity between the migration defect caused by Notch deficiency
and that in Reeler. This abnormal positioning effect in Notch1 ™"
Notch2 " brains did not appear to be due to defects in neuronal/
glial differentiation, progenitor proliferation rate, or the pattern of
apoptotic cell death (Figures S6 and S7). Additionally, Reelin
expression in the MZ also was not affected (Figure S7) and intro-
duction of pTa1-IRES-Venus (without Cre) showed no effect in
Notch1 ™": Notch2 ™" brains (Figures 2E and 2F).

We next examined the distribution of the electroporated neu-
rons at postnatal day 14 (P14), when neurons have settled into
their final position. Most (over 90%) Venus* neurons that electro-
porated with a Cre expression plasmid at E14.5 were located
within layers -1V in control (Notch? ™*; Notch2 ™*) neocortex
(Figures 3A and 3B). In contrast, in Notch ™" Notch2 " cortex,
fewer than half of Venus* neurons were located within these
layers, and instead over 50% of Venus+ neurons were found
beneath layer IV (Figures 3C, 3D, and 3E). BrdU labeling of Venus*
cells 24 hr after electroporation confirmed similar results (Figures
3A, 3A/, and 3C-3C"). Further, Notch-deleted neurons express-
ing Cutl1 (also known as Cux1), a marker for layers II-IV, were
abnormally positioned in deep neocortical layers in Notch1 ™™
Notch2 ™" brains compared with those of controls (Figures 3B,
3B’, and 3D-3D"). While the percentage of BrdU* or Cutl1* cells
in Venus-expressing neurons was similar between heterozygote
and homozygote brains (BrdU: heterozygote, 27.45% + 0.78%;
homozygote, 26.15% + 0.51%; p = not significant [n.s.] by Stu-
dent’s t test; Cutl1: heterozygote, 41.92% + 1.06; homozygote,
39.66% =+ 0.43; p = n.s. by Student’s t test; the data represent
the mean + SEM of five brains each), Venus expression was
undetectable in some displaced BrdU* or Cutl1* neurons, sug-
gesting that arrested neurons might cause the arrest of adja-
cent/nearby migrating neurons. These results demonstrate that
Notch is required for neuronal migration in the neocortex, and
the migration defect produced by the loss of Notch signaling
results in a laminar displacement of neurons postnatally.

Notch Signaling Is Required for Proper Morphology

of Migrating Neurons

The abnormal morphology of Reelin-signal-deficient neurons has
been documented and is suspected to contribute to the disrup-
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Figure 3. Notch Deletion Causes Laminar Displacement of Later-
Born Neurons

(A-D") Venus (green) immunostaining with BrdU or Cutl1 (red or white) staining
in indicated mutants at P14. Note that Cutl1 analysis was performed in the dor-
sal somatosensory region where endogenous Cutl1 expression in lower layers
is normally absent. BrdU*/Venus® or Cutl1*/Venus* neurons in the Notch-
deleted cortex (C-D’, arrows) are abnormally positioned in lower layers when
compared with the control cortex ([A-B'], arrows). (C” and D”) Higher-magnifi-
cation views of BrdU*/Venus® and Cutl1*/Venus® double-labeled neurons
around layer V, respectively (arrows). Bars = 100 um (A-D’); 10 pum (C”and D”).
(E) Quantification of the distribution of Venus™ neurons under layer IV in the
Notch1 ™*; Notch2 ™* and Notch1 ™"; Notch2 ™" cortex. The data represent
the mean + SEM of four brains each from independent experiments.
*p < 0.005, Student’s t test.

ted positioning of these neurons (Pinto-Lord et al., 1982; Sanada
etal., 2004; Olson et al., 2006). We next examined whether Notch
signal-deficient migrating neurons exhibit similar morphological
defects to those observed in Reeler. Venus-labeled neurons in
wild-type extended a long process toward the MZ (Figures 4A
and 4A'); however, as previously described, neurons in Reeler
retained stunted, bifarious, or multifarious leading processes
(Figures 4B and 4B’). Similarly, Notch-targeted neurons exhibited
shorter, multiple, and inconsistently oriented processes protrud-
ing directly from the cell soma (Figures 4C—4F). Thus, Reelin and
Notch signaling-deficient migrating neurons share similar migra-
tory and morphological abnormalities.

Forced Expression of Notch ICD Mitigates the Migration
Defect Caused by Reelin Signal Deficiency

The above results showed phenotypic similarities between
Reelin- and Notch-deleted neurons as well as reduction of Notch
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Figure 4. Morphological Defects in Migrating Neurons after Loss of Notch Signaling
(A-C) Venus immunostaining with pTa1-Cre-IRES-Venus revealed migrating neuronal morphology 3 days postelectroporation in wild-type, Reeler, and
Notch1 ™7: Notch2 " mice. Red arrows in (C) indicate ectopic primary processes. (A-C’) 3D reconstruction of Venus* migrating neurons in mice of each

genotype 3 days postelectroporation.

(D) Percentage of primary processes (directly protruded from cells) oriented normally (defined according to their angle toward the pial surface within + 15°) and

abnormally. *p < 0.01, **p < 0.001, Student’s t test comparing with WT.

(E) Percentage of cells with one (black), two (blue), or more than three (white) processes per cell. *p < 0.05, **p < 0.01, Student’s t test comparing corresponding

bins to WT.

(F) Box plots of the average primary process length per cell (total process length/number of the primary processes). *p < 0.05, **p < 0.01, Mann-Whitney’s U test. A
total of 120 cells/genotype from four brains (different litters) were analyzed for orientation (D) and number of processes (E). The box plots of primary process length
(F) were obtained for each genotype (n = 30 each from three brains [different litters]). Bars = 10 pm.

ICD in Reeler brains, but a functional interaction between these
signaling pathways remains to be examined. Thus, to examine
a potential interaction between Reelin and Notch signaling, we
tested whether forced expression of Notch ICD in migrating
neurons can affect the Reeler phenotype. Here we used the
method from gene deletion experiments, in which postmitotic-
neuron-enriched Cre/loxP recombination was confirmed
(Figures 2, 3, S3, and S4). Thus, we electroporated pTa1-Cre-
IRES-Venus into wild-type mice, Reeler mice, and mice with
a compound background of Reeler and Loxp-Stop-Loxp-Notch
ICD (r/rl;LSL-Notch ICD), in which Notch ICD expression can
be induced after Cre/loxP recombination. In wild-type mice
4 days postelectroporation, Venus* neurons migrated into the
upper layers in the CP (Figure 5A). As expected, Venus™ neurons
were arrested in deeper layers in Reeler (Figure 5B). Strikingly, in
ri/rl;LSL-Notch ICD mice, significantly fewer electroporated neu-
rons were arrested in deeper cortical layers as compared with
those of Reeler (Figures 5B, 5C, and 5E). Instead, a significant
number of Venus* neurons in which Notch ICD was replenished
in the Reeler background migrated into the upper layers (Fig-
ure 5C). The transcription factor Tbr1, which is strongly
expressed in deeper layers (primarily subplate and layer VI) and
Cajal-Retzius cells in wild-type, is abnormally located in the upper
layers in Reeler neocortex (Hevner et al., 2003). Venus™ electro-
porated neurons in Reeler cortex migrated past these Tbr1*
neurons (Figure 5C’), and some were found within the most
superficial superplate (SPP). Farther migration of Notch-ICD-

replenished neurons as compared to that of Reelin-signal-defi-
cient neurons can be observed as early as 3.5 days postelectro-
poration, suggesting that replenishment of Notch ICD might
mitigate the slower migration of Reelin-signal-deficient neurons
(Sanada et al., 2004; Figure S8). These neurons remained in the
upper layers even in the postnatal cortex (P3) (Figures 5F-5G").
BrdU injection at E15.5 revealed that BrdU* neurons outside
the electroporated region were distributed in lower layers of the
Reeler CP, while the Venus*/BrdU* electroporated neurons
reached upper layers (Figures 5F and 5F').

One characteristic of Reelin-signaling-deficient neurons is that
terminally positioned neurons exhibit abnormally oriented den-
drites (Pinto-Lord et al., 1982; Pinto-Lord and Caviness, 1979).
Similarly, we found that, at 4.5 days postelectroporation (E19)
and at P3, more mature, Notch-ICD-introduced neurons in the
SPP also displayed abnormally orientated dendrites (arrowheads
in Figure 5D, and data not shown). In contrast, overexpression of
Notch ICD mitigated the morphological defects typical of migrat-
ing Reelin-signal-deficient neurons, and reduced the number of
multifarious leading process (at 3 days after electroporation;
Figures 6A-6D). Further, many of these electroporated migrating
neurons exhibited a long process that oriented toward the MZ
(compare Figures 6A and 6A’ with Figure 4B and 4B’). We did
not observe obvious phenotypes in neuronal distribution, neuro-
genesis, and radial glial morphology by overexpression of Notch
ICD in LSL-Notch ICD (Figure S9 and S10). Thus, these results
indicate that in Reeler background, Notch ICD plays a significant
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role in neuronal migration, but likely not in determination of final
dendritic orientation.

Replenishing Notch Activity Mitigates Neuronal
Migration Defects Induced by Disrupted Dab1 Signaling
To rule out the possibility that the above alleviation effects
appear only in the Reeler background where all cells (in addition
to the electroporated cells) lack exposure to Reelin, we next
tested whether Notch replenishment can mitigate the migration
defect cell-autonomously within a wild-type background. Since
Dab1 is a critical mediator of Reelin signaling and Dab7 null
mice display a similar phenotype to Reeler (Sheldon et al.,
1997; Howell et al., 1997; Ware et al., 1997), we electroporated
a dominant-negative mutant of Dab1 (5YF, a Reelin-signal-
insensitive mutant) (Howell et al., 2000; Keshvara et al., 2001)
into LSL-Notch ICD cortex (no exogenous Notch ICD is
introduced without Cre recombinase). 5YF was sufficient to in-
duce a migration defect [Figures 7A and 7B, Kolmogorov-
Smirnov (K-S) test between 5YF and vector only control yields
p < 0.001; ANOVA, F(9,36) = 12.61, p < 0.0001] and served as
a cell-autonomous model of Reelin signal deficiency as reported
previously (Sanada et al., 2004). We were able to mitigate the
5YF-mediated migration defect by simultaneous introduction
of Notch ICD through Cre-mediated recombination (Figures 7C
and 7D). Fewer neurons were located near the 1Z (bins 2-5 in
Figure 7D) while more neurons reached the upper CP when
compared with 5YF alone (bins 7-10 in Figure 7D). The mitigating
effect appeared to be Reelin pathway specific since Notch ICD
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cells in upper CP of ri/rl;LSL-Notch ICD when compared with rl/rl
cortex [K-S test, p < 0.0001; repeated-measures ANOVA, F(9,54) =
18.91, p < 0.0001]. The data represent the mean + SEM of six brains
each.

(F and F’) Immunostaining for Venus (green) and BrdU (red, white) in P3
cortical slices of rl/rl;LSL-Notch ICD electroporated with pTa.1-Cre-
IRES-Venus. Note that Venus*/BrdU* cells (indicated by bracket)
located over BrdU™* cells in surrounding lower layers.

(G and G’) Venus immunostaining in P3 cortical slices of ri/rl and rl/
rl;LSL-Notch ICD electroporated with pTa1-Cre-IRES-Venus. (G”)
Quantification of Venus™ neurons located in the upper part of the CP
(within bin 5, indicated by a red bracket in [G] and [G']; entire thickness
of the cortex was subdivided into five bins.) The data represent the
mean + SEM of three brains each. *p < 0.05, Student’s t test. Bars =
100 um (A-C’ and F-G'); 20 um (D).

overexpression was unable to mitigate the displacement of
neurons lacking MEK kinase 4 (MEKK4; Sarkisian et al., 2006),
a signaling pathway considered independent of Reelin (Fig-
ure S11). The mitigating effect by Notch signaling activity was
further examined in P14 brains by another approach: electropo-
ration was performed at E14.5 with pTa1-Cre-IRES-Venus, 5YF,
and either CALSL-Notch ICD or CALSL-caRbpj (the constitu-
tively active form of Rbpj). Through Cre-mediated recombina-
tion, expression of Notch ICD or caRbpj was driven from the
CALSL plasmid (Matsuda and Cepko, 2007) in migrating neurons
(data not shown), and we confirmed that both Notch ICD and
caRbpj can mitigate the positioning defect of neurons caused
by 5YF (Figures 7E-7H). Together, these results demonstrate
that Notch ICD and Rbpj are involved in Reelin-Dab1 signaling-
mediated control of neuronal migration.

Reelin-Stimulated Dab1 Blocks Degradation

of Notch ICD

Based on the findings that nuclear Notch1 ICD is reduced in
Reeler and that Dab1 binds Notch1 ICD (Figure 1), we investi-
gated possible molecular mechanisms by which the Reelin-
Dab1 pathway regulates levels of nuclear Notch ICD. Notch
ICD is known to be degraded by a proteasome pathway via
various E3 ubiquitin ligases (Lai, 2002), and Dab1 has been
shown to inhibit the function of these ligases (Park et al., 2003).
Furthermore, Dab1 is an adaptor protein that can control subcel-
lular protein trafficking (Stolt and Bock, 2006; Honda and Naka-
jima, 2006; Hoe et al., 2006), which is a critical step in protein
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D Figure 6. Replenished Notch ICD Mitigates
Morphological Defects in Reeler

i (A) Venus* neurons 3 days postelectroporation
100 = with pTa1-Cre-IRES-Venus in rl/rl;LSL-Notch ICD
80 mice. Left neuron in (A) shows rescued morphol-
60 ogy with processes that are more pial-oriented
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degradation. Thus, we hypothesized that Reelin-Dab1 signaling
may regulate this degradation pathway by stabilizing and/or
controlling the levels of Notch ICD. To assess the influence of
Reelin-Dab1 signaling on Notch activity via the proteasome
pathway, we measured Rbpj luciferase reporter expression
levels in Cos-7 cells. Reporter expression is induced by introduc-
tion of Notch ICD, the level of which can be controlled by intro-
duction of Fbxw7 (also known as Sel-10 or Cdc4), an adaptor
molecule of E3 ligase that leads to degradation of Notch ICD
(Gupta-Rossi et al., 2001; Oberg et al., 2001; Wu et al., 2001).
Consistent with previous reports, transfection with Notch ICD
led to robust induction of luciferase expression (Figure 8A,
compare lane 7 with 1), which was reduced by cointroduction
of Fbxw7 (Figure 8A, lane 13). Cotransfection of wild-type Dab1
with the constitutively active form of Src kinase (caSrc), a condi-
tion that recapitulates Reelin-signal-stimulated Dab1 activation
in vitro (Bock and Herz, 2003), significantly blocked the reduction
of reporter activity due to Fbxw7 (Figure 8A, compare lane 16
with 13). In contrast, the 5YF mutant of Dab1 did not elicit
enhanced reporter activity (Figure 8A, p = n.s. between lane 13
and 18). Dab1 did not affect the reporter activities when Fbxw7
was not transfected (Figure 8A, lane 1-12). These results suggest
that Reelin-stimulated Dab1 might protect Notch ICD from
Fbxw7-induced degradation. Additionally, Fbxw7-mediated re-
duction of Notch ICD levels and enhancement of its polyubiqui-
tination in Cos-7 cells was significantly inhibited in the presence
of wild-type, but not the 5YF mutant form of, Dab1 (Figure 8B,
data not shown, n = 5). Thus, our in vitro experiments indicate
that Reelin-Dab1 signaling can inhibit Notch ICD degradation
through the Fbxw7-mediated pathway.

The experiments described above can precisely control the
activities of both Reelin and Notch signaling, but the systemisrel-
atively artificial. Thus, to gain further evidence, we next examined
whether the ubiquitination of Notch is actually affected by Reelin
deficiency during cortical development. Slices were prepared
from wild-type and Reeler brains. We then made lysates from
noncultured slices or slices cultured for 4 hr in the presence of
proteasome inhibitors to allow accumulation of the polyubiquiti-
nated proteins by inhibiting their degradation, immunoprecipi-
tated Notch1ICD, and immunoblotted using an anti-polyubiquitin
antibody. Consistent with results in Cos-7 cells, we observed a
noticeable increase of polyubiquitin bands in Reeler both with
and without protease inhibitors (Figure 8C, compare lanes 1

and 4 with lanes 2/3 and 5/6, respectively; n > 3 per each geno-
type). Since we were unable to determine whether Notch1 ICD
was specifically polyubiquitinated in this system (because we
could not obtain enough precipitate from brain lysates using
either anti-Notch1 ICD [Val 1744] or anti-polyubiquitin anti-
bodies), we confirmed specific ubiquitination of nuclear Notch1
ICD by using Notch1-ICD-transfected cortical neurons in vitro
(Figure 8D, n = 3). Stimulation by Reelin-containing medium sig-
nificantly reduced polyubiquitinated Notch1 ICD (compare lane 2
with 1) and this was inhibited by addition of Dab1 5YF (lane 6) but
not wild-type Dab1 (lane 4). Altogether, these data suggest that
Notch1 ICD is likely targeted by the Reelin signaling pathway
during cortical development and suggest that Reelin-Dab1
signaling prevents Notch ICD degradation.

DISCUSSION

Despite over half a century of research since the first report of
Reeler, the underlying pathogenetic mechanisms still remain
unclear. Disruptions in several developmental processes have
been proposed to cause the phenotype. First, the actin cytoskel-
eton of Reelin-signaling-deficient neurons is abnormally orga-
nized, which may lead to disruption of the leading process and
subsequent failed migration (Pinto-Lord and Caviness, 1979;
Sanada et al., 2004; Olson et al., 2006). Second, Reelin-deficient
neurons may fail to detach from radial glia at the appropriate
position as a result of increased neuron-glia adhesion due to
abnormally high levels of .3 integrin (Sanada et al., 2004). Addi-
tionally, the aberrantly superficial positioning of early-generated
neurons may physically obstruct the migration of later-born neu-
rons, thereby giving rise to an inverted lamination of the cortex
(Pinto-Lord and Caviness, 1979; Tabata and Nakajima, 2002).
To explore Notch’s potential role in migration, we employed
a methodology that could circumvent the complications intro-
duced by traditional knockout and transgenic strategies, which
are unable to discriminate among Notch deletion defects due
to proliferation, differentiation, or apoptosis. Using this ap-
proach, we provide evidence that the morphology and migration
of postmitotic neurons is regulated by Notch signaling, whose
activity is likely under the control of the Reelin-Dab1 pathway.
We observed that both the nuclear Notch ICD expression and
Notch ICD activity-dependent Rbpj-mediated transcription typi-
cal of wild-type migrating neurons were significantly reduced in
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Figure 7. Notch ICD Mitigates Radial Migration Defects Induced by
a Dominant-Negative Form of Dab1

(A-C) Venus* neurons were detected by immunohistochemistry 6 days after
electroporation with pCDNA3.1 empty (A) or containing Dab1 5YF (B and C)
plasmid with pTa1-IRES-Venus (A and B) or pTa.1-Cre-IRES-Venus (C) plasmid
in LSL-Notch ICD mice. Note that 5YF arrested many neurons beneath the CP,
a condition which was mitigated by overexpression of Notch ICD.

(D) Quantification of neuronal distribution in the LSL-Notch ICD cortex electro-
porated with indicated plasmids [K-S test, p < 0.05; repeated-measures
ANOVA, F(9,126) = 5.24, p < 0.05]. The data represent the mean + SEM of
six brains each.

(E-G) Venus™ neurons were detected by immunohistochemistry at P14 after
E14.5 electroporation with pCALSL empty (E), containing Notch ICD (F), or
caRbpj (G) with pTa1-Cre-IRES-Venus and pCDNAS.1-Dab1 5YF plasmids
in wild-type mice. Note that compared with control (E), overexpression of
Notch ICD (F) or caRbpj (G) resulted in fewer neurons located beneath layer IV.
(H) Percentages of Venus* neurons below layer IV in P14 wild-type cortex
electroporated with indicated plasmids. The data represent the mean + SEM
of 10, 8, and 11 brains, respectively. *p < 0.01,”p < 0.05 by Student’s t test.
Bars = 100 um.

Reeler cortex (Figure 1 and S3). These findings are consistent
with a report that the expression of the Notch target gene, Straw-
berry Notch, is also downregulated in Reeler (Baba et al., 2006).

To explore the consequence of the observed reductions in
active Notch ICD and downstream signaling, we deleted Notch
in migrating neurons and observed morphological and migration
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defects similar to those of Reelin-signal-deficient neurons
(Figures 2-4). Furthermore, introducing Notch ICD or caRbpj
mitigated migration defects observed in Reelin-Dab1-signaling-
deficient neurons in wild-type (or LSL-Notch ICD) background
(Figure 7) as well as those in the Reeler background (Figures 5,
6, and S8). Thus, Notch signaling appears to play a cell-autono-
mous role during neuronal migration. Finally, replenished Notch
ICD was able to alleviate migrating neuronal morphology, but
was not sufficient to reorient the dendrites of matured neurons
in Reeler (Figures 5 and 6). This suggests that Notch signaling
is required during migration. but not during final maturation
stages that include somal and dendritic orientation. Alternatively,
disruption of the latter may be secondary to the abnormal forma-
tion of the internal plexiform zones in Reeler as previously sug-
gested (Pinto-Lord and Caviness, 1979; Tabata and Nakajima,
2002). Consistent with this physical barrier hypothesis, we (this
study, data not shown) and others (Sanada et al., 2004; Olson
et al., 2006) did not observe neurons with inverted dendrites after
cell-autonomous reduction of Reelin-Dab1 signaling by 5YF or
Dab1 shRNA introduction. Whether the superficial positioning
of early-born neurons in the Reeler cortex forms a physical barrier
to migration is unclear; however, reintroduction of Notch ICD
enabled later-born Reelin-signal-deficient neurons to migrate
past the abnormally superficial band of early-born neurons
(including subplate neurons) to reach the upper layers (Figure 5).
Thus, it is possible that the positioning of later-born neurons in
Reeler is due to a cell-autonomous migration defect rather than
physical obstruction. Interestingly, similar alleviation effects can
be achieved by expressing Reelin in Reeler VZ cells (Magdaleno
et al., 2002), suggesting that migrating neurons may require
Reelin stimulation and Notch activation much earlier than previ-
ously suspected (i.e., before they arrive in the CP). These results
support the model that Reelin signaling works as “an instructive
signal” (D’Arcangelo et al., 1997) to engage cytoskeletal remod-
eling events critical to neuronal migration.

Both Notch- and Reelin-signaling-deficient neurons exhibit
processes with disrupted morphology (Figure 4). These morpho-
logical defects may be a result of premature terminal differentia-
tion of dendrites. However, given that neuronal maturation corre-
lates with an increase of Notch ICD (our Figure 1; Sestan et al.,
1999), premature terminal differentiation by Notch reduction/
deletion is unlikely. Alternatively, the transition from the multipo-
lar to bipolar stage —a critical step during proper neuronal migra-
tion (LoTurco and Bai, 2006) —might be impaired. While common
transitional defects occur mostly within the SVZ to 1Z and our
Notch-targeted defects were observed mainly in the lower CP,
these differences may simply reflect our methodological ap-
proach for gene knockdown (e.g., Ta1-promoter-driven Cre/
loxP system versus U6-promoter-driven shRNA). Nevertheless,
given that Reelin can regulate actin dynamics in neurons (e.g.,
Suetsugu et al., 2004; Chen et al., 2004), the morphological
defects seen in Reelin- or Notch-deficient migrating neurons
most likely reflect specific disruptions of the leading process. A
recent study has shown that Notch ligands are specifically
displayed by intermediate progenitors in the SVZ and young
neurons in the 1Z during the period of neurogenesis and neuronal
migration (Yoon et al., 2008). Given the significant migration
arrest of Notch-deficient neurons in the IZ to lower CP (Figure 2),
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an intriguing possibility is that Notch ligands displayed in the 1Z
are critical for radial movement of neurons.

Our finding of a dose-dependent Notch deletion effect on ra-
dial neuronal migration (with Notch1 ™" Notch2 ™+ < Notch1 ™*:
Notch2 ™ as the most severe defect; see Figure S5) supports
our model that reduced Notch activity, rather than a complete
loss of its activity, can lead to migration defects in Reeler. In
agreement with previous reports (Yoon and Gaiano, 2005; Louvi
and Artavanis-Tsakonas, 2006), this finding also supports the
pleiotropy of Notch signaling in an activity-level-dependent
manner. Therefore Notch processing and activity is precisely
controlled at various stages (Bray, 2006), and we now implicate
Reelin signaling in this regulation. Our results suggest that Reelin
signaling may govern the level of nuclear Notch ICD levels by
affecting Notch ICD degradation. We show that Notch polyubi-
quitination/degradation is increased in Reeler cortex, and that
degradation of Notch ICD through the Fbxw7-mediated protea-
some pathway is inhibited by activated Dab1 in vitro (Figure 8).
However, Reelin signaling also promotes Dab1 degradation
(Arnaud et al., 2003; Bock et al., 2004; Kuo et al., 2005; Feng
et al., 2007), which at first glance does not fit to our model. Inter-
estingly, studies have shown that Dab1 could function in the
trafficking of some molecules (Honda and Nakajima, 2006; Hoe
et al., 2006), suggesting that Dab1 could potentially serve to
traffic Notch ICD, thereby sequestering it away from the degra-
dation pathway. It is also noteworthy that alteration of Notch
intracellular distribution (trafficking) can significantly affect its
degradation rate and activity (Mukherjee et al., 2005). Foxw7-
mediated Notch ICD ubiquitination can occur specifically within
the nucleus (Gupta-Rossi et al., 2001). We did not determine
whether Fbxw7 mediates Notch degradation during neuronal
migration, but we did observe specific expression of Fbxw7 in

Figure 8. Stimulated Dab1 Blocks Notch ICD Degradation

(A) Effects of active Dab1 on Notch ICD activity. Relative Rbpj luciferase
activity of each condition is compared to lane 1 set as 1.0. The indicated
values are the mean + SEM of three experiments performed in triplicate.
*p < 0.05, Student’s t test.

(B) Cos-7 cells were transfected with indicated plasmids, and the expres-
sion of Notch1 ICD and GFP (as an internal control, reprobed on the same
membrane) were analyzed by IB. The graphs show the relative intensity of
the Notch1 ICD against the left lane after normalization with GFP as
a transfection control. The data represent the mean + SEM of three
independent experiments. *p < 0.01, paired t test. Transfection of caSrc
without Dab1 or Dab1 without caSrc constructs gave equivalent results
to Dab1 5YF with/without caSrc. Transfection of caSrc with/without
Dab1 constructs did not alter either endogenous or exogenous Fbxw7
expression levels (data not shown).

(C) IB of lysates from ri/rl and ri/+ brain slices against polyubiquitin (FK2)
and Notch1 after IP with a Notch1 antibody. IB against GAPDH was
obtained from the flowthrough of IP. The samples in the left three lanes
were obtained from freshly prepared cortical slices, and the samples in
right three lanes were from slices cultured with proteasome inhibitors.
Note the decrease of precipitated nonpolyubiquitinated Notch1 in Reeler
(lanes 1" and 4'), consistent with the increase of polyubiquitinated Notch1
(lanes 1 and 4). Arrow indicates p100-p120 Notch1 ICD bands. Asterisk
shows IgG bands.

(D) 1B of lysates from cultured cortical neurons transfected with the indi-
cated plasmids against polyubiquitin (FK2) and myc after IP with a myc
antibody. The transfected neurons were exposed to Reelin containing-
or mock medium for 6 hr with protease inhibitors before collection. 1B
against GAPDH was obtained from the IP flowthrough.

migrating neurons (K.H.-T. and P.R., unpublished data). There-
fore, Reelin-Dab1 signaling may facilitate the trafficking of Notch
ICD to reduce its degradation via Fbxw7 in the developing
neocortex.

Additional mechanisms could also control the ubiquitin-medi-
ated degradation of Notch ICD. For example, a complex of
Numb and Itch E3 ubiquitin ligase mediates lysosomal degrada-
tion of Notch ICD in the cytoplasm (McGill and McGlade, 2003).
Both Numb and Dab1 contain a PTB domain that exhibits similar
binding and functional properties (Lai, 2002). Thus, Dab1 and
Numb may compete for Notch binding and thereby regulate
degradation. Alternatively, inhibition of Notch ICD degradation
may be achieved by direct binding of Dab1 to E3 ubiquitin ligases
to block its ubiquitination activity (Park et al., 2003), or simple
competition for the same E3 ligases for its degradation with
Notch ICD. Although Notch cleavage processing was not signif-
icantly affected in Reeler (Figure 1), we did not formally examine
the possible effects of Reelin signaling on Notch processing.
Therefore a weaker interaction between Notch and Reelin signal-
ing may exist at this level, similar to the mechanism whereby
Reelin-Dab1 signaling promotes APP processing and trafficking
(Hoe et al., 2006).

Although our study showed an interaction of Notch and Reelin
signaling pathways in the control of radial migration of cortical
neurons, it remains to be examined whether the defect of this
interaction underlies Reeler phenotypes besides impaired
neuronal migration, such as radial glial dysmorphology (Dulabon
et al., 2000; Forster et al., 2002; Hartfuss et al., 2003) and neuro-
nal invasion into layer | (Trommsdorff et al., 1999; Hack et al.,
2007). Considering that Notch and Reelin signaling directly con-
trol the expression of BLBP, a radial glial gene (Hartfuss et al,,
2003; Anthony et al., 2005), radial glial development might be
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regulated by the interaction between Reelin and Notch signaling.
During the review period of this paper, a study reported that
a Dab1-Notch ICD interaction and a Reelin-dependent increase
of Notch1 are reproducible in a human neural progenitor cell line
(Keilani and Sugaya, 2008), supporting this possibility. Future
studies will test these possibilities using total brain-specific
deletion of Notch and determine whether it reproduces Reeler
phenotypes in other various aspects of brain development.

EXPERIMENTAL PROCEDURES

Mice

Reeler and Scrambler mice were purchased from Jackson Laboratory. The
tissues and lysates of VidIr/ApoER2 dKO mice were generous gifts from Drs.
A. Goffinet and Y. Jossin. Generation and genotyping of floxed Notch1, floxed
Notch2, LSL-Notch ICD (also known as CALSL-NICD(H)), and LSL-Gfp (trans-
gene includes loxP-flanked STOP cassette followed by Gfp; Jackson Labora-
tory) mouse lines were described previously. A list of references for floxed mice
is available as Supplemental Data. Animals were handled according to proto-
cols approved by the Institutional Animal Care and Use Committee of Yale
University School of Medicine.

Quantitative RT-PCR

Total RNA was isolated from freshly dissected brain tissue by using the Rneasy
plus kit (QIAGEN), and cDNA was synthesized by using SuperScript First-
strand synthesis system for RT-PCR with random hexamer primers (Invitro-
gen). GAPDH levels were detected by Tagman rodent GAPDH control
reagents and used for normalization. Thermocycling was carried out by using
the Applied Biosystems 7900 system and monitored by SYBR Green | dye
detection. All reactions were performed in triplicate from four brains each.

In Utero Electroporation

In utero electroporation was performed at E14.5 as previously described
(Sarkisian et al., 2006). A list of DNA solutions used for injection is available
as Supplemental Data. All control experiments were performed using empty
vectors at the same concentrations. All BrdU labeling was performed 24 hr
after electroporation according to previous studies (Sarkisian et al., 2006).

Immunohistochemistry and Data Analysis

Immunohistochemistry was performed with the previously described methods
(Sarkisian et al., 2006). A list of antibodies is available as Supplemental Data.
Electroporated neurons around the somatosensory medial cortical region
were counted for all positioning analyses. Tracing of the morphology, and
quantification of orientation, number of processes, and length of the pro-
cesses protruded from Venus™* neurons were done by the Neurolucida system
(MicroBrightfield). In these analyses, we chose neurons located in the lower CP
close to the 1Z, and excluded terminal branches of processes in the MZ for
quantification. Axons were excluded from both tracing and quantification. In
box plot analysis, the line in the box and the upper and lower edge of the
box indicate the median and the 25th and 75th percentiles, respectively. Error
bars indicate the 5th and 95th percentiles.

Immunoprecipitation and Immunoblotting

Protein samples from E18.5 or PO mouse brain were harvested and used for
immunoprecipitation and immunoblotting using a standard protocol. The anti-
bodies used for immunoprecipitations and immunoblots are listed in Supple-
mental Data. Analysis of band intensity was performed as previously described
(Sarkisian et al., 2006).

Luciferase Assay

Subconfluent Cos-7 cells were transiently transfected with plasmids at 50 ng
(caSrc), 200 ng (pGL2-8xCBF-luc and phRL), or 500 ng (myc-Notch ICD,
Fbxw7, and Dab1 constructs) per well into 12-well plates. An equal amount
of control construct (PCDNAS3.1 empty vector) was transfected in mock exper-
iments. The cells were subjected to the assay using Dual-Luciferase Reporter
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Assay system (Promega) 1 day after transfection. For the detection of lucifer-
ase activity, TD-20/20 (Turner Designs) was used.

Ubiquitination Assay
By using Fugene6 (Roche), subconfluent Cos-7 cells were transiently trans-
fected with the plasmids containing Dab1, Notch1 ICD, Fbxw7 and
PCDNAS3.1-HA-Ub, and pCAG-GFP, and harvested 48 hr later. Proteasome in-
hibitors MG-132 and clasto-lactacystin B-Lactone (Calbiochem) were added
at 10 uM 6 hr before harvest. For slice culture of E18.5 cerebral cortex, chop-
ped slices at 300 um thickness were incubated on the membrane floating in the
Neurobasal medium with proteasome inhibitors for 4 hr. Cortical neurons were
prepared for primary culture from dissected E18.5 cortex, and transfected with
the plasmids using amaxa Nucleofector Kit (Lonza). Reelin containing- or
mock medium was prepared from 293T cells transfected with pCrl or
pPCDNA-EGFP, respectively, as described (Honda and Nakajima, 2006), and
applied with the proteasome inhibitors to the culture 2 days after passage.
Additional information related to DNA constructs is included in the Supple-
mental Data.

SUPPLEMENTAL DATA

The supplemental data for this article contain 11 Figures, Supplemental Text,
and Supplemental Experimental Procedures and can be found at http://www.
neuron.org/supplemental/S0896-6273(08)00800-3.
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