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Cullin 5 Regulates Cortical Layering by Modulating the Speed
and Duration of Dab1-Dependent Neuronal Migration
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Division of Basic Sciences, Fred Hutchinson Cancer Research Center, Seattle, Washington 98109

The multilayered mammalian neocortex develops by the coordinated immigration and differentiation of cells that are produced at distant
sites. Correct layering requires an extracellular protein, Reelin (Reln), an intracellular signaling molecule, Disabled-1 (Dab1), and an E3
ubiquitin ligase, Cullin-5 (Cul5). Reln activates Dab1, which is then degraded by Cul5. Here we test whether Cul5 regulates neuron layering
by affecting Dab1 stability or other mechanisms. We find that a stabilized mutant Dab1, which resists Cul5-dependent degradation,
causes a similar phenotype to Cul5 deficiency. Moreover, Cul5 has no effect when Dab1 is absent. The effects of Cul5 and Dab1 are cell
autonomous, and Cul5 regulates movement of early as well as late cortical neurons. Removing Cul5 increases the speed at which neurons
migrate through the cortical plate by reducing the time spent stationary and increasing the speed of individual steps. These results show
that Cul5 regulates neuron layering by stimulating Dab1 degradation and that Cul5 controls migration speed and stopping point, and they
demonstrate the importance of negative feedback in signaling during cortical development.

Introduction
The mammalian cortical plate assembles from the inside out-
wards (Rakic and Caviness, 1995; Gupta et al., 2002; Kriegstein
and Noctor, 2004). Future projection neurons migrate from the
ventricular zone to the bottom of the growing cortical plate, pass
between cells that arrived previously, and stop moving when they
reach the top. The cortical layer in which a neuron resides is thus
determined by the time it arrives at the top of the cortical plate.
This organization requires a signaling pathway involving an ex-
tracellular protein, Reelin (Reln), and an intracellular molecule,
Disabled-1 (Dab1) (Rice and Curran, 2001; Tissir and Goffinet,
2003; Bielas et al., 2004). Mutations in Reln or Dab1 affect cell
position but not fate, so that the mutant cortical plate is inverted
with regard to neuronal fates and birth dates.

Reln is synthesized by Cajal-Retzius cells in the marginal zone
above the cortical plate. How it affects migrating neurons is un-
clear. One hypothesis is that Reln stops neurons when they reach
the marginal zone, but another model suggests that Reln stimu-
lates migration of cells that are still in the cortical plate
(Frotscher, 1997; Schiffmann et al., 1997; Cooper, 2008). Reln
may also signal detachment of migrating neurons from the as-
cending processes of radial glia cells, so lack of Reln creates a
“traffic jam” that blocks further neuron movement from behind

(Pinto-Lord et al., 1982; Dulabon et al., 2000; Sanada et al., 2004).
A further complexity is that Reln may act on the radial glia cells
rather than, or as well as, the migrating neurons (Hartfuss et al.,
2003; Luque et al., 2003). Resolving these models is difficult,
because the migrations have not been reconstituted in vitro and
the regulatory molecules are not conserved in invertebrate model
systems.

At the molecular level, Reln stimulates the tyrosine phosphory-
lation of Dab1 and activates the kinases Src and Fyn. Several
signaling pathways are then activated (Cooper et al., 2008;
Hashimoto-Torii et al., 2008). Active Dab1 is also targeted for
ubiquitination and degradation, which provides a negative-
feedback loop to terminate Reln signaling (Arnaud et al., 2003;
Bock et al., 2004; Feng et al., 2007). Dab1 degradation requires a
CRL (Cullin RING ligase) complex containing Cullin-5 (Cul5)
(Feng et al., 2007). Removing Cul5 from migrating neurons using
shRNA protects Dab1 from degradation and causes an “overmi-
gration” phenotype, in which the affected neurons remain at
the top of the cortical plate and are not overtaken by their
younger siblings. However, it is unknown whether lack of
Dab1 degradation is the cause of the Cul5-deficient neuron
lamination phenotype.

To investigate the relationship between Cul5, Dab1, and neu-
ron migration, we have now analyzed a mutant Dab1 that par-
tially resists Cul5-mediated degradation, and we have tested
whether Cul5 knockdown affects neuron positions when Dab1 is
absent. We have also discovered that Cul5 regulates the speed of
neuron migration. Together, these results imply that the role of
Cul5 is to degrade Dab1 and thus control neuron migration speed
and neuron insertion at the top of the cortical plate.

Materials and Methods
Antibodies. The following antibodies were used for biochemistry: anti-
phosphotyrosine (4G10, Millipore), mixed monoclonal anti–green fluores-
cent protein (GFP; Roche), and affinity-purified rabbit anti-Dab1 (B3) from
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Brian Howell (SUNY Upstate, Syracuse, NY). For immunofluorescence, we
used rabbit anti-Cux1 (Santa Cruz Biotechnology), rabbit anti-Dab1 (B3),
rabbit anti-Tbr1 (Robert Hevner, Seattle Children’s Hospital Research
Institute, Seattle, WA), mouse anti-Nestin (Millipore), mouse anti-
Calretinin (Millipore), and donkey secondary antibodies labeled with
Alexa 488, 568, and 647 (Invitrogen).

Vector construction. Dab1p45 (1-271 aa) was amplified by PCR from
pCAG-Dab1-EGFP (Feng et al. 2007) and cloned into the same backbone
using HindIII and SnaBI restriction sites to create pCAG-Dab1p45.
Dab1 8R mutants were obtained replacing Lys165, 172, 173, 176, 178, 227,
228, and 236 by Arg in the Dab1 open reading frame (ORF) of pCAG-
Dab1p80-EGFP or pCAG-Dab1p45. We used PfuI to make site-directed
mutants. We changed AAA and AAG lysine codons to CGA and CGG
arginine codons, respectively.

ShRNA knock-down plasmids were created so that a single plasmid
expresses the shRNA and a fluorescent protein. For this purpose, pCAG-
ChFP was made by replacing the dsRed ORF in pCAG-dsRed (Addgene)
(Matsuda and Cepko, 2007) with the monomeric ChFP ORF (Shaner et
al., 2004) using KpnI and NotI restriction sites. The SV40 origin sequence
between BamHI sites in pCAG-ChFP was removed and replaced with a
linker containing HindIII and MfeI restriction sites, to create pCAG-
ChFP�MFE. An analogous construct, pCAG-GFP�MFE, contained
the EGFP ORF. The unique HindIII and MfeI sites were used to insert
HindIII and EcoRI fragments containing PolIII promoters and shRNAs
directed against Cul5 and Dab1. The Cul5 shRNA fragment was obtained
from pMXpuro_shCul5 (Kamura et al., 2004; Feng et al., 2007), and the
Dab1 shRNA fragment was from pSuper_shDab1B (Feng et al., 2007).
Both shRNAs are specific (Feng et al., 2007). The target sequences are
Cul5, GCTGCAGACTGAATTAGTAG, and Dab1B, AGCCGCCTTC-
ATGCCCACACA, which is in the 3� end of the Dab1 p80 mRNA and is
missing from Dab1 p45. There were no differences in final cell position or
migratory behavior whether plasmids expressing GFP or ChFP proteins
were used. For each experiment, control plasmids lacking shRNA and
expressing either GFP or ChFP, as indicated, were used.

Neuron cultures and in vitro electroporation. Neuron suspensions were
prepared from embryonic day 17.5 (E17.5) mouse embryo telencepha-
lons and electroporated essentially as described previously (Herrick and
Cooper, 2002; Xu et al., 2005). Equal cell numbers from each electropo-
ration were plated in two precoated 35 mm dishes. For acute stimulation
with Reelin, cultures were incubated for 2–3 d and then stimulated for 15
min with Reelin that had been harvested in Neurobasal medium from
293T cells stably transfected with a Reelin expression plasmid (Ballif et
al., 2003). The control plate was treated with medium harvested similarly
from 293T cells stably transfected with vector DNA. For long-term treat-
ment, cultures were treated either with Reelin-containing medium or
with control medium supplemented with the extracellular domain of
VLDLR (20 �g/ml MBPV1– 8His) (Koch et al., 2002) to sequester endog-
enous Reelin. Treatment started 2 d after plating and continued for 2 d,
changing media twice a day. Neurons were washed and lysed in NP40
buffer (Simó et al., 2006), and lysates were subjected to Western blotting
as described previously (Arnaud et al., 2003; Ballif et al., 2003). Unsatur-
ated enhanced chemiluminescence images were scanned into Adobe
Photoshop and quantified using ImageJ.

In utero microinjection and electroporation. In utero microinjection
and electroporation was performed at E12.5 or E14.5 essentially as de-
scribed previously (Tabata and Nakajima, 2001), using timed pregnant
CD-1 mice (Charles River Laboratories) or dab1 knock-out or Reln mu-
tant (Rl ORL) embryos derived from heterozygous crosses. Needles for
injection were pulled from Wiretrol II glass capillaries (Drummond Sci-
entific) and calibrated for 1 �l injections. DNA solutions were mixed in
10 mM Tris, pH 8.0, with 0.01% Fast Green. Forceps-type electrodes
(Nepagene) with 5 mm pads were used for electroporation (five 50 ms
pulses of 30 V at E12.5 or five 50 ms pulses of 45 V at E14.5).

Histology. Embryos electroporated at E12.5 were recovered at either
E14.5, E16.5, or E19.5. Embryos electroporated at E14.5 were collected at
E19.5. Brains were dissected and successful electroporations identified by
epifluorescence microscopy. Positive brains were fixed in a 4% formalin
PBS solution and cryoprotected in a 30% sucrose PBS solution overnight
at 4°C. Brains were frozen in optimal cutting temperature compound

before 14-�m-thick brain cross-sections were obtained with a cryostat
and placed on slides. Sections were antigen retrieved by immersion of the
slides in 0.01 M sodium citrate buffer, pH 6.0, at 95°C for 20 min. Sections
were blocked for 2 h with 10% normal goat serum, 10 mM glycine, and
0.3% Triton X-100 in PBS at room temperature. Primary antibodies were
incubated overnight at 4°C. Slides were washed four times for 10 min in
0.1% Triton X-100/PBS. Secondary antibodies were added for 2 h at
room temperature. Slides were washed as before and coverslipped with
Prolong Gold anti-fade reagent (Invitrogen). Most images were obtained
with epifluorescent illumination and �10 objective and captured with
MetaMorph software. High-magnification images used a �20 objective
and were captured using Zeiss LSM 510 META confocal microscope with
Zeiss LSM Image Browser. Images were assembled in Adobe Photoshop
and Deneba Canvas.

Scoring. We quantified neuron positions as described previously (Feng
et al., 2007). We recorded the positions of 100 – 400 GFP- or ChFP-
positive neurons from several sections per embryo. Data were collected
from the lateral part of the anterior neocortex. The cortex was divided
into “bins” as follows: the distance from the pial surface to the bottom of
the cortical plate was measured and divided into seven equal-sized bins
(�50 �m each), to give bins 1–7. Bin 8 comprises the top �50 �m region
of the intermediate zone (IZ). (E14.5 cortex is smaller, so it was divided
into four �50 �m bins, and bin 5 is the top �50 �m of the IZ.) Bin 1
comprises most of the marginal zone (MZ), or, in Reln and Dab1 mu-
tants, the superplate (SPP). The percentage of GFP- or ChFP-labeled
neurons in each bin for each embryo was then calculated. The graphs plot
the mean and SE of percentage neurons in each bin for the number of em-
bryos in a group. The mean neuron position in each embryo was calculated
by multiplying the percentage of neurons in a bin by the distance of the bin
from the bottom of the cortical plate, as described in the study by Feng et al.
(2007). These values were also averaged across the number of embryos in a
group. p values are by Student’s t test, two-tailed, unequal variance.

Organotypic slice culture and time-lapse confocal microscopy. Embry-
onic brains were electroporated at E14.5, and 300 �m embryonic brain
slices were prepared at E16.5 using a Vibratome (World Precision Instru-
ments), as described previously (Jossin et al., 2003). Time-lapse confocal
microscopy was performed using an Achroplan �20/0.50 with a Zeiss
LSM 5 Pascal confocal on a Axioskop2 upright microscope. Slices were
embedded in a drop of 3% agarose and cultured in a chamber on a heated
stage (Warner Instruments) in DMEM-F12 (Invitrogen) supplemented
with B27 (Invitrogen), G5 (Invitrogen), and 10% serum. The medium
was preheated at 37°C and equilibrated with 95% O2 and 5% CO2. The
medium was flowed in the chamber at �5 ml/h. Repetitive acquisitions
were performed every 30 min for up to 20 h in latero-dorsal regions of the
cortex in which 25 successive “z” optical planes spanning 120 �m were
acquired. Z-stacks were selected and combined in Zeiss LSM Image
Browser. Slight drifts of the slices were corrected using the ImageJ regis-
tration tool Turboreg (Philippe Thévenaz, Biomedical Imaging Group,
Swiss Federal Institute of Technology, Lausanne, Switzerland). Average
velocity of migrating cells was obtained using Imaris (Bitplane). Histo-
grams were compiled using Microsoft Excel, and sample Kolmogorov–
Smirnov testing was performed using an online calculator available at
http://www.physics.csbsju.edu/stats/.

Results
A stabilized mutant of Dab1 causes overmigration
Previous studies showed that Cul5-depleted neurons have in-
creased Dab1 protein content and higher positions in the cortical
plate (Feng et al., 2007) (see also supplemental Fig. S1, available at
www.jneurosci.org as supplemental material). However, the results
did not distinguish between three different mechanisms by which
Cul5 may regulate neuron positioning (Fig. 1A). Specifically, it is
possible that (1) Cul5 and Dab1 independently regulate neuron po-
sition, (2) Cul5 inhibits Dab1 and Dab1 promotes a higher final
position, or (3) Dab1 inhibits Cul5 and Cul5 promotes a lower final
position (Fig. 1A, left, center, or right model, respectively).

The center model predicts that a stabilized Dab1 mutant
and Cul5 deficiency would have a similar effect. Because ubiq-
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uitin is commonly conjugated to lysine
residues (Deshaies and Joazeiro, 2009),
we reasoned that mutation of lysine res-
idues in Dab1 may protect it from deg-
radation. To simplify the task, we
focused on lysine residues near the clus-
ter of tyrosine residues whose Reelin-
induced phosphorylation is required for
Cul5-dependent ubiquitination and
degradation of Dab1 (Fig. 1 B) (Rice et
al., 1998; Howell et al., 2000; Arnaud et
al., 2003; Bock et al., 2004; Feng et al.,
2007). To reduce the number of other
lysine residues that may be ubiquiti-
nated, mutations were made in a short
splice form of Dab1, p45, which retains
in vivo function and lacks the C-
terminal tail of the more abundant
Dab1p80 form (Fig. 1 B) (Herrick and
Cooper, 2002). In toto, we mutated eight
lysine codons around the tyrosine phos-
phorylation sites of Dab1p45 WT to cre-
ate Dab1p45 8R (Fig. 1 B).

When Dab1p45 8R was expressed in
embryonic cortical neurons, its tyrosine
phosphorylation was regulated by Reln
(Fig. 1C). Moreover, after chronic Reln
stimulation, degradation of Dab1p45 8R

was intermediate between Dab1p45 WT,
which was extensively degraded, and the
nonphosphorylated inactive Dab1p45 5F,
which was stable. Similar results were ob-
tained with a corresponding 8R mutant of
full-length Dab1p80, fused to enhanced
green fluorescent protein (Dab1-EGFP)
(supplemental Fig. S2, available at www.
jneurosci.org as supplemental material).
These results show that the lysine residues
near the tyrosine phosphorylation sites in
Dab1 are important for Reln-induced
degradation.

To test the effects of stabilized mutant
Dab1 on migration in vivo, Dab1p45 8R

and Dab1p45 WT were introduced into
progenitor cells in the ventricular zone by
in utero electroporation at E14.5. We then
measured the positions of neurons at
E19.5 by detecting GFP that was made
from a coelectroporated plasmid. Multi-
ple independent experiments showed that
overexpression of either wild-type or mu-
tant Dab1, p45 or p80, caused deeper, not
higher, neuron insertion in the cortical
plate (data not shown). Overexpressed
adaptor proteins can have adverse effects
on signaling, which is attributable to for-
mation of incomplete multiprotein complexes (Bray and Lay,
1997). We therefore inhibited new synthesis of endogenous Dab1
using an shRNA (shDab1B) to inhibit expression of Dab1 p80 but
not Dab1 p45 (Fig. 1E,F). ShDab1B causes a small downward shift
in neuron layering (Fig. 1F, control) (compare Fig. 2A,B, controls)
(Feng et al., 2007). As expected, Dab1p45WT rescued shDab1B neu-
rons to their normal position. Importantly, Dab1p458R caused over-

migration of shDab1B neurons to a significantly higher position
( p � 0.05, Student’s t test). These results show that Dab1p458R is
functional in vivo, so the lysine-to-arginine substitutions have not
prevented binding of downstream effector molecules. In addition,
this mutant has a gain-of-function phenotype, which correlates with
stabilization against Reelin-induced degradation. The results suggest
that Dab1 degradation normally prevents overmigration.

Figure 1. Molecular roles of Cul5 and Dab1: A degradation-resistant mutant of Dab1 causes overmigration. A, Models for the
relationship between Cul5, Dab1, and neuron position. Left, Cul5 may inhibit migration and Dab1 may stimulate migration,
through independent pathways. Center, Cul5 lowers the level of Reelin-activated Dab1, which promotes neuron migration. Some
contribution of a Cul5-dependent Dab1-independent pathway is also possible (dashed line). Right, Activated Dab1 inhibits Cul5,
which inhibits neuron migration. Some contribution from a Dab1-dependent Cul5-independent pathway is also possible (dashed
line). Our results suggest that the model depicted in the center model is correct. B, Dab1 8Rp45 protein structure illustrating the
region around the tyrosine phosphorylation core, in which eight lysines were mutated to arginines (R). C, Normal phosphorylation
of Dab1 8R protein upon Reelin treatment. Primary cultured neurons were electroporated with either wild-type (WT) or 8R (8R)-
mutant pCAG-Dab1p45 construct. After 4 d, neurons were treated for 15 min with mock (M) or Reelin (R)-containing supernatant
and lysed. Cell lysates were analyzed by Western blotting with anti-phosphotyrosine (4G10) or anti-Dab1 (B3) antibodies. Dab1-
EGFP tyrosine phosphorylation relative to Dab1-EGFP protein was quantified by densitometry. D, Dab1 8R is partially protected
from Reelin-induced degradation. Primary cultured neurons were electroporated with pCAG-MAP2-GFP and wild-type or mutant
pCAG-Dab1p45. The next day, cells were treated with mock- or Reelin-containing media that was replaced twice daily for two
consecutive days. Lysates were analyzed by Western blotting. The level of Dab1p45 was normalized for transfection efficiency to
MAP2-GFP, and the ratio in Reelin- versus mock-treated cultures was calculated. E, E14.5 embryos were microinjected and
electroporated with 1 �g of pCAG-Dab1p45 WT or pCAG -Dab1p45 8R and 2 �g of pCAG-GFP-shDab1B plasmid, which knocks down
expression of endogenous Dab1p80 but not p45. Sections were prepared at E19.5. Nuclei were stained with DAPI (blue). MZ
indicates marginal zone; CP, cortical plate; IZ, intermediate zone. Scale bar, 100 �m. F, Neuron positions at E19.5. Mean � SEM for
four control embryos (pCAG-GFP-shDab1B plus pCAG vector), eight WT embryos (pCAG-GFP-shDab1B plus pCAG-Dab1p45 WT), and
nine 8R embryos (pCAG-GFP-shDab1B plus pCAG-Dab1p45 8R). Average neuron positions (right) were control, 4.42 � 0.13; WT,
4.02 � 0.27; 8R, 3.37 � 0.21. *p � 0.05.
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Cul5 requires Reelin and Dab1 to regulate cortical lamination
To test whether Dab1 is required for Cul5 to regulate migration,
as in the central model of Figure 1A, we performed an epistasis
experiment. To remove Dab1 we used dab1 mutant embryos. To
remove Cul5 we used an shRNA (shCul5) that is specific, in that
it causes the same phenotype as an shRNA directed against a
different Cul5 RNA sequence and its phenotype is rescued by
expression of Cul5 mRNA (Feng et al., 2007). The plasmid was
introduced into dab1 mutant or heterozygous and wild-type lit-
termate embryos by electroporation at E14.5. After the em-
bryos developed in utero for 5 d, we genotyped the embryos,
sectioned the brains, and measured the positions of GFP-
expressing neurons.

In dab1� /� or dab1� /� control brains, vector-expressing
electroporated neurons (Fig. 2Aa, green) were positioned in the
lower part of layer II/III, labeled with Cux1 (Fig. 2Aa, red) (Nieto
et al., 2004). As expected, neurons electroporated with shCul5
were higher, toward the top of Cux1� layer II/III (Fig. 2Ab).
Early-born Tbr1� neurons (Hevner et al., 2001) were correctly

positioned at the bottom of the cortical
plate (supplemental Fig. S3D,E, available
at www.jneurosci.org as supplemental
material). In dab1�/� brains, the cortical
plate is inverted and vector-expressing
neurons positioned with their Cux1� co-
hort at the bottom of the cortical plate
(Fig. 2Ac), below the early-born Tbr1�

neurons (supplemental Fig. S3A,B, avail-
able at www.jneurosci.org as supplemental
material) (Sanada et al., 2004). Interestingly,
shCul5 electroporation did not alter the po-
sitions of dab1�/� neurons (Fig. 2Ad,
quantified in Fig. 2B). Cul5 knockdown also
had no effect on Cux1� Tbr1� neuron
identity (Fig. 2 Aa�–Ad�; supplemental
Fig. S3, available at www.jneurosci.org
as supplemental material). These results
show that Cul5 requires Dab1 to alter
neuron migration.

Altered cortical lamination of Dab1
mutants is cell autonomous: the traffic
jam is permeable
An obvious concern with the epistasis ex-
periment in Figure 2 is that neurons born
on E14.5 were abnormally located in
dab1�/� mutants, whether they expressed
Cul5 or not. It was suggested that abnor-
mal layering in Reln�/� mutant brains
may be partly attributable to defects in the
ascending processes of the radial glia cells,
along which neurons migrate (Hunter-
Schaedle, 1997; Hartfuss et al., 2003).
There may be a traffic jam of older neu-
rons that prevents passage of the younger
cells (Pinto-Lord et al., 1982). A similar
traffic jam may occur in dab1�/� brains,
so the lack of an effect of shCul5 in
dab1�/� brains may be attributable to the
environment.

Several previous reports have suggested
that the traffic jam is not a complete block to
neuron migration (Hammond et al., 2001;

Sanada et al., 2004; Morimura and Ogawa, 2009). Indeed, exper-
iments with Reln mutant brains showed that Reln�/� neurons
can migrate partway into the cortical plate, and shCul5 increases
this partial migration (Fig. 2C). This result is consistent with low
but detectable levels of basal Dab1 phosphorylation in Reln mutant
brain (Howell et al., 1999), which may be sufficient to stimulate
partial migration as well as Cul5-mediated Dab1 degradation. These
results suggest that Cul5 acts on Dab1 and not on Reln, and that
removing Cul5 can increase migration through the traffic jam in a
Reln�/� environment.

To further investigate whether the dab1�/� mutant environ-
ment inhibits neuron migration, we tested whether re-expressing
Dab1 could rescue dab1�/� neuron positioning. Dab1 WT-EGFP
was coelectroporated with a ChFP vector into dab1�/� embryos
at E14.5. Electroporated neurons were visualized at E19.5. As
shown in Figure 3A, many of the neurons re-expressing Dab1
migrated much higher in the cortex than non-expressing controls
and were located even higher than they would have been in a
wild-type brain (in bin 2 instead of bin 3). Moreover, the trans-

Figure 2. Cul5 requires Dab1 to regulate neuron position. A, Embryos resulting from a dab1� /� mating were subject to in utero
microinjection and electroporation at E14.5 with 2 �g of pCAG-GFP�MFE (vector, a and c) or pCAG-GFP-shCul5 (shCul5, b and d).
Embryos were genotyped and sections were prepared at E19.5 and stained with Cux1 antibody (red), which stains neurons
generated between approximately E14.5 and E17.5. Cux1 staining indicates the inversion of the cortical layering in the dab1 �/�

mutants (c and d) versus the control wild-type or heterozygous embryos (a and b). GFP-positive neurons migrate approximately
with their cohort Cux1-positive sisters in all cases. However, in control embryos, shCul5 induces a shift upward in neuron position
(b) compared with control plasmid (a). In contrast, in dab1 �/� embryos, in utero microinjection of the same quantities of shCul5
(d) and control plasmid (c) did not modify neuron position. (a�–d�) Single-plane high-power images taken with a confocal
microscope showed that in all conditions GFP-positive neurons continue to express Cux1, indicating that their fate is unchanged.
B, Neuron positions at E19.5 after Cul5 depletion in dab1 �/� embryos, as shown in A. Results are mean � SEM. There is no
significant difference between control and shCul5 neurons in dab1 �/� embryos. SPP indicates superplate. C, Neuron positions at
E19.5 after Cul5 depletion in Rl �/� embryos, as shown in A but using embryos from a Rl� /� mating. Results are mean � SEM.
Cul5 shRNA causes a significant difference in mean neuron position in Rl �/� embryos (control, 6.21 � 0.26, n � 5; shCul5,
5.55 � 0.13, n � 3; p � 0.017).

Simó et al. • Cortical Layering by Cul5-Dependent Negative Feedback J. Neurosci., April 21, 2010 • 30(16):5668 –5676 • 5671



fected cells clearly express Dab1 protein,
and staining for Cux1 and Tbr1 showed
that the Dab1-expressing cells maintained
the correct Cux1� Tbr1� fate and be-
come located out of context, among
Tbr1� Cux1� younger cells (Fig. 3A; sup-
plemental Fig. S3C, available at www.
jneurosci.org as supplemental material).
The high position is consistent with the
Dab1-expressing cells moving to the top
of the cortical plate and stopping below
the Reln-expressing calretinin-positive
cells (supplemental Fig. S4, available at
www.jneurosci.org as supplemental ma-
terial), as they would in wild-type em-
bryos. However, they are not displaced
downward by younger cells, because
younger cells lack Dab1 and stop at the
bottom of the cortical plate.

Overall, the results indicate that the
traffic jam of stalled neurons in a dab1�/�

brain is permeable to Dab1-expressing
cells. The Reln-Dab1-dependent posi-
tioning of cells is in large part cell auton-
omous, and Dab1 signaling allows the
cells to move higher. The absence of an
effect of shCul5 in dab1�/� brain is thus
attributable to the cell-autonomous re-
quirement for Dab1 to mediate the
migration-retarding effect of Cul5. To-
gether with the results obtained with stabi-
lized mutant Dab1p458R, these results are
most consistent with a model in which Cul5
regulates neuron positioning via Dab1.

Cul5 regulates the positioning of early
and late born neurons
Our studies so far have used late neurons,
born at E14.5. There are two modes of
neuron migration in the developing cor-
tex, somal translocation and locomotion
(Nadarajah et al., 2001, 2003; Hatanaka et al., 2004). Glia-
independent somal translocation is thought to predominate early
in development (e.g., at E12.5), but later neurons move both by
glia-dependent locomotion and somal translocation. It has been
suggested that Reln and Dab1 may regulate somal translocation
(Nadarajah et al., 2001; Cooper, 2008). If Dab1 regulates somal
translocation, then Cul5 may also do so and should affect posi-
tioning of early as well as late-born neurons. We therefore tested
whether Cul5 regulates the layering of early neurons.

We delivered shCul5 DNA by in utero electroporation at
E12.5. As shown in Figure 4A, control and Cul5-depleted neu-
rons were near the top of the cortical plate by 2 d after electropo-
ration. However, by 4 d after electroporation, the control
neurons had been overtaken by younger cells and were left be-
hind near the bottom of the cortical plate, whereas shCul5 neu-
rons were still at the top (Fig. 4B,B�). The difference in positions
of control and shCul5 neurons became more extreme by 7 d after
electroporation (Fig. 4C,C�) (E19.5; note that all images in Fig. 4
are at same scale). We conclude that shCul5 affects the layering of
early-born as well as late-born neurons. These results are consis-
tent with an effect on somal translocation, and Cul5 is necessary
to allow neurons to be displaced from the top of the cortex as

younger neurons pass them. The shCul5 neurons may continue
to move slowly, keeping pace with the growing cortex, or may be
unable to detach from adhesion molecules in the marginal zone.

Cul5 regulates the speed of migration throughout the
cortical plate
Previous studies showed that shCul5 caused a small but signifi-
cant upward shift in neuron positions 3 d after electroporation
(E17.5) (Feng et al., 2007). A significant upward shift was also
detected 2 d after electroporation (E16.5) (data not shown).
These results suggested that Cul5-deficient neurons may migrate
faster than control neurons. To test whether shCul5 affects the
speed of migration, we prepared live slices from brains 2 d after
electroporation and observed the neurons by time-lapse confocal
microscopy for up to 16 –20 h. As shown in Figure 5A, individual
cells could be identified and were tracked over multiple frames of
the movies (supplemental Movie S1, available at www.jneurosci.
org as supplemental material; differences in branching of the
leading process between control and shCul5 neurons were not
reproducible). Both control and Cul5-deficient neurons moved
jerkily, with different length steps in sequential frames (Fig. 5B)
(Nadarajah et al., 2001; Hatanaka et al., 2004; Kriegstein and

Figure 3. Dab1 has a cell-autonomous role in neuron position. A, E14.5 dab1 �/� embryos were microinjected and electropo-
rated with 1 �g of pCAG-ChFP�MFE and 1 �g of either pCAG (left) or pCAG-Dab1 WT-EGFP (right). Sections were prepared at
E19.5 and stained with anti-Dab1 (green) or anti-Cux1 (green), as indicated. White boxes depict the areas in which confocal
single-plane high-power images were taken. Nuclei were stained with DAPI (blue). ChFP-expressing neurons coelectroporated
with pCAG-Dab1 WT-EGFP express readily detectable cytoplasmic Dab1 protein and nuclear Cux1, indicating that their fate is
unchanged. Scale bar, low-power images, 100 �m; high-power images, 50 �m. B, Neuron positions. Dab1 expression in
dab1 �/� embryos induces migration to the top of the cortical plate. Mean � SEM.
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Noctor, 2004; Olson et al., 2006; Guerrier et al., 2009). Some cells
spent considerable time periods stationary. To quantify the
movements, we tracked multiple cells from five brains with con-
trol electroporation and three brains with shCul5. Each cell was
tracked from the first time it moved until the last time it moved.
During this time there were variable numbers of steps, some short
and some long. We defined the average speed of a neuron as the
arithmetic mean of its instantaneous step speeds (Fig. 5C), where
the step speed is the instantaneous speed of a single step between
two sequential frames (Fig. 5E). Neither the average speed nor the
step speed distributions were normally distributed. However, us-
ing nonparametric statistics, we found that the median average
speed of shCul5 neurons was �50% faster than for control neu-
rons (12.05 vs 7.79 �m/h; p � 0.0001, two-sample Kolmogorov–
Smirnov test) (Fig. 5D). In addition, the shCul5 neurons were
approximately one-half as likely to be stationary between sequential
frames (11% vs 22%), and, when moving, they moved at �18%
higher instantaneous speeds (median instantaneous speeds of mov-
ingneurons:10.5vs8.85�m/h;p�0.0001,two-sampleKolmogorov–
Smirnov test) (Fig. 5E). Thus, depleting Cul5 increases the overall
speed of neuron migration through the cortical plate, with cells
spending less time stationary and moving faster between stops.

Discussion
The importance of Reln and Dab1 in neo-
cortical lamination is well established, but
the role of Cul5 has been unclear. At the
molecular level, Cul5 targets active Dab1
for ubiquitination and degradation, and
at the cellular level, Cul5 and Dab1
shRNA constructs have opposite effects
on neuron positioning when tested by in
utero electroporation (Feng et al., 2007).
This suggests that Cul5 and Dab1 act in a
linear pathway, with Cul5 opposing a
function of Dab1 in neuron positioning.
However, Cul5 can ubiquitinate and stim-
ulate degradation of many proteins, so it
was possible that Cul5 and Dab1 regulate
neuron lamination independently (Feng
et al., 2007). Critically, attempts to dem-
onstrate epistasis using Cul5 and Dab1
shRNA were unsuccessful, perhaps be-
cause of a perdurance of Dab1 protein,
which is very stable until it is activated
(Arnaud et al., 2003). However, the cur-
rent results using genetic epistasis and a
stabilized mutant of Dab1 strongly sug-
gest that Cul5 regulates the laminar po-
sitions of neurons in the cortical plate
by stimulating Dab1 degradation. The
results are consistent with a model in
which a Cul5-mediated negative feed-
back loop sets the termination point for
neuron insertion into the cortical plate. In
addition, cells lacking Cul5, which have
chronic Dab1 signaling, show an increase in
migration speed as well as persistence at the
top of the cortical plate. Importantly, the re-
sults imply that Reln and Dab1 act to stim-
ulate neuron migration at early and late
times in cortical development and that they
affect cells traveling through the developing
cortical plate.

The phenotype of stabilized mutant Dab1p45 8R suggests that
an increased level or duration of Dab1 activity is sufficient to
cause an upward shift in neuron position. However, Dab1p45 8R

caused overmigration only if new synthesis of endogenous Dab1
was inhibited with an shRNA that targets endogenous Dab1. This
may be attributable to confounding dominant-negative effects of
overexpressed adaptor proteins (Bray and Lay, 1997). It is also
possible that Cul5 may have other targets, in addition to Dab1,
that also regulate neuron lamination. In other words, stabilizing
Dab1 may not be sufficient to cause overmigration if other pro-
teins are still turned over by Cul5. On the other hand, Dab1 seems
to be needed for Cul5 to alter neuron positioning, because re-
moving Cul5 from dab1�/� neurons had no effect on their posi-
tions. Thus, Dab1 is necessary, but perhaps not sufficient, for
Cul5 to prevent overmigration of cortical neurons, supporting a
model in which Cul5 inhibits Dab1 and perhaps other proteins to
regulate neuron positions (Fig. 1A, central model).

Both Cul5 and Dab1 appear to act cell autonomously. This
finding is in agreement with mosaic experiments reported by
Hammond et al. (2001), and with previous in utero electropora-
tion and retroviral infection experiments of Sanada et al. (2004).

Figure 4. Cul5 regulates positioning of early neurons. A–C, Two micrograms of pCAG-ChFP�MFE or pCAG-ChFP-shCul5 DNA
were microinjected in wild-type embryos at E12.5 and the position of ChFP-positive neurons inside the cortical plate analyzed at
E14.5 (A), E16.5 (B), or E19.5 (C). Nuclei were stained with DAPI (blue). MZ indicates marginal zone; CP, cortical plate; IZ, interme-
diate zone. All images at same scale, bar for A–C, 100 �m. B�, C�, Neuron positions at E16.5 (B�) or E19.5 (C�). Mean � SEM. Bin
sizes are �50 �m. Note that control neurons remain 50 –100 �m from the bottom of the CP between E16.5 and E19.5, whereas
shCul5 neurons keep pace with the top of the CP as the CP expands.
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The latter publication showed that expression of nonfunctional
mutant Dab1 in wild-type embryos inhibited migration in the
lower part of the cortex, and conversely that expression of
wild-type Dab1 rescued neuron positioning in dab1 �/� mu-
tant cortex. Our results and a recent article also show that
wild-type Dab1 can rescue neuron migration in dab1�/� mutant
brain (Morimura and Ogawa, 2009). Moreover, we find that
Reln�/� mutant neurons migrate partway into the cortical plate
in Reln mutant brain, presumably driven by Reln-independent
Dab1 basal activity. Together these studies show that the traffic

jam of neurons on radial glia in Reln mutant cortex does not
completely block migration (Pinto-Lord et al., 1982). One possi-
bility is that neurons switch to a glia-independent mode of mi-
gration such as somal translocation. Indeed, our evidence
indicates that Cul5 regulates somal translocation, because it af-
fects the positions of early-born (E12.5) neurons, which report-
edly migrate by somal translocation (Nadarajah et al., 2001, 2003;
Hatanaka et al., 2004). Our studies further support a role for
Cul5, and by inference Dab1, in neurons rather than radial glia.
We used electroporation to introduce non-integrating plasmids

Figure 5. Cul5 regulates neuron migration speed. Two micrograms of pCAG-GFP�MFE or pCAG-GFP-shCul5 DNA were microinjected in wild-type embryos at E14.5. At E16.5, live slices were
prepared and fluorescent neurons were followed by confocal videomicroscopy as described in Materials and Methods. A, Portions of still images from supplemental Movies, available at www.
jneurosci.org as supplemental material. ‘X’ indicates neuron whose position was tracked over several images. Scale bar, 20 �m. B, Tracking of four individual control (left) and shCul5 (right) neurons
over time. Different neuron tracks are colored red, green, blue, indigo. Both control and shCul5 neurons exhibit saltatory movement upward through the CP. C, Average migration speeds determined
for each of 96 control or 75 shCul5 neurons by averaging the speeds of individual 30 min steps taken between consecutive frames. Data taken from five control movies and three shCul5 movies. D, Box-and-
whisker plot of data: horizontal line, median; box, 25th to 75th percentile; vertical line, 5th to 95th percentile; circles, outliers. p�0.0001, two-sample Kolmogorov–Smirnov test. E, Individual step speeds.
The shCul5 neurons were approximately one-half as likely to be stationary between sequential frames (*11% vs 22%). When moving, shCul5 moved at �18% higher instantaneous speeds (median
instantaneous speeds of moving neurons: 10.5 vs 8.85 �m/h; p � 0.0001, two-sample Kolmogorov–Smirnov test).
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into radial glia progenitor cells at E14.5. By E16.5, there was much
less GFP protein remaining in the radial glia progenitor cell soma
(located in the ventricular zone) than in neurons. This suggests
that radial glia will be less affected by shCul5 or Dab1-EGFP
constructs than neurons at this time. Hence the observed effects
on neuron migration and positioning are likely autonomous to
the neurons and not to their sibling radial glia.

The results suggest two roles for Cul5 in neuron migration.
One role is to allow a cell to be displaced downward as the cortex
grows. When Cul5 is absent, neurons are not displaced down-
ward but stay at the top of the cortical plate for long periods of
time. For example, E12.5 neurons lacking Cul5 remain at the top
of the cortical plate from �E14.5 to at least E19.5. The effect is cell
autonomous, although we cannot rule out additional non-
autonomous effects. Cul5-deficient cells may continue to migrate
slowly, keeping pace with the top of the cortex as it grows by
insertion of new neurons. Alternatively, they may be “stuck” at
the top of the cortex (e.g., by excessive adhesion to molecules in
the marginal zone). Each of these models implies that Cul5 may
be part of a timer that inactivates Reln-Dab1 signaling to allow
the cells to be overtaken by later-born neurons.

A second role for Cul5 is to slow down migration through the
cortex. Cul5-depleted neurons move faster: they spend less time
stationary and make quicker movements than control neurons.
Thus they arrive sooner at the top of the cortical plate. To our
knowledge, accelerated movement through the cortical plate has
only been reported once before. Removal of srGAP2, which in-
hibits the GTPase Rac1, increases migration speed (Guerrier et
al., 2009). In this regard, it is interesting that Reln activates an-
other GTPase, Rap1 (Ballif et al., 2004). Active Rap1 is known to
bind to certain Rac1 regulators and thereby activate Rac1 in some
cell types (Arthur et al., 2004). If Rap1 also activates Rac1 in
migrating neurons, this mechanism would provide a plausible
explanation for the increased speed of movement of Cul5-
deficient neurons.

Even though the main source of Reln in the developing cortex
is from Cajal-Retzius cells located in the MZ (D’Arcangelo et al.,
1995; Hirotsune et al., 1995), our results add to a growing body of
evidence that Reln affects neurons within the cortical plate. First,
Dab1 protein but not RNA levels are increased throughout the
Reln mutant cortical plate (Rice et al., 1998). Second, the Reln
mutant phenotype is partially rescued if Reln protein is expressed
from radial glia in vivo (Magdaleno et al., 2002) or if soluble Reln
protein is added uniformly across a Reln mutant cortical slice
(Jossin et al., 2003). Third, functional fragments of Reln protein
can be detected diffusing through the cortex (Jossin et al., 2004,
2007). Fourth, Uchida et al. detected Reln-dependent downregu-
lation of functional Reln receptors in the intermediate zone, im-
plying that neurons first encounter endogenous Reln before they
enter the cortical plate (Uchida et al., 2009). To this evidence we
can now add two new findings. First, re-expressing Dab1 rescues
migration of dab1�/� cells that would otherwise stop migration
at the bottom of the cortical plate. Second, removing Cul5 speeds
neuron movement through the cortex. Both observations imply
that Reln activates Dab1 at the bottom of the cortical plate and
stimulates migration, and is opposed by Cul5-dependent down-
regulation of Dab1. In this scenario, the cells are migrating
through a Reln-containing milieu, toward the Reln source in the
marginal zone, in which cells stop, regulated by Cul5-dependent
Dab1 degradation.

In conclusion, our results suggest that Reln and Dab1 are
promigratory and Cul5 acts as a throttle and timer to limit the
speed and duration of movement and ensure that cortical neu-

rons differentiate in the correct layer. Similar mechanisms may
mediate Reln-regulated cell positioning elsewhere in the develop-
ing CNS. Activity-dependent negative feedback through protein
degradation is one solution to the general problem of how to
terminate a migration event during development.
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