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During the morphogenesis of neocortex, newborn neurons undergo
radial migration from the ventricular zone toward the surface of the
cortical plate to form an ‘‘inside-out’’ lamina structure. The
spatiotemporal signals that control this stereotyped radial migration
remain elusive. Here, we report that a recently identified Robo
family member Robo4 (Magic Roundabout), which was considered
to be solely expressed in endothelial cells, is expressed in
developing brain and regulates the radial migration of newborn
neurons in neocortex. Downregulation of Robo4 expression in
cortical newborn neurons by using in utero electroporation, with
either specific siRNAs in wild-type rodents or with Cre recombinase
in floxed-robo4 mutant mice, led to severe defects in the radial
migration of newborn neurons with misorientation of these neurons.
Moreover, newborn neurons transfected with Robo4 siRNAs
exhibited significantly lower motility in a transwell migration assay
(Boyden chamber) in the absence of Slit and significantly higher
sensitivity to the repulsive effect of Slit in both transwell migration
assay and growth cone collapse assay. Overall, our results showed
an important role of Robo4 in the regulation of cortical radial
migration through Slit-dependent and -independent mechanisms.
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Introduction

The elaborately regulated migration of newborn neurons is

a critical process for the development of brain architecture.

Disorders in neuronal migration cause several distinct human

syndromes, in which patients often suffer from epilepsy and

mental retardation (Bielas et al. 2004; Gressens 2005; Guerrini

and Filippi 2005; McManus and Golden 2005). During the

development of neocortex, waves of postmitotic neurons exit

the ventricular zone (VZ), establish a polarized morphology in

the upper subventribular zone (SVZ) and intermediate zone

(IZ), and then move in a radial orientation toward the pial

surface (Rakic 1990; Hatten 1999; LoTurco and Bai 2006).

These newborn neurons take their final positions in the cortical

plate (CP) in an ‘‘inside-out’’ sequence, with early-born neurons

eventually populating the deeper layers and late-born neurons

occupying upper layers (Angevine and Sidman 1961; Berry and

Rogers 1965). After neurons have arrived at the appropriate layer,

their axons and dendrites extend, branch, and target the correct

places to establish functional connections (Rakic and Lombroso

1998; Yu and Bargmann 2001; Colon-Ramos 2009; Feldman 2009).

The spatiotemporal signals that control the stereotyped

radial migration remain elusive (Ayala et al. 2007; Marin et al.

2010). It has been reported that neuronal migration and axon

pathfinding are guided by extracellular cues including Netrins,

Semaphorins, Ephrins, and Slits (Song and Poo 2001; Guan and

Rao 2003; O’Donnell et al. 2009). The Slit and Robo family of

guidance factors and receptors are repulsive for axon

pathfinding and cell migration (Bashaw and Goodman 1999;

Brose et al. 1999; Kidd et al. 1999; Li et al. 1999; Nguyen Ba-

Charvet et al. 1999; Dickson and Gilestro 2006; Andrews et al.

2007; Guan et al. 2007; Ypsilanti et al. 2010). In vertebrates, 3

slit (slit1-3) genes and 3 robo (robo1-3) genes are expressed in

the nervous system, and their timely expression is required for

pathfinding and branching of axons and the proper migration

of neurons and glial cells (Dickson and Gilestro 2006; Andrews

et al. 2007; Ypsilanti et al. 2010). Previous studies showed that

the repulsive factor Slit1 has abundant expression in CP during

cortical development; meanwhile Robo1 and Robo2, receptors

that mediate the Slit repulsion, are expressed in cortical

neurons (Marillat et al. 2002; Whitford et al. 2002; Andrews

et al. 2007). An intriguing question is how these Robo-

expressing newborn neurons can invade the Slit1-expressing

CP region.

Robo4 is a recently identified Robo family member, which is

considered to be an endothelial-specific gene (Huminiecki and

Bicknell 2000; Huminiecki et al. 2002). The protein of Robo4 is

shorter than other Robos at both intracellular and extracellular

domains, with only 2 of the 4 conserved immunoglobin (Ig) and

fibronectin (FN) motifs in the extracellular region and 2 of the

4 conserved cytoplasmic motifs (CC0 and CC2) in the

intracellular region (Huminiecki et al. 2002). Whether Robo4

could serve as a Slit receptor remains controversial (Verissimo

et al. 2009). It has been reported that Robo4 plays important

roles in several aspects of vascular development, including the

guidance of endothelial cell (EC) migration, regulation of the

cell cycle, and inhibition of pathologic angiogenesis and

endothelial hyperpermeability (Bedell et al. 2005; Suchting

et al. 2005; Kaur et al. 2006; Jones et al. 2008; Kaur et al. 2008;

Jones et al. 2009; Sheldon et al. 2009; Chen et al. 2010; London

et al. 2010; Marlow et al. 2010; Koch et al. 2011). Although

Robo4 was considered to be solely expressed in ECs, there is

evidence showing that Robo4 exists in different regions of

developing central nervous system (CNS) in zebrafish (Bedell

et al. 2005). Interestingly, a recent clinical study showed that

a single nucleotide polymorphorism (SNP) of Robo4

(rs6590109, P = 0.009) is associated with autism in a Caucasian

population (Anitha et al. 2008), supporting the notion that

Robo4 may play a role in the development and function of

human brain. Therefore, the expression of Robo4 and its

potential function in developing CNS remain to be clarified.

In the present study, we investigated whether Robo4 could

regulate the radial migration of cortical neurons by regulating

the guidance signal of Slit. We found that both the mRNA and

the protein of Robo4 are expressed in developing brain.

Knocking down (KD) of Robo4 expression in newborn cortical

neurons by using in utero electroporation (IUE) with specific

siRNAs in both rats and mice or conditional knockout of Robo4
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by IUE with Cre recombinase in floxed-robo4 mutant mice

resulted in severe disturbances in the radial migration of

newborn neurons, with high chance of misorientation of

transfected neurons. In dissociated culture, newborn neurons

with reduced Robo4 expression showed significantly reduced

motility in transwell migration and enhanced sensitivity to Slit.

Together, our findings suggest that the novel Robo family

member Robo4 may regulate cortical radial migration, partly

through its suppression of Slit repulsion.

Materials and Methods

Animals
All timely pregnant Sprague-Dawley rats and wide type c57 mice used

in the present study were provided by SLAC Laboratory Animal Co. Ltd

(Shanghai, China). All experimental procedures involving rats and mice

were carried out under the guideline and permission of the Animal

Care and Administration Committee of the Institute of Neuroscience,

Shanghai Institute for Biological Sciences, Chinese Academy of Sciences

(NA-100410-5).

Cell Culture
Primary culture of cortical neurons was performed in accordance with

previous methods (Zhao et al. 2009). Briefly, cortical tissues from

embryonic day 16 (E16) rats were dissected and digested by 0.125%

trypsin in phosphate buffered saline (PBS), and dissociated neurons

were plated into 35 mm dishes coated with 100 mg mL
–1 poly-D-lysine.

cos-7 cells were plated into 35 mm dishes without coating. In the

transfection experiments, neurons or cos-7 cells were transfected with

5 lg of different plasmids by using the Amaxa Nucleofector kit

following the protocol provided by the manufacturer. In the Slit-

binding experiments, cos-7 cells were transfected with different

plasmids. Forty-eight hours after transfection, cells were incubated

with 1--153 hSlit2 or control condition medium for 40 min.

Reverse Transcription--Polymerase Chain Reaction and Plasmid
Construction
For reverse transcription--polymerase chain reaction (RT-PCR), total

RNAs were extracted from rat cortical tissues or cultured cells with

Trizol reagent (Invitrogen, Carlsbad, CA) and were converted into

complementary deoxyribonucleic acid (cDNA) with a Revert Aid First

Strand cDNA Synthesis kit (MBI Fermentas). The forward (FW) and

reverse (RW) primers are shown in Table 1. Polymerase chain reaction

was carried out using the E18 cortical cDNA with the following

protocols: 94 �C, 5 min, 1 cycle; 94 �C, 45 s, 57 �C, 30 s, 72 �C, 90 s, 35

cycles, with a 10 min 72 �C final extension. For robo1, there generated

a 195 bp DNA band and 130 bp for robo2, 228 bp for robo3, and 219 bp

for robo4.

For rat robo4 cloning, primers were designed according to the

sequence of GenBank NM_181375.1. Polymerase chain reaction was

carried out using the E18 cortical cDNA with the following protocols:

94 �C, 5 min, 1 cycle; 94 �C, 45 s, 60 �C, 30 s, 72 �C, 90 s, 35 cycles, with

a 10 min 72 �C final extension. The PCR products were ligated into

pGEM-T vector using T4 ligase (New England Biolab) and sequenced.

The result of sequencing is identical to the putative sequence of robo4

(rat) in GenBank. Robo4-HA was obtained by PCR amplification from

pGEM-Robo4 (rat) using primers Robo4FW(KP) and Robo4RW(MF),

and the PCR product was inserted into the KpnI/MfeI site of a modified

version of p-cDNA 3.1 vector containing a C-terminal fusion of 6

histone (gift from Dr Zuo-ren Wang). Robo4-EGFP was obtained by PCR

amplification from pGEM-Robo4 (rat) using primer Robo4FW(MF) and

Robo4RW(KP) and ligation of the PCR product into the MfeI/KpnI site

of pEGFP-N3. All the primers used are shown in Table 1. Full-length

human robo4 was amplified by PCR using primers Robo4hFW and

Robo4hRW from pCMV-Robo4-myc (gift from Dr Jian-guo Geng) and

subcloned into the ClaI/XhoI site of pCAG-IRES-EGFP.

Generation of Robo4floxed/floxed Mutant Mice
The targeting strategy for the Robo4 locus is shown in Figure 3C. To

generate targeting vector, we introduced loxp site at both sides of the

exon 3 to enable Cre-dependent excision of this exon and generation

of a new stop codon. For positive selection of transfected embryonic

stem (ES) cells, neo expression cassette was placed into intron 2.

Additionally, FRT sites were placed at both downstream of exon 2 and

upstream of the 5’ loxp sites. These FRT sites enabled the excision of

the neo expression cassette completely by Flp recombinase. After

electroporation of the targeting vector into ES cells, G418-resistant

clones were collected and correctly targeted clones were identified by

Southern blotting and PCR. Chimeric mice were crossed with the

C57BL/6 mice to generate F1 mice. Mice carrying the targeted allele

were identified by PCR-based genotyping. To remove the FRT-flanked

neo sequence, Robo4neo/neo mice were crossed with mice expressing

Flp recombinase ubiquitously to generate Robo4floxed/floxed (termed

‘‘floxed-robo4’’) mice.

Tail DNA was analyzed by PCR using several sets of primers. The loxp

sites were analyzed with primers Robo4F3 and Robo4R2 amplifying of

a 314 bp band and a 212 bp band for wild-type (WT) allele. Sequences

of all used primers are shown in Table 1.

In Situ Hybridization
In situ hybridization (ISH) was performed as described previously (Chen,

Sima, et al. 2008; Zhao et al. 2009). Briefly, rat cDNA encoding robo4was

amplified by RT-PCR using cDNA primers Robo4ISHFW and

Robo4ISHRW, then subcloned into a pGEM-T vector (Promega). Slit1

probes are gifts from Dr A. Chedotal (Marillat et al. 2002, 2004). RNA

probes were generated by transcription in the presence of the Digoxin-

labeled NTP mix (Roche). Brain cryostat sections of 10 lm were

hybridized with 1 lg ml
–1 Digoxin-labeled sense or antisense probes for

16--24 h at 65 �C in hybridization solution (50% formamide, 53 saline-

sodium citrate [SSC], 300 lg ml
–1 yeast tRNA, 100 ng ml

–1 heparin, 1 mM

ethylenediaminetetraacetic acid (EDTA), 13 Denhardt’s solution, 0.1%

Tween 20, 0.1% 3-[(3-Cholamidopropyl)dimethylammonio]-1-propane-

sulfonate, 5 mM EDTA), followed by 2 washes with 23 SSC for 30 min at

65 �C. Then, RNase A (0.5 lg ml
–1 in 23 SSC) treatment was performed at

37 �C for 30 min. Subsequently, sections were washed twice with 0.23

SSC for 30 min at 65 �C to remove any excess probe and incubated with

alkaline phosphatase-labeled anti-Digoxin antibody (1:3000, Roche) at 4

�C overnight. The hybridization signal was visualized with a detection

solution (1 lL of Nitrotetrazolium Blue chloride and 3.5 lL of 5-Bromo-4-

chloro-3-indolyl phosphate disodium salt in every milliliter of mixture of

alkaline phosphatase buffer) in dark at room temperature for 2--12 h.

Immunoblotting and Immunostaining
Western blotting was performed as described previously (Zhao et al.

2009). Briefly, cells were lysed in 0.2 mL of lysis buffer (0.1% sodium

Table 1
Sequences of PCR primers for RT-PCR experiments

Items Sequence

Robo1RTFW CACCGAATGCTGCTGCCAAGT
Robo1RTRW CGCCACCATAACATCTGAAGG
Robo2RTFW GAGGAGATGGAGGACTAATG
Robo2RTRW GGCCACTATTGCTGTTGTTG
Robo3RTFW GTGTGGCTCGCAACTACCTG
Robo3RTRW CCTCCACGTATGGTGATCCT
Robo4RTFW AGCTGAGAGCAGCCGTTGACT
Robo4RTRW CATTCAGCAGCCAGCGGATAG
Robo4FW ATGGGACAAGGAGAGGAGCTGAG
Robo4RW CTATGTCCATTCTAAGGGAGGCG
Robo4hFW ATCGATATGGGCTCTGGAGGAGACAG
Robo4hRW GTCGACTCAGGAGTAATCTACAGGAG
Robo4F3 GCTTGTGTCCAGGGAAATACG
Robo4R2 TTGGGAAGTCAGCAAATCAGC
RBGlpAdirect1 GTATTTGGTTTAGAGTTTGGC
EmxPCrDirect3 GTGCCATCATGAAGGATGC
Emx3#UTR GGGGGACATGAGAGGATGTCAC
Robo4ISHFW CCAGCTGCTAGGCGCCTTCC
Robo4ISHRW CTGGACAGGTTGCTGGATCCTG
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dodecyl sulfate, 1% Nonidet P-40, 50 mM N-2-hydroxyethylpiperazine-

N#-2-ethanesulfonic acid (pH 7.4), 2 mM EDTA, 100 mM NaCl, 5 mM

sodium orthovanadate, and 40 M p-nitrophenyl phosphate) with 1%

Protease Inhibitor Mixture Set I (Calbiochem). To obtain the

homogenate of cortical tissue, cortices were first dissected from rats

and lysed in 0.1 mL of lysis buffer in tissue homogenizer. Lysates were

centrifuged at 12 000 g for 25 min. The supernatant was denatured

immediately. Anti-Myc (monoclonal, Cell Signaling Technology,

1:1000), anti-GFP (polyclonal, Molecular Probes, 1:1000), and anti-

b-actin (monoclonal, Chemicon, 1:3000) antibodies were used.

Brains were removed and fixed in 4% paraformaldehyde after

transcardial perfusion. For fluorescence immunostaining, brains were

cryopreserved in O.C.T. compound (Sakura). Coronal cryostat sections

of 35 lm were cut on a freezing microtome and immediately processed

for immunostaining using a 3-step protocol: blocking of nonspecific

antigenic sites in 5% bovine serum albumin plus 0.2% Triton X-100,

overnight incubation with primary antibodies, and overnight incubation

with secondary antibodies. The primary antibodies used were anti-

Robo4 (polyclonal, Abcam, 1:200), anti-Tuj1 (monoclonal, Chemicon,

1:1000), anti-Nestin (monoclonal, Chemicon, 1:200), anti-GFAP (poly-

clonal, DAKO, 1:500), anti-GAD65/67 (polyclonal, Sigma, 1:500), anti-

GFP (polyclonal, Molecular Probes, 1:1000; monoclonal, Molecular

Probes, 1:200), anti-CD31 (polyclonal, Santa Cruz, 1:200), anti-cleaved

caspase-3 (polyclonal, Cell Signaling Technology, 1:200), anti-Ki67

(polyclonal, Novocastra, 1:1000), anti-phospho-Histone H3 (Ser10)

(polyclonal, Upstate, 1:200), anti-Pax6 (polyclonal, covance, 1:250),

anti-Tbr2 (polyclonal, Abcam, 1:200), and anti-BrdU (monoclonal,

Sigma, 1:200). Fluorescently conjugated monoclonal or polyclonal IgG

Alexa 488 or Alexa 633 (Molecular Probes, 1:1000) was used as

secondary antibodies. Sections were counterstained by 4#,6-diaminodino-

2-phenylindole (DAPI; 1:2000) to visualize the nuclei. Images were

acquired on a Zeiss LSM 510 multiphoton confocal system using

a multitrack configuration, or an Olympus FV1000 confocal microscope,

and processed using Image-Pro Plus 6.0/Adobe Photoshop CS. The

intensity of fluorescence was measured using the software Image-Pro

Plus 6.0. Statistical significance (P < 0.01) was assessed using the paired

Student’s t-test.

Preparation of Vector-Based siRNAs
The siRNA sequences were designed using an online design tool

(http://www.dharmacon.com) and cloned into a pSuper vector under

the control of H1 promoter. The siRNA sequences are given as follow:

Robo4-RNAi1: 5#-ATATGTGTATGGCCACCAA-3#;
Robo4-RNAi2: 5#-GCATTGCTGTGTGTATCTA-3#;
Robo4-RNAiM: 5#-ATATGTGAACGCCCACCAA-3#.

In Utero Electroporation
Plasmids were transfected by using IUE as described previously (Inoue

and Krumlauf 2001; Saito and Nakatsuji 2001; Chen, Sima, et al. 2008).

Plasmids (3 mg ml
–1) were mixed with Fast Green (2 mg ml

–1, Sigma)

and injected into the lateral ventricle of rat/mice embryos after

exposing the uterus. A pair of 10 mm forceps electrode was then

placed outside the uterus at the head position. Next, electric pulses

were generated by a pulse generator (BTX T830) and applied to the

brain: 5 repeats of 60 V for 50 ms with a pulse interval of 100 ms for E16

rats and 5 repeats of 30 V for 50 ms, with an interval of 1 s for E14.5

mice.

Fluorescence-Aided Cell Sorting Purification of Newborn Neurons
Different times after IUE with enhanced yellow fluorescent protein

(EYFP), thick coronal sections of cortex were cut with an operating

blade by hand, and the CP region or the VZ/SVZ/IZ region of the cortical

tissue was dissected with a sharp tungsten needle and collected. Tissues

were digested gently with 0.125% trypsin for 10 min at 37 �C, rinsed with

PBS, and put on ice. EYFP-labeled cells in the cell suspension were

collected by Moflo XDP FASC system (Beckman Coulter). Collected cells

were lysed immediately for mRNA extraction.

Time-Lapse Imaging and Collapse Assay
Cortical tissues were transfected with different plasmids by IUE at E16,

neurons were dissociated at E18 and seeded on cover glass and

cultured for 12 h in Dulbecco’s modified Eagle medium plus 10% fetal

bovine serum and 2% B27 (Gibico). The culture was transferred to an

incubation chamber (37 �C) on the confocal microscope (Olympus,

FV1000) with a 403/0.80 W objective. Time-lapse images were

acquired every 5 min. For Slit application, 403 hSlit2CM or 293CM as

control was added into the chamber to a final concentration of 1--153.

For the detection and quantification of growth cone (GC) collapsing

activities, the protocol followed this reference (Kapfhammer et al.

2007).

Cell Migration Assay
The transwell migration assay was performed as described previously

(Zhao et al. 2009). Brains were transfected with different plasmids by

IUE at E16, transfected cells were dissociated at E18 and assayed using

a Boyden transwell system (5 lm pore size, Corning Costar Co., USA).

Before seeding, both sides of the transwell were coated overnight with

poly-D-lysine (30 lg ml
–1, Sigma). Seven hundred and fifty microliters of

serum-free medium (Neurobasal medium, 2% B27, Gibico) containing

dissociated cells (5 3105 cells per well) was added into the upper insert

of each chamber. In the bottom chamber, 250 ll of serum-free medium

(Neurobasal medium, 2% B27, Gibico) with or without Slit2 (R&D, 6 lg
ml

–1) was added. The medium was changed 1 day after seeding to

maintain the Slit gradient. Two days after seeding, cells were fixed with

4% paraformaldehyde, and cells attached to the upper side of the

membrane filter were thoroughly scraped off. Cells attached to the

bottom side of the membrane filter were immunostained with the anti-

GFP and anti-Tuj1 antibodies by the method described above. Images

were taken by using the confocal microscope (Olympus, FV1000).

Morphometry Analysis
For morphometric analysis, at least 4 embryos were analyzed for each

condition in parallel experiments, and at least 20 cells were counted

from each slice analyzed. The z-series stacks of confocal images were

taken from parallel regions of transfected brains by using the confocal

microscopes (Zeiss, LSM 510; Olympus, FV1000). The z-series stacks of

confocal images were semiautomatically traced using the software

Neurolucida and Neuroexplorer. The total length and branch number

of each individual process in transfected neurons were analyzed using

the program Neuroexplorer. In E18 and P0 transfected cortices

(Fig. 2D), neurons at IZ with >2 primary processes were counted as

multipolar, and the angle between leading process and the neighboring

radial glial fiber was measured by using the software Neurolucida and

Neuroexplorer (Fig. 4). Statistical significance (P < 0.01) was assessed

using the Kolmogorov--Smirnov test or Student’s t-test.

For comparison of neuron distribution, the number of GFP
+
neurons

in each subregion (layers II and III, layers IV--VI, IZ-VZ) was counted to

calculate the percentages of neurons in each region. Results are shown

as mean ± standard error of the mean. Statistical analysis was performed

using 1-/2-way analysis of variance (ANOVA) followed by a Bonferroni

post hoc test.

For the quantification of the bromodeoxyuridine (BrdU) incorpora-

tion rate, E16 embryos were electroporated with various constructs.

BrdU was injected at 100 mg kg
–1 body weight intraperitoneally into

pregnant rats 24 h after electroporation. Brains were taken out after

another 24 h, and cryostat sections were immunostained with anti-

BrdU and anti-Ki67 antibodies. Comparable areas in the neocortex of

individual brains were chosen for analysis.

Results

Expression of Robo4 in Developing CNS

To examine whether Robo4 is expressed in rat CNS, RT-PCR,

western blotting, and ISH were carried out at different

developmental stages. RT-PCR with specific primers showed

that from E16 to postnatal day 7 (P7), robo4 mRNAs were
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expressed in the neocortex, hippocampus, and cerebellum

(Fig. 1A). Robo4 mRNAs were also detected in the primary

culture of E16 cortical neurons (Supplementary Fig. S2A). The

expression of Robo4 proteins was detected by western blotting

in both neocortex and cerebellum (Fig. 1B).

Next, we analyzed the expression pattern of robo4 in

developing brain by using ISH and compared it with that of

slit1. In sagittal sections of P0 rat brain, we observed that robo4

was widely expressed, with relatively high signal in the

olfactory bulb, cerebral cortex, subcortical nuclei, hippocam-

pus, and cerebellum (Fig. 1D). In coronal sections of the

cerebral cortex, we observed that at E18 robo4 exhibited wide

expression from VZ/SVZ to CP, and slit1 was expressed in CP.

At P0, both slit1 and robo4 were expressed in CP, with

Figure 1. Robo4 is expressed in developing CNS. (A) Analysis of robo4 mRNA expression in rat CNS by RT-PCR. The mRNA from heart tissue was used as a positive control. Rat
b-actin mRNA was also assayed as a loading control for RT-PCR. ‘‘�RT’’ refers to the PCR reaction performed in the absence of reverse transcriptase. Abbreviation: Ctx, cortex;
Cb, cerebellum; Hip, hippocampus. (B) Western blotting analysis of Robo4 protein in the cortex and cerebellum. (C) Expression of robo mRNAs in newborn migrating neurons
revealed by semiquantitative RT-PCR at different stages. Embryos were transfected by using IUE at E16. At E18 and P0, EYFP-labeled newborn neurons were dissociated and
harvested by FACS. (D) ISH using robo4 and slit1 riboprobes. In coronal sections of neocortex, robo4 expression is located in VZ/SVZ and CP from E18 to P0. At P0, robo4 is
expressed in the cortex, subcortical nuclei, hippocampus, midbrain, and cerebellum. Note the partial overlap of slit1 and robo4 signal in the somatosensory cortex during
development. Scale bar, 500 lm. Abbreviation: OB, olfactory bulb; CC, corpus callosum; SN, striatal neuroepithelium; TH, thalamus; SC, superior colliculus; IC, inferior colliculus;
St, striatum; Pir, piriform cortex.
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intensive expression of robo4 at the outmost layer of CP and

SVZ (Fig. 1D). Semiquantitative RT-PCR was further carried out

to examine whether robo4 and other robo family members are

expressed in newborn neurons that are undergoing radial

migration in neocortex (Fig. 1C and Supplementary Fig. S1).

After IUE of rat cortex with EYFP at E16 (Inoue and Krumlauf

2001; Saito and Nakatsuji 2001), EYFP-positive newborn

neurons were harvested by fluorescence-aided cell sorting

(FACS) at E18 and P0, respectively. As shown in Figure 1C,

robo1, 2, and 4 were detected in sorted newborn neurons at

E18 and P0, whereas another robo family member robo3 was

not detected. These above results showed that robo4 is indeed

expressed in developing brain, with expression in a purified

population of newborn neurons in cortex.

Disruption of Radial Migration by Knockdown of Robo4

To test whether Robo4 regulates the radial migration of

newborn neurons in developing neocortex, we applied IUE

to deliver specific siRNAs into cortical progenitor cells and

silence the expression of Robo4. Two effective siRNA

sequences (Robo4-i1 and -i2) were chosen and cloned into

the pSuper vector (Brummelkamp et al. 2002). Point mutations

in the most effective siRNA sequence (Robo4-i1) were

introduced to decrease its knockdown (KD) efficiency

(Reynolds et al. 2004), and the resulting siRNA sequence,

Robo4-i1M, was used as a negative control (Supplementary Fig.

S2). The KD efficiency of above siRNAs were verified by both

semiquantitative RT-PCR in primary culture of cortical neurons

and western blotting in culture of HEK293 cells transfected

with rat Robo4, respectively (Supplementary Fig. S2). The

siRNA constructs were electroporated into cortical progenitors

of rat at E16 by using IUE, with cotransfection of a plasmid

coding for EYFP to label newborn neurons derived from these

progenitors. In cortex transfected with a scramble siRNA

(control), EYFP-positive cells were found within the VZ and

SVZ 48 h after electroporation. In the subsequent week, most

labeled cells migrated out of SVZ, crossed IZ, and reached

layers II and III of the CP (Fig. 2A). Meanwhile, projecting axons

of these labeled layer II and III neurons crossed the midline and

invaded contralateral side of the cortex at around P3 (data not

shown). Both the developmental sequence and the final

morphology of electroporated cells are consistent with pre-

vious reports (Rakic 1972; Rakic 1990; Gupta et al. 2002; Marin

and Rubenstein 2003; Chen, Sima, et al. 2008), indicating that

our gene transfer system is reliable to monitor the normal

development process of this group of cortical neurons. We

found that most transfected cells in control group (81.80 ±
2.87%) had reached the proper layers (layers II and III) at P5. In

contrast, neurons transfected with Robo4-i1 displayed severe

retardation in radial migration (Fig. 2B--C), with about 78% of

total cells unable to reach layers II and III. Most ectopic cells

(71.84 ± 3.52%) failed to enter the CP and stayed below the

white matter (WM). Another effective siRNA of Robo4 (Robo4-

i2) also markedly suppressed the radial migration of transfected

neurons, whereas the mutated siRNA (Robo4-i1M) had no such

effect (Fig. 2B--C). Overexpression of the RNAi-resistant human

Robo4 homologue (hRobo4) along with Robo4-i1 prevented

above migration defects, with most transfected neurons (79.74

± 4.42%) migrated to the appropriate layer (Fig. 2B--C),

indicating that the observed migration retardation was caused

by specific loss-of-function of Robo4. Moreover, at P20, ectopic

neurons could still be observed in deep layers (layers IV--VI and

WM) of Robo4-i1-treated brains (Supplementary Fig. S7),

suggesting that Robo4-KD led to a permanent defect of

neuronal migration. We noted that at E18, 48 h after IUE, we

did not observe significant difference in the distribution of

transfected cells in different layers of cortical tissue (CP/IZ/

SVZ/VZ) in control and Robo4-i1-treated brains (Supplemen-

tary Fig. 3E), suggesting that Robo4-KD may not cause the

arrest of the polarization process of newborn neurons in SVZ/

IZ and may not affect the early stage migration of these

newborn neurons from VZ/SVZ to IZ. Furthermore, in the SVZ/

IZ region of E18-P0 rat cortex, where newborn neurons

undergo transition from multipolar to monopolar/bipolar

morphology, we did not observe significant differences in the

percentages of multipolar and monopolar/bipolar neurons

between control and Robo4-i1-treated group, neither the

length of the leading process of monopolar/bipolar neurons

(Fig. 2D). Thus, Robo4 may not be required for the polarization

of newborn cortical neurons during early development.

The above results suggest that Robo4 contributes to the

proper radial migration of layer II and III cortical neurons.

Similar migration retardation was observed in mice after IUE

(from E14.5 to E18.5) with Robo4-i1 (same target sequence in

mouse), which caused more than half of transfect cells fail to

enter the CP (Robo4-i1: 55.69 ± 5.67% vs. control: 15.79 ±
3.54%, Fig. 3A). Further studies were carried out in robo4

conditional knockout mice. We generated a floxed-robo4

mutant line of mouse, in which the robo4 gene could be

deleted by Cre-mediated recombination (see Materials and

Methods). Mice with homozygote floxed-robo4 alleles

appeared healthy with no obvious differences in their growth

and fertility compared with their WT and heterozygous

littermates. Knockout of robo4 in the forebrain by crossing

the floxed-robo4 mutant with the Emx1Cre line (Emx1Cre,

Robo4floxed/floxed) did not result in gross abnormality in the

cortical lamination, as shown by the normal distribution pattern

of Cux1-possitive neurons in upper layers of cortex and Foxp2-

possitive neurons in deeper layers (Supplementary Fig. S8A--C).

However, acute deletion of robo4 in a small population of

newborn neurons by IUE with a plasmid encoding the Cre

recombinase into the cortex of floxed-robo4 mutant mice

(E14.5--E18.5) resulted in a severe retardation of the radial

migration of transfected neurons (Fig. 3C). In contrast, IUE of

Cre recombinase in WT littermates or IUE of control vector

(GFP) in homozygote floxed-robo4 littermates did not affect

the radial migration of transfected cortical neurons. Further-

more, IUE of Robo4-i1 caused migration retardation of trans-

fected neurons in WT littermates (Emx1Cre, Robo4
+/+

) but did

not affect the radial migration of transfected neurons in

homozygote knockout littermates (Emx1Cre, Robo4floxed/floxed,

Supplementary Fig. S8D,E), suggesting that the migration

retardation after IUE of Robo4-i1 was indeed caused by the

acute loss-of-function of Robo4, and Robo4 regulates the radial

migration of newborn neurons during cortical development.

Misorientation of Robo4-KD Neurons

Interestingly, neurons at the border between IZ and CP in P0

cortex exhibited a high chance of misorientation after Robo4-

KD. As shown in Figure 4, both the average angle between the

leading process and the neighboring radial glial fiber and the

percentage of abnormal orientated neurons (the absolute angle

> 15�) (Hashimoto-Torii et al. 2008) in Robo4-KD group were
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Figure 2. Retardation of cortical radial migration in rats by Robo4 downregulation. (A) Representative images of coronal sections of rat somatosensory cortex at different days
after IUE of scramble or Robo4 siRNA constructs (E16--P5). Sections were immunostained for GFP (green) and counterstained with DAPI (blue). Scale bar, 250 lm. (B)
Representative images of coronal sections of P5 rat somatosensory cortex transfected at E16 with different siRNA constructs using IUE including 2 effective siRNA sequences
against robo4 (Robo4-i1 and -i2), a 3-point mutation sequence of Robo4-i1 (Robo4-i1M), and Robo4 siRNA mixed with human Robo4 homologue (Robo4-i1 þ hRobo4, rescue).
(C) Histograms showing the percentages of transfected cells at different regions of P5 rat cortex (mean ± standard error of the mean, ***P \ 0.001). Numbers in brackets are
numbers of brains analyzed in each group. Scale bar, 200 lm. (D) Knockdown of Robo4 did not affect the polarization of transfected cells. Representative images of transfected
neurons in the SVZ and IZ of control or Robo4-i1-transfected cortical sections are shown in the left. Quantification of the proportion of monopolar/bipolar (red arrow) and
multipolar (white arrow) GFPþ neurons and average length of leading neurites are shown in the histograms. Cells exhibiting more than 2 primary processes were counted as
multipolar. For each condition, 4 sections (1 section per embryo) with at least 20 cells from each section were analyzed in parallel experiments (mean ± standard error of the
mean). Scale bar, 20 lm.
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significantly higher than those in control group. At P20, many

ectopic neurons in Robo4-i1-treated cortex exhibited simpli-

fied morphology and reversed orientation (Supplementary Fig.

S7). This abnormal orientation of migrating neurons in P0

brains and of ectopic neurons in P20 brains is consistent with

a gain of repulsion from the CP after Robo4-KD.

Cell-Autonomous Role of Robo4 in Newborn Neurons

The proper radial migration of newborn neurons is known to

depend on the radial scaffold. However, by immunostainning of

E18 rat brain slices with the anti-Nestin antibody, we found no

obvious morphological changes of the radial glial scaffold after

transfection with Robo4-i1 (data not shown).

After immunostaining with the antibody against the specific

vascular cell marker CD31, we found no GFP-positive vascular

cells in transfected brain slices. Thus, although Robo4 may be

expressed in vascular cells (Huminiecki et al. 2002; Jones et al.

2008), our IUE could only transfect neural progenitors lining

the ventricle wall but not vascular cells within the brain tissue.

Moreover, the distribution and density of vascular cells in

Figure 3. Retardation of cortical radial migration in mice by Robo4 downregulation. (A) Representative images of coronal sections of somatosensory cortices from E18.5 mice
transfected at E14.5 with EYFP and different siRNA constructs using IUE (scramble siRNA, Robo4-i1). (B) Quantification of neurons in different layers (upper CP, lower CP, and VZ/
SVZ/WM) of cortex at E18.5. Data are mean ± standard error of the mean (***P \ 0.001). Numbers in brackets are numbers of brains analyzed in each group. Scale bar, 200
lm. (C) Schematics of robo4 knockout in mice. The third exon of robo4 gene was flanked by the loxp recombination sequence (see Materials and Methods). Knockout of robo4 in
newborn neurons was carried out by IUE with Cre recombinase in floxed-robo4 mice at E14.5. (D) PCR analysis of genomic DNA from Robo4þ/þ, þ/floxed, and floxed/floxed animals.
The DNA band for WT allele is 212 and 314 bp for the floxed allele. (E) Representative images of coronal sections of E18.5 brains of floxed-robo4 mice IUE with control vector or
Cre recombinase. Scale bar, 200 lm. (F) Quantification of neurons in different layers of cortex at E18.5 (mean ± standard error of the mean, ***P \ 0.001).
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Figure 4. Misorientation of leading processes of migrating neurons by Robo4 downregulation. (A) Representative images of migrating neurons from P0 cortices electroporated at
E16 with control or Robo4-i1 siRNAs. The selected regions in the left panels are shown in high magnification at right (a,b; a#,b#) and the selected region in the right panel b# (c#)
was shown in high magnification below in (B). The dash lines indicate the pial surface of brain slices and boundaries of different layers, and white arrows show neurons with
reversed leading processes. Scale bar, 25 lm. (B) Schematic cartoon showing the measurement of the angle between the leading process and neighboring radial glial fiber. The
selected regions (c#) in (A,b’) are shown in high magnification as the paradigm. Arrow indicated the direction from cell body to the tips of leading process and minus angle
indicated the leading process of the neuron was beneath neighboring radial glial fiber. (C) Polar plot showing the distributions of angles between the leading processes of
transfected neurons and the neighboring radial glial fibers as indicated in (B). Cells located at the border between IZ and CP with bipolar migratory morphology were analyzed. The
angles within ±15� were defined as ‘‘oriented normally’’ (green) (Hashimoto-Torii et al. 2008). Results are from at least 4 cortical sections in each group. (D) The percentages of
normal orientated and abnormal orientated neurons in control and Robo4-i1-electroporated rat cortices (mean ± standard error of the mean, **P \ 0.01). (E) The histogram
showing the averaged absolute angles between leading progress and neighboring radial glial fiber in control and Robo4-i1-electroporated rat cortices (mean ± standard error of
the mean, ***P \ 0.001). (F) The cumulative percentage plot showing the distribution of the angle between the leading progress and the neighboring radial glial fiber in control
and Robo4-i1-electroporated rat cortices described in (C) (***P \ 0.001, Kolmogorov--Smirnov test).
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transfected brain regions, as revealed by anti-CD31 staining

(Marteau et al. 2011), appeared not affected after IUE of Robo4

siRNA in the cortex. Thus, the radial migration defect after

Robo4-KD was not due to the perturbation of the vascular

development (Supplementary Fig. S6).

Previous studies suggested that soluble extracellular domain

of Robo4 may cause cell cycle arrest at the G1/S phase and

inhibit the proliferation of human umbilical vein ECs (HUVEC)

(Suchting et al. 2005). To investigate whether Robo4-KD in

cortical progenitors influences their proliferation, we analyzed

the BrdU incorporation rate and the percentage of cells

expressing the mitotic cell marker Ki67 (Supplementary

Fig. S3). We defined a BrdU index as the percentage of

BrdU-- and GFP double--positive cells (BrdU
+
/GFP

+
) in total

transfected cells (GFP
+
) and a cell-cycle-exit index as the ratio

of GFP
+
/BrdU

+
/Ki67

–
cells to GFP

+
/BrdU

+
cells (Sanada and Tsai

2005; Xue and Yuan 2010). We found no significant difference

in either BrdU index or cell-cycle-exit index between control

group (scramble siRNA, 16.13 ± 1.70% and 32.87 ± 4.31%,

respectively) and the Robo4-KD group (22.06 ± 2.74% and

38.53 ± 3.28%, respectively) (Supplementary Fig. S3A,B). These

results suggest that the proliferation of cortical progenitor cells

was not affected after Robo4-KD, and the defective neuronal

positioning triggered by Robo4-KD does not seem to be the

secondary effect of altered proliferation of transfected pro-

genitor cells.

We next examined the fate of cells derived from transfected

progenitor cells by immunostainning using specific markers for

various cell types, including Pax6 for progenitors in VZ, Tbr2

for intermediate progenitors in SVZ, GFAP for astrocytes,

Nestin for radial glial cells, and GAD65/67 for interneurons

(Supplementary Figs S3 and S4). In E18 rat cortices, no obvious

difference was found in the percentages of Tbr2
+
/GFP

+
or

Pax6
+
/GFP

+
cells between control and Robo4-i1-treated groups

(Supplementary Fig. S3C--D). In P5 brain slices, we found that

transfected cells located at layers II and III developed the

typical morphology of projecting neurons in both control and

Robo4-KD groups. In Robo4-KD brain, ectopic cells located at

the WM and SVZ were negative for GFAP, Nestin, and GAD65/

67 (Supplementary Fig. S4). Therefore, these ectopic neurons

in the Robo4-KD brain had adopted the proper pyramidal

neuronal fate without differentiating into astrocytes or

interneurons. In addition, by comparing the immunostaining

signal of the cleaved caspase-3 (the active form of caspase-3),

we found no obvious increase in the apoptosis of transfected

cells after Robo4-KD, as revealed by similar ratio of cleaved

caspase-3--positive cells in the transfected side and the

untransfected side of the same cortical section with or without

Robo4-KD (Supplementary Fig. S5).

Taken together, these above results suggest that Robo4 plays

a cell-autonomous role in the radial migration of newborn

neurons, with no significant effect on the proliferation or fate

commitment of neural progenitor cells or the development of

the radial scaffold.

Potential Mechanism Underlying the Promigratory
Function of Robo4

How does Robo4 contribute to the cortical radial migration? As

a Robo family member, whether Robo4 could interact with Slit

proteins and mediate Slit repulsion remains controversial

(Verissimo et al. 2009). To determine whether Robo4 could

function as a Slit receptor in migrating neurons, we first

investigated the ability of Robo4 to bind Slit using a cell surface

binding assay in COS-7 cells. Full-length rat Robo4 tagged with

GFP (rRobo4-GFP) and human Robo4 tagged with flag epitope

(hRobo4-flag) were transfected into cos-7 cells, with parallel

transfection of human Robo2 tagged with GFP (hRobo2-GFP)

into COS-7 cells as positive control. Forty-eight hours after

transfection, cells were incubated with human Slit2-myc

conditioned medium (hSlit2CM) for 40 min (Brose et al.

1999; Li et al. 1999). After carefully washing out the excessive

conditioned medium, the expression of Robos and surface-

bound Slit were examined by western blotting and immuno-

cytochemistry using antibodies against above epitopes. We

found that Robo2, but not Robo4, could bind Slit2 protein on

the cell surface (Supplementary Fig. S9). Therefore, our data,

together with previous reports, support the notion that the

affinity between Robo4 and Slit protein is extremely low

comparing with Robo2 (Suchting et al. 2005; Koch et al. 2011)

and that Robo4 is unlikely to directly mediate the Slit signaling

as a Slit-binding receptor.

Previous studies showed that another Robo family member

Robo3, which does not bind with Slit (Camurri et al. 2005;

Mambetisaeva et al. 2005), could silence the Slit repulsion

mediated by Robo1 and Robo2 in commissural axons in both

spinal cord and hindbrain (Marillat et al. 2004; Sabatier et al.

2004; Camurri et al. 2005; Chen, Gore, et al. 2008). To test

whether Robo4 could also suppress Slit repulsion in cortical

neurons, we further examined the Slit responsiveness of

newborn neurons in the presence or absence of Robo4 in

dissociated culture of newborn neurons. Brains were trans-

fected with Robo4-i1 or control vector by IUE at E16 as

described above, and EYFP-positive newborn neurons were

dissociated at E18 and cultured for 12 h (Fig. 5). The

application of hSlit2CM (1--153, Fig. 5C) did not cause

remarkable morphological changes within 40 min in control

neurons (transfected with scramble siRNA), with most ( >65%)
of the GCs remained intact (Fig. 5Ba,a#). However, in Robo4-

KD neurons, same treatments triggered significantly higher

percentages of collapsed GCs in a dosage-dependent manner

(Fig. 5Bb,b#), suggesting that Robo4-KD neurons gained the

sensitivity to hSlit2CM. In further time-lapse imaging experi-

ments, dramatic collapse of GCs and shrinkage of neurites were

observed in Robo4-KD neurons but not in control neurons in

response to hSlit2CM application (Fig. 5D). Together, these

results showed that Slit is a potential collapsing factor to these

newborn cortical neurons only when Robo4 was downregu-

lated and that Robo4 expression may protect migratory

neurons from Slit repulsion coming from the CP.

Robo4 Regulates Neuronal Migration through Both Slit-
dependent and -independent mechanisms

Robo4 signaling has been implicated in EC migration during

angiogenesis both in vitro and in vivo (Legg et al. 2008;

Weitzman et al. 2008). To further study how Robo4 promotes

neuronal migration, the transwell migration assay (Boyden

chamber assay) was performed in newborn neurons with or

without Robo4-KD. As previously reported (Chen, Sima, et al.

2008; Zhao et al. 2009), newborn neurons were first trans-

fected with EYFP along with plasmids coding for siRNAs by IUE

at E16, and at E18 EYFP-positive neurons were obtained from

IZ of cortex and plated into the Boyden chamber and cultured

for 48 h (Fig. 6). We found that the number of transfected

neurons migrated to the lower chamber were markedly
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Figure 5. GC collapse triggered by Slit upon Robo4 downregulation. (A) Schematic diagram of the GC collapse assay. Neurons transfected by IUE were dissociated from the IZ 2
days after IUE and cultured for 12--24 h. Before observation, hSlit2 conditional medium (hSlit2CM) or control medium (conditional medium from culture of 293 cell line, 293CM)
was applied into the bath of neuronal culture. (B) Fluorescence images of fixed cortical neurons after 40 min treatment of Slit or control CM. Two typical control cells (transfected
with scramble siRNA, upper) and Robo4-KD cells (transfected with Robo4-i1, below) with Slit2CM treatment are shown. Arrows indicate the collapsed GCs. (C) Line curves
showing the percentages of neurons with noncollapsed GCs at the tip of the longest neurite in response to increasing concentrations of different CMs. Neurons were transfected
with scramble or Robo4-i1 siRNA or hRobo4 as indicated in (A). Data are from at least 3 independent experiments (mean ± standard error of the mean, **P \ 0.01, ***P \
0.001). (D) Time-lapse imaging of transfected neurons at various times (number in minute) before and after application of Slit2CM or 293CM. Cells were transfected and cultured
as above. A control cell (transfected with scramble siRNA, left) and a Robo4-KD cell (transfected with Robo4-i1, left) incubated with Slit2CM are shown as examples. The dash
lines indicate the centers of GCs at �10 min, and the arrow indicates the collapsing GC. Scale bar, 20 lm. Quantifications of normalized changes in neurite length and GC area
after application of different CM are shown in the graphs at right. Numbers in brackets are numbers of cells analyzed in each group. Data from each time points (mean ±
standard error of the mean) have been normalized to the value at start time (0 min) (**P \ 0.01, ***P \ 0.001).
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Figure 6. Decrease of neuron motility and increase of Slit sensitivity upon Robo4 knockdown. (A) Representative images of newborn cortical neurons transfected with different
constructs on the bottom side of the chamber. Two days after seeding, cells were fixed and immunostained with anti-GFP and anti-Tuj1 (not shown here) antibodies. Scale bar,
50 lm. (B) Histogram showing the average numbers of transfected neurons that had migrated to the bottom chamber in serum-free medium. Numbers of migrated neurons were
normalized to the value of the parallel control. hRobo4 rescue, cotransfection of Robo4-i1 and hRobo4. (C) Histogram showing the average numbers of transfected neurons that
had migrated to the bottom chamber in the absence or presence of Slit2 (6 lg ml�1) in the bottom chamber. (D) Histogram showing the significant higher percentage of
reduction of transwell migration in response to Slit2 in Robo4-i1-transfected neurons compared with control neurons (scramble). Data are mean ± standard error of the mean, *P
\ 0.05, **P \ 0.01, ***P \ 0.001.
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decreased upon Robo4-KD (Robo4-i1, 29.21 ± 3.71%; Robo4-i2,

33.35 ± 12.01%, respectively), an effect that could be restored

by cotransfection with hRobo4 (Fig. 6B). These results suggest

that Robo4 is required for the basal motility of these young

neurons. To test whether Robo4 regulates the guidance signal

of Slit, we added recombinant mouse Slit2 (6 lg ml
–1) to the

lower chamber. We found that transwell migration of young

neurons was suppressed by Slit2 in neurons transfected with

scramble siRNA (a 24.76 ± 6.10% reduction comparing with

untreated control), suggesting a repulsive effect of Slit to these

young neurons (Fig. 6C,D). Interestingly, the repulsive effect of

Slit was dramatically enhanced by Robo4-KD (a 54.56 ± 6.55%

reduction of transwell migration comparing with untreated

control, Fig. 6C,D). These data suggest that Robo4 expression

in newborn neurons may suppress the responsiveness of these

young neurons to the repulsive factor Slit and that Robo4 may

regulate neuronal migration through both Slit-dependent and

-independent mechanisms.

Discussion

Robo4 Expression in Brain

It was reported that Robo4 expression was restricted in

vascular system, and its expression was undetectable in the

early CNS (before E10) and adult brain of rodent (Fujiwara et al.

2006). However, there were a few studies concerning its

expression in developing brain, and only one article reported

persistent robo4 expression in several CNS regions of zebrafish,

including the telencephalon, hindbrain, and spinal neural tube

(Bedell et al. 2005). In the present study, expression of Robo4

in developing CNS was revealed by RT-PCR, western blotting,

and ISH. Robo4 mRNA could be detected in different regions

including the neocortex, cerebellum, and hippocampus (Fig.

1D). Moreover, its expression was identified by RT-PCR in

a purified population of migrating neurons in cortex (Fig. 1C).

Comparing with previous studies, our work mainly focused on

the middle to late embryonic stages of brain, which were not

examined by other researchers. Together with the aberrant

neuronal migration that we observed upon Robo4-KD, our

results suggest that Robo4 is indeed expressed in CNS.

Robo4 Regulates Cortical Radial Migration

We found that downregulation of Robo4 by IUE of specific

siRNAs suppressed the radial migration of newborn cortical

neurons. No obvious lamination defect was observed in the

cortex of Robo4 conditional knockout mice (Supplementary

Fig. S8). This may due to the compensation of Robo4 function

by other unknown molecules that play redundant functions

during development. However, acute knockout of Robo4 by

IUE of Cre into a small group of newborn neurons suppressed

their migration (Figs 2 and 3). Moreover, IUE of specific Robo4

siRNA led to migration retardation in WT mice (Emx1Cre,

Robo4
+/+

) but not in homozygote knockout littermates

(Emx1Cre, Robo4floxed/floxed) (Supplementary Fig. S8D,E),

further supporting the notion that migration retardation after

IUE of Robo siRNA was indeed caused by downregulation of

Robo4 but not by any potential off-target effect of siRNA.

At an early stagy after IUE of Robo4 siRNA (E18), we did not

observe significant changes in the distribution of transfected

neurons in different cortical layers (Supplementary Fig. 3E),

suggesting that Robo4 may not play regulatory roles in the

polarization process of newborn neurons or their early stage

migration. Consistent with this notion, we found no significant

difference in the percentage of polarized neurons at SVZ and IZ

region between control and Robo4-KD brain (Fig. 2D).

Moreover, no significant effect was found on the proliferation

or differentiation of neural progenitor cells after Robo4-KD

(Supplementary Figs S3 and S4). Taken together, these results

suggest that Robo4 in newborn cortical neurons mainly

contribute to their proper radial migration from IZ to CP.

No defects were observed in the morphology of radial glial

scaffold after IUE of Robo4 siRNA, and the vascular cells could

not be transfected under our IUE protocol (Supplementary

Fig. S6). Moreover, both the Slit responsiveness of GCs and the

transwell migration of neurons were affected in dissociated

culture of cortical neurons transfected with Robo4 siRNA (Figs 5

and 6). Thus, Robo4 may play a cell-autonomous role in the radial

migration of newborn neurons. Yet, cell-nonautonomous role of

Robo4 in cortical radial migration could not be ruled out.

Slit-Dependent and -Independent Function of Robo4

Slit/Robo signaling as axon guidance factor/receptor has been

extensively studied in the developing nervous system. How-

ever, whether Robo4 is a potential Slit receptor remains a heat

debate. Direct interactions between Slit and Robo4 have been

shown by coimmunoprecipitation assays (Park et al. 2003), but

this interaction could not be detected in purified recombinant

proteins by Biacore assays (Suchting et al. 2005). Detailed

structure--function studies have shown that the second

leucine-rich repeats domain of Slit that binds to the first 2 Ig

domains of Robo family members (Morlot et al. 2007). Since the

extracellular domain of Robo4 lacks the first 2 conserved Ig

domains, there should be no or very weak molecular in-

teraction between Slit and Robo4 proteins (Morlot et al. 2007;

Hohenester 2008). Our current results further support this

notion since we did not observe clear binding of hSlit2 proteins

to the surface of cells expressing either human or rat Robo4

(Supplementary Fig. S9).

Despite the lack of direct interaction between Slit and

Robo4, our present results, together with previous reports

(Kaur et al. 2008; Marlow et al. 2010), showed a clear signaling

cross talk between Slit and Robo4. It has been shown that the

regulation of Slit/Robo4 signaling plays important roles in the

guidance of EC migration and the inhibition of pathologic

angiogenesis and vascular hyperpermeability (Legg et al. 2008;

Weitzman et al. 2008; Liao et al. 2010). Emerging evidence

suggests that a coreceptor is required for Robo4 activation by

Slit. For example, Robo1 has been shown to coexist and

interact with Robo4 in ECs and coordinate with Robo4 to guide

the migration of these cells (Kaur et al. 2008; Sheldon et al.

2009; Marlow et al. 2010). Similar mechanisms may be used in

the regulation of cortical neuronal migration.

Our results provide the first evidences that Robo4 plays an

important role in CNS development, partially by regulating Slit

signaling. First, we found that the mRNAs of slit1 and robo4

exhibit overlapping expression regions during cortical de-

velopment (Fig. 1D), suggesting that Robo4 may regulate the

Slit responsiveness of cortical newborn neurons. Second, we

observed misorientation of neurons after knockdown of Robo4

in developing rat cortex, potentially caused by repulsion of CP-

derived Slit1 (Fig. 4 and Supplementary Fig. S7). This notion was

further supported by results from the in vitro GC collapse
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assay and transwellmigration assay. An intriguing future question

is to examine whether Robo4 exerts its function by directly

interacting with other Robo family members (Robo1/2) in these

migratory neurons.

Recent reports suggest that Robo4 overexpression in ECs

can trigger diverse signaling cascades, some of which are

considered as ligand independent. For example, transfection of

full-length Robo4 alone into HUVECs induced filopodia

formation (Sheldon et al. 2009). Similarly, overexpression of

Robo4 in the same type of cells led to a suppression of

extracellular signal--regulated kinase (ERK) and focal adhesion

kinase (FAK) phosphorylation (Seth et al. 2005). Whereas in

another study of Robo4 function in the zebrafish vascular

system, the authors argued that the activation of Cdc42/Rac1 in

ECs is a ligand-dependent function of Robo4 (Kaur et al. 2006).

Here, we observed that downregulation of Robo4 caused

a marked reduction in the motility of migratory neurons in the

absence of any potential ligand, supporting a ligand-indepen-

dent effect of Robo4 to enhance neuronal motility.

Slit/Robo4 Function in Cortical Development

Neuronal migration is one of the most elaborated processes

during brain morphogenesis, which consists of neuronal

interaction with extracellular environment and cell-autonomous

movement. Several proteins have been identified as essen-

tial regulators for the radial migration and lamination of cortical

neurons, including transcription factors that specify neuronal

subtypes, transmembrane proteins that regulate neuron--glia

adhesion, signaling molecules that promote the polarization of

newborn neurons, and cytoplasmic components that regulate

cytoskeleton dynamics and nuclear translocation (Gleeson and

Walsh 2000; Hatten 2002; Ayala et al. 2007; Elias et al. 2007;

Vallee et al. 2009). Recently, we discovered that cortical radial

migration is guided by gradient of diffusible extracellular factors

(Zheng and Yuan 2008). Semaphorin3A, a well-known repulsive

axon guidance molecule, may serve as a cortical surface-derived

attractive cue to promote the upward radial migration of cortical

neurons (Chen, Sima, et al. 2008). Apart from Semaphorins,

several other guidance factors are also expressed in a laminar

pattern in developing cortex, including the repulsive factors

Ephrins and Slits (Metin et al. 2006; Andrews et al. 2007; Torii

et al. 2009). It is likely that multiple factors are engaged

redundantly in the guidance of neuronal migration to ensure the

proper distribution of newborn neurons. Our present experi-

ments revealed a new regulatory role of Robo4 for cortical radial

migration partly through desensitizing the newborn neurons to

the repulsive signal of CP-derived Slit1. This reminds us of the

similar ‘‘silencing’’ mechanism in midline crossing of commis-

sural axons in spinal cord and hindbrain, where Rig-1 (Robo3)

functions as a negative regulator of Slit responsiveness by

antagonizing the repulsive signal of Robo1/2 (Marillat et al. 2004;

Sabatier et al. 2004; Chen, Gore, et al. 2008). However, we did

not detect the expression of robo3 in migrating newborn

neurons purified by FACS (Fig. 1C). Thus during the radial

migration of newborn neurons, it is likely that the repulsion of

CP-derived Slit1 is mainly silenced by Robo4 to allow the CP

entry of these newborn neurons. On the other hands, Slit protein

has been implicated to guide the axon pathfinding of cortical

pyramidal neurons and promote their dendritic arborization

through Robo1/2 receptors (Dickson and Gilestro 2006;

Andrews et al. 2007; Ypsilanti et al. 2010), effects that happen

subsequently after the completion of the radial migration of

newborn neurons. Thus, the spatiotemporal expression of Robos

should be tightly controlled to ‘‘switch on and off’’ the repulsive

action of Slits at proper developmental stages. Our finding of

Robo4 effect would provide a novel regulation pathway of Slit/

Robo signaling during cortical development.

Finally, we note that an SNP of robo4 gene have been shown

to be closely associated with a subpopulation of autism (Anitha

et al. 2008), a severe neurodevelopmental disorder defined by

social and communication deficits and ritualistic--repetitive

behaviors in early childhood (Geschwind 2009; Levy et al.

2009). Some autism patients present the coarse cortical tissues

and poor cortical lamination (Amaral et al. 2008). It is of great

interest to explore whether robo4 deficiency is responsible for

the brain malformation in this subpopulation of autism patients.

Supplementary Material

Supplementary material can be found at: http://www.cercor.
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