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SUMMARY

Growingaxonsareguided to their targetsbyattractive
and repulsive cues. In the developing spinal cord,
Netrin-1 and Shh guide commissural axons toward
the midline. However, the combined inhibition of
their activity in commissural axon turning assays
does not completely abrogate turning toward floor
plate tissue, suggesting that additional guidance
cues are present. Here we show that the prototypic
angiogenic factor VEGF is secreted by the floor plate
and is a chemoattractant for commissural axons
in vitroand invivo. InactivationofVegf in thefloorplate
or of its receptor Flk1 in commissural neurons causes
axon guidance defects, whereas Flk1 blockade
inhibits turning of axons to VEGF in vitro. Similar to
Shh and Netrin-1, VEGF-mediated commissural axon
guidance requires the activity of Src family kinases.
Our results identify VEGF and Flk1 as a novel ligand/
receptor pair controlling commissural axon guidance.

INTRODUCTION

During developmental wiring of the nervous system, axons

respond to attractive and repulsive guidance cues to navigate
966 Neuron 70, 966–978, June 9, 2011 ª2011 Elsevier Inc.
to their targets. Surprisingly, only a small number of guidance

cues have been identified so far, suggesting that additional

chemoattractants and repellents remain to be discovered. A

well-known model system to study axon guidance is the spinal

cord ventral midline. During development, commissural neurons,

located in the dorsal spinal cord, send axons that project toward

and subsequently across the floor plate, a specialized structure

at the ventral midline, which acts as an intermediate target and

influences commissural axons by expressing attractive and

repulsive cues (Dickson and Zou, 2010).

The first midline guidance cue identified, Netrin-1, has two

distinct activities on precrossing commissural axons: it stimu-

lates growth and attracts these axons toward the floor plate

(reviewed in Charron and Tessier-Lavigne, 2005). Precrossing

commissural axons are also guided by Sonic hedgehog (Shh),

which chemoattracts commissural axons without stimulating

their growth (Charron et al., 2003). Although Shh and Netrin-1

are required for normal guidance of commissural axons, intrigu-

ingly, when dorsal spinal cord explants are exposed to Netrin-1-

deficient floor plates in the presence of Shh signaling inhibitors,

some commissural axons are still attracted (Charron et al., 2003).

This suggests that the floor plate secretes other chemoattrac-

tants than Netrin-1 and Shh. However, the molecular nature of

these floor plate-derived attractant guidance cues remains

unknown.

Increasing evidence indicates that vascular endothelial growth

factor A (VEGF-A, termed VEGF from hereon), a prototypic
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Figure 1. VEGF Is Expressed at the Floor Plate

(A) In situ hybridization of VEGF mRNA on a E11.5 mouse spinal cord trans-

verse section showing expression of VEGF at the floor plate (black arrow; also

shown at higher magnification in inset), in the ventral spinal cord (red arrow),

and in the motor columns (asterisks).

(B) A sense probe, used as negative control, did not give any background

signal.

(C) b-Gal immunostaining (red) of a E11.5 VEGFLacZ mouse spinal cord

transverse section at low and high (inset) magnification, revealing expression

of b-Gal in the ventral spinal cord (yellow arrow), motor columns (asterisks),

and floor plate (white arrow).

(D) Bar graphs showing VEGF protein levels (mean ± standard error of the

mean [SEM]), released in floor plate conditionedmedium (FPcm) fromE11.5WT

mouse embryos, but not in control medium (Ctrl). Scale bars represent 100 mm

(A–C); 50 mm (insets, A and C).
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angiogenic factor, plays a key role in the nervous system (Ruiz de

Almodovar et al., 2009). For instance, VEGF promotes prolifera-

tion, migration, differentiation and survival of neuroblasts (Jin

et al., 2002; Wittko et al., 2009; Zhang et al., 2003), and induces

axonal outgrowth of various neurons (Ruiz de Almodovar et al.,

2009). By activating its signaling receptor Flk1, VEGF chemoat-

tracts cerebellar granule cells (Ruiz de Almodovar et al., 2010).

VEGF also regulates neuronal migration via binding to Neuropi-

lin-1 (Npn1) (Schwarz et al., 2004). Initially discovered to bind

some class 3 Semaphorins (Sema), Npn1 was later identified

as a coreceptor of Flk1 (also termed VEGF receptor-2) that binds

VEGF as well (Schwarz and Ruhrberg, 2010; Soker et al., 1998).

Ligation of VEGF to Npn1 controls migration of somata of facial

branchio-motor neurons, whereas interaction of Sema3A with

a Npn1/PlexinA4 complex guides their axons (Schwarz et al.,

2004, 2008). Flk1 also regulates axon outgrowth of neurons

from the subiculum on binding of Sema3E to a Npn1/PlexinD1

complex that activates Flk1 in the absence of VEGF (Bellon

et al., 2010). However, whether VEGF can function as an axonal

chemoattractant remains unknown.

Here, we show that VEGF is expressed and secreted by the

floor plate during commissural axon guidance, that mice lacking

a single Vegf allele in the floor plate exhibit commissural axon

guidance defects and that VEGF attracts commissural axons

in vitro. We also show that the VEGF receptor Flk1 is expressed

by commissural neurons and that its inhibition blocks the

chemoattractant activity of VEGF in vitro. Moreover, genetic

inactivation of Flk1 in commissural neurons causes axonal guid-

ance defects in vivo. Finally, we show that VEGF stimulates Src-

family kinase (SFK) activity in commissural neurons and that SFK

activity is required for VEGF-mediated chemoattraction. Taken

together, our findings that VEGF acts via Flk1 as a floor plate

chemoattractant for commissural axons identify a novel ligand/

receptor pair controlling commissural axon guidance.

RESULTS

VEGF Is Expressed at the Floor Plate
Commissural axon chemoattractants, such as Netrin-1 and Shh,

are expressed by the floor plate at the time when these axons

project ventrally to the midline (Kennedy et al., 2006; Roelink

et al., 1995). Netrin-1 is also expressed in the periventricular

zone of the neural tube in a dorsoventral gradient (Kennedy

et al., 2006; Serafini et al., 1996). Previous studies showed that

VEGF is expressed at the floor plate and motor columns of the

developing spinal cord at embryonic day (E)8.5–E10.5 (Hogan

et al., 2004; James et al., 2009; Nagase et al., 2005), but expres-

sion at the floor plate at later stages when commissural axons

cross the midline has not been analyzed. We first used in situ

hybridization (ISH) to analyze VEGF mRNA expression in the

spinal cord (Figures 1A and 1B). At E11.5, when commissural

axons project ventrally to the midline, a VEGF signal was clearly

detectable at the floor plate (Figure 1A). In addition, a weaker

signal was also present in motor neurons and the ventral two

thirds of the periventricular zone of the neural tube (Figure 1A).

To confirm the ISH data, we also used a VEGF-LacZ reporter

line (VegfLacZ). In this strain, an IRES-LacZ reporter cassette has

been knocked into the noncoding region of the last exon of the
Vegf gene (Miquerol et al., 2000). Because this line expresses

LacZ from the endogenous Vegf gene locus, the spatio-temporal

expression pattern of the b-galactosidase (b-Gal) marker reliably

mimics that of the endogenous Vegf mRNA (Miquerol et al.,

1999; Ruiz de Almodovar et al., 2010; Storkebaum et al.,

2010). In accordance with the ISH results, b-Gal immunostaining

and enzymatic staining (X-gal) of spinal cord cross-sections from

E11.5 VegfLacZ mouse embryos revealed a clear signal at the

floor plate (Figure 1C; see Figure S1A available online) and a

weaker signal in motor neurons and the ventral two-thirds of

theperiventricular zoneof theneural tube (Figure 1C; FigureS1A).

To test whether VEGF was secreted, we microdissected floor

plates from E11.5 mouse embryos, cultured them individually,

and analyzed their conditioned medium by ELISA. These indi-

vidual floor plate explant cultures released detectable levels of

VEGF in the conditioned medium (Figure 1D). For comparison,
Neuron 70, 966–978, June 9, 2011 ª2011 Elsevier Inc. 967
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Figure 2. Inactivation of VEGF in the Floor Plate Causes Axon Guidance Defects In Vivo

(A–D) Robo3 immunostaining (red) in embryos with inactivation of one allele of Vegf in the floor plate (Vegf FP-he; generated by crossing Hoxa1-Cre with Vegf lox/lox

mice) and in control embryos (Vegf FP-wt). Compared to Vegf FP-wt embryos (A) and (C), commissural axons in Vegf FP-he embryos are defasciculated and some

axons project near the lateral edge of the spinal cord (white arrows) (B) and (D). (C) and (D) are higher magnification of the insets in (A) and (B).

(E) Scheme depicting the observed phenotypes. Left: normal commissural axons (red) project from the dorsal spinal cord to the floor plate (blue) in Vegf FP-wt

embryos. Right: in Vegf FP-he embryos, axons project in a highly disorganized and defasciculated manner.

(F) Left: histogram shows the quantification of the area occupied by commissural axons (% of total spinal cord area), normalized to the values obtained in

Vegf FP-wt embryos (mean ± SEM; see Experimental Procedures). *p = 0.03, Student’s t test; n = 8 Vegf FP-wt and n = 7 Vegf FP-he. Right: histogram showing the

penetrance of the axon guidance phenotype (%); n = 8 Vegf FP-wt; n = 7 Vegf FP-he. Scale bars represent 100 mm (A and B); 20 mm (C and D).
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released Shh levels in the same conditioned media were 22.7 ±

4.2 pg/ml (n = 7). RT-PCR analysis of freshlymicrodissected floor

plates from E11.5 mice confirmed the production of mRNA tran-

scripts (expressed as mRNA copies/105 mRNA copies b-actin

(mean ± standard error of the mean [SEM]; n = 5) for VEGF

(35 ± 1), Shh (81 ± 2), and Netrin-1 (358 ± 37). Thus, VEGF is

produced and secreted by the floor plate during the develop-

mental window when commissural axons are chemoattracted

to the midline.

Floor Plate VEGF Is Required for Commissural Axon
Guidance In Vivo
Heterozygous VEGF deficient (Vegf +/�) mice die early during

embryonic development �E9.0–E9.5 due to severe vascular

malformations and thus cannot be used for later analysis of

commissural axon guidance at the midline (Carmeliet et al.,

1996; Ferrara et al., 1996). Thus, in order to analyze the role of

floor plate-derived VEGF in commissural axon guidance, we

inactivated Vegf specifically in the floor plate by crossing the

Hoxa1-Cre driver line with mice carrying a floxed Vegf allele

(Gerber et al., 1999). In this line, the Cre recombinase is

expressed in the floor plate of the spinal cord to about rhombo-

mere level 5 in the hindbrain (C.F. and A.C., unpublished data)

(Li and Lufkin, 2000). In accordance with previous findings

that deficiency of a single VEGF allele can already cause

phenotypic defects (Carmeliet et al., 1996; Ferrara et al., 1996),

most of Hoxa1-Cre(+);Vegf loxlox embryos were growth-retarded,
968 Neuron 70, 966–978, June 9, 2011 ª2011 Elsevier Inc.
exhibited abnormal development, and did not survive till E11.5

(the precise reason of the lethality remains to be further deter-

mined). We therefore analyzed commissural axon navigation at

E11.5 in Hoxa1-Cre(+);Vegf lox/wt (Vegf FP-he) embryos, carrying

onewild-type and one inactivated allele, and in their correspond-

ing Hoxa1-Cre(–);Vegf lox/wt (Vegf FP-wt) littermates. PCR analysis

confirmed correct excision of the floxed Vegf allele in Vegf FP-he

embryos (data not shown).

We first confirmed that VEGF secretion was lower in floor

plates from Vegf FP-he than Vegf FP-wt embryos. Measurements

of VEGF protein levels secreted in the conditionedmedia by indi-

vidual floor plates indeed revealed that VEGF secretion by

Vegf FP-he floor plates was reduced as compared to Vegf FP-wt

floor plates (pg/ml: 809 ± 147 for Vegf FP-wt versus 344 ± 93 for

Vegf FP-he; n = 7–3; p = 0.02). When expressed relative to the

protein levels of Shh in the conditioned media, the VEGF/Shh

ratio was also lower in Vegf FP-he than Vegf FP-wt mice (37.7 ±

7.0 in Vegf FP-wt versus 12.4 ± 4.3 in Vegf FP-he; mean ± SEM,

n = 7–3; p = 0.015).

Immunostaining of spinal cord cross-sections from Vegf FP-he

embryos for Robo3 to identify precrossing commissural axons

revealed that these axons exhibited abnormal pathfinding, were

defasciculated and projected to the lateral edge of the ventral

spinal cord (Figures 2A–2E). Such aberrant commissural axon

pathfinding was rarely observed in Vegf FP-wt control embryos

(Figures 2A and 2C). Quantitative analysis confirmed that the

area occupied by Robo3+ axons was larger and that these
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guidance defects weremore frequent in Vegf FP-he than Vegf FP-wt

embryos (Figure 2F). Thus, floor plate-derived VEGF is necessary

for normal guidance of precrossing spinal commissural axons

in vivo. The commissural axon guidance defects in Vegf FP-he

embryos were not secondary to altered expression of Netrin-1

or Shh, because ISH analysis at E11.5 showed that the pattern

and level of expression of Netrin-1 and Shh were comparable in

Vegf FP-he and Vegf FP-wt embryos (Figures S2A–S2D).

Commissural Neurons Express VEGF Receptor Flk1
Because VEGF signals via Flk1 to regulate cerebellar granule cell

migration (Ruiz de Almodovar et al., 2010) and axon outgrowth

(Ruiz de Almodovar et al., 2009), we assessed whether commis-

sural neurons expressed this receptor. It is well established that

neurons express Flk1 at much lower levels than endothelial cells,

rendering in situ detection of Flk1 in neurons challenging (Ruiz de

Almodovar et al., 2009, 2010; Storkebaum et al., 2005). Nonethe-

less, genetic and pharmacological loss- and gain-of-function

studies established that Flk1 signals important biological

processes in neurons (Bellon et al., 2010; Ruiz de Almodovar

et al., 2009, 2010). In fact, it has been postulated that this differ-

ential expression of VEGF receptors allows VEGF to exert effects

on neurons without inducing angiogenesis (Storkebaum et al.,

2005; Zacchigna et al., 2008). To maximize detection of Flk1

expression in neurons, we used a panel of techniques.

We first determined the expression of Flk1 in precrossing

commissural axons by taking advantage of anti-Flk1 antibodies

(#SC6251 and #SC504) that detect Flk1 selectively in neurons

but not in endothelial cells, presumably because of different

posttranslational modifications of the receptor in these different

cell types (Marko and Damon, 2008; Ruiz de Almodovar et al.,

2010; Storkebaum et al., 2010). Spinal cord sections from E13

rat embryos (corresponding to E11.5 in mouse embryos) were

double-immunostained for Flk1 and Robo3, using a sensitive

detection method. This analysis confirmed the expression of

low levels of Flk1 in Robo3+ precrossing commissural axons

in vivo (Figures 3A–3L).

Finally, we microdissected dorsal spinal cord tissue from E13

rat embryos, as this tissue contains a highly enriched population

of commissural neurons (Langlois et al., 2010; Yam et al., 2009).

RT-PCR and ELISA confirmed that Flk1 was expressed at the

mRNA (0.19 ± 0.05 copies Flk1 mRNA/103 copies b-actin, n = 3)

and protein level (0.2 ng Flk1 per mg protein; measurement on

a pool of three samples, each containing �10 embryos). More-

over, we purified commissural neurons from E13 rat embryos

and, after 16 hr in culture, double-immunostained them for

Flk1 and either Robo3 or TAG-1 (another marker of precrossing

commissural axons). This analysis confirmed that commissural

neurons express Flk1 (Figures 3M–3R). Quantification revealed

that the large majority (93%, n = 138) of commissural neurons

coexpressed TAG-1 and Flk1. Taken together, these results indi-

cate that precrossing commissural axons express low levels of

Flk1, capable of binding VEGF.

VEGF Chemoattracts Commissural Axons
In Vitro via Flk1
To assesswhether VEGF can directly chemoattract commissural

axons, we analyzed the response of commissural axons to
a gradient of VEGF using the Dunn chamber axon guidance

assay (Yam et al., 2009). Purified commissural neurons isolated

from E13 rat embryos, which express Flk1 (see above), were

exposed to a control (buffer containing BSA) or a VEGF gradient.

Commissural axons continued to grow without any deviation

from their original trajectory when exposed to a control gradient

(Figures 4A–4C and 4E), but actively turned toward the VEGF

gradient (Figures 4A, 4B, 4D, and 4E; Movie S1). Even axons

with growth cones oriented nearly in the opposite direction of

the VEGF gradient were able to turn toward the VEGF gradient

(Figures 4B and 4D). When measuring the turning response of

these axons, a significant positive turning (attraction) was ob-

served within 1.5 hr of VEGF gradient formation (Figure 4E), indi-

cating that VEGF is a chemoattractant for commissural axons.

To assess which receptor mediated the chemoattractive

effect of VEGF, we performed turning experiments in the pres-

ence of receptor-neutralizing antibodies. Consistent with Flk1

being the receptor mediating the guidance activity of VEGF

on commissural axons, VEGF-mediated chemoattraction was

completely abolished when Flk1 was blocked by a neutralizing

anti-Flk1 monoclonal antibody (Figure 4E). Although Npn1 can

modulate axonal growth and neuronal migration (Cheng et al.,

2004; Schwarz et al., 2004), we and others failed to detect

expression of Npn1 in commissural neurons (Figure S1B)

(Chen et al., 1997). To exclude the possibility that very low levels

of Npn1 (e.g., below the detection threshold) could contribute to

the chemo-attractive effect of VEGF, we also performed Npn1

antibody-blocking experiments. In contrast to inhibiting Flk1,

blockage of Npn1 had no significant effect on the ability of

VEGF to attract commissural axons in vitro (Figure 4E). Taken

together, these results indicate that VEGF chemoattracts

commissural axons through Flk1.

Flk1 Is Required for Commissural Axon Guidance In Vivo
To analyze whether Flk1 also functionally regulated commissural

axon guidance in vivo, we inactivated Flk1 specifically in

commissural neurons by crossing Flk1lox/LacZ mice with the

Wnt1-Cre driver line, which induces Cre-mediated recombina-

tion in commissural neurons in the dorsal spinal cord (Charron

et al., 2003). We and others previously described that intercross-

ing Flk1lox/lox mice with various Cre-driver lines resulted only in

incomplete inactivation of Flk1 (Maes et al., 2010; Ruiz de

Almodovar et al., 2010). In order to increase the efficiency of

Flk1 excision and to obtain complete absence of Flk1 in commis-

sural neurons, we intercrossed Wnt1-Cre mice with Flk1lox/LacZ

mice that carry one floxed and one inactivated Flk1 allele in

which the LacZ expression cassette replaces the first exons of

Flk1 (Ema et al., 2006). PCR analysis confirmed that the floxed

Flk1 allele was correctly inactivated in the spinal cord from

E11.5 Wnt1-Cre(+);Flk1lox/LacZ embryos (referred to as Flk1CN-ko

embryos) (data not shown).

Spinal cord sections from E11.5 Flk1CN-ko embryos immuno-

stained for Robo3 revealed that precrossing commissural

axons exhibited abnormal pathfinding, projected to the lateral

edge of the ventral spinal cord, invaded the motor columns

and were defasciculated (Figures 5A–5G). Such aberrant axon

pathfinding was only very rarely observed in control E11.5

Wnt1-Cre(–);Flk1lox/LacZ (Flk1CN-wt) embryos, which still express
Neuron 70, 966–978, June 9, 2011 ª2011 Elsevier Inc. 969
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Figure 3. Flk1 Is Expressed in Commissural

Neurons

(A–L) Double immunostaining for Flk1 (A, D, G, and

J: green) and Robo3 (B, E, H, and K: red) in E13 rat

embryo sections using two different anti-Flk1

antibodies known to label Flk1 in neurons

(#SC6251 [A–I] and #SC504 [J–L]), showing Flk1

expression in pre- and postcrossing commissural

axons; (C), (F), (I), and (L) show themerged images.

(D)–(F) and (G)–(I) are higher magnification of the

blue and white insets, respectively, shown in

(A)–(C). The arrows (D, F, G, I, J, and L) point to

Flk1+ commissural axons.

(M–R) Double immunostaining for Flk1 (green in

M and P) and Robo3 (red in N) or TAG-1 (red in Q)

in dissociated commissural neurons showing

expression of Flk1 in the cell body, axon and

growth cone of commissural neurons; (O) and (R):

merged images. Scale bars represent 50 mm (A–L);

10 mm (M–R).
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functional Flk1 (Figures 5A, 5D, and 5G). Morphometric analysis

confirmed that the area occupied by Robo3+ axons was signifi-

cantly larger and that these guidance defects were more
970 Neuron 70, 966–978, June 9, 2011 ª2011 Elsevier Inc.
frequent in Flk1CN-ko than Flk1CN-wt

embryos (Figure 5H). Similar to what we

found in Vegf FP-he mouse embryos, the

pattern and level of expression of Netrin-1

and Shh were comparable between

Flk1CN-ko and their corresponding wild-

type littermates (Figures S3A–S3D),

indicating that Flk1 cell-autonomously

controls guidance of precrossing com-

missural axons in vivo.

Other VEGF Homologs and
Flk1-Ligands Are Redundant
with VEGF-A
To assess how specific the role of VEGF

and Flk1 in commissural axon guidance

is, we analyzed the expression and role

of additional VEGF homologs that can

bind to murine Flk1 (VEGF-C) or indirectly

activate Flk1 (Sema3E) (see Introduction).

ISH revealed that VEGF-C was not ex-

pressed at the floor plate or ventral spinal

cordat the timeof commissural axonguid-

ance (FigureS1C). Inaddition,VEGF-Cdid

not induce turning of commissural axons

in the Dunn chamber assay (Figure S4A).

Consistent with these in vitro findings,

homozygous VEGF-C deficiency did

not cause commissural axon guidance

defects in vivo (data not shown).

Through binding Npn1/PlexinD1, which

forms a signaling complex with Flk1,

Sema3E is capable of activating Flk1

independently of VEGF (Bellon et al.,
2010). Sema3E is expressed at the floor plate at the time of

midline crossing (Figure S1D), but was found not to be required

for pre- or postcrossing commissural axon outgrowth (Zou et al.,
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2000), but its possible role in guidance of precrossing commis-

sural axons was never investigated. However, a Sema3E

gradient failed to induce turning of commissural axons in the

Dunn chamber turning assay (Figure S4A). Altogether, these

results suggest that Flk1-dependent commissural axon guid-

ance in vivo does not occur via Sema3E and that VEGF, but

not VEGF-C, is the guidance cue responsible for this effect.

Src Family Kinase Activity Is Required
for VEGF-Mediated Axon Guidance
Floor plate-derived guidance cues such as Netrin-1 and Shh

induce local changes at the growth cone in a transcriptionally

independent manner (Li et al., 2004; Yam et al., 2009). In partic-

ular, Src family kinases (SFKs) are expressed by commissural

neurons and activated in their growth cones (Yam et al., 2009).

Moreover, SFKs are known to participate in the guidance of

axons by Netrin-1 and Shh (Li et al., 2004; Yam et al., 2009),

whereas VEGF stimulates endothelial cell migration via SFK acti-

vation (Eliceiri et al., 2002; Olsson et al., 2006). Because of all

these reasons, we explored whether SFKs also participated in

VEGF-mediated axon guidance. Notably, VEGF stimulation of

isolated commissural neurons elevated the levels of active

SFKs, as measured by immunoblotting when using an antibody

specifically recognizing the phosphorylated tyrosine residue

Y418 in SFKs (Figure 6A). Moreover, immunostaining revealed

that SFKs were activated in the growth cone (Figure 6B).

Morphometric quantification revealed that VEGF, at concentra-

tions that induced axon turning, increased the levels of phos-

pho-SFKs in commissural neuron growth cones (Figure 6B).

We next tested whether activation of SFKs is required for

VEGF-mediated axon guidance. We therefore exposed commis-

sural neurons in the Dunn chamber to a gradient of VEGF in the

presence of PP2 (a widely used SFK inhibitor) or its inactive

analog (PP3). Analysis of growth cone turning revealed that

neurons in the presence of PP3 turned normally in response to

VEGF (Figures 6C, 6D, and 6F). However, when neurons were

exposed to a VEGF gradient in the presence of PP2, axons did

no longer turn toward the VEGF gradient (Figures 6C, 6E, and

6F). Altogether, these results indicate that VEGF activates

SFKs in commissural neurons and that SFK activity is required

for VEGF-mediated commissural axon guidance.

DISCUSSION

In order to reach the floor plate, commissural axons need to grow

and navigate from the dorsal to the ventral spinal cord. Whereas

Netrin-1 seems to account for the majority of the growth-

promoting activity of the floor plate (Serafini et al., 1996), chemo-

attraction of precrossing commissural axons to the floor plate is

controlled by both Netrin-1 and Shh (Charron et al., 2003). In the

present study, we identified VEGF as an additional commissural

axon chemoattractant at the floor plate.

Our findings indicate that the prototypic endothelial growth

factor VEGF is an axonal chemoattractant. VEGF is expressed

at the floor plate and ventral spinal cord at the time when

commissural axons navigate to the midline, reminiscent of the

spatio-temporal expression pattern of Netrin-1 and Shh, i.e.,

other guidance cues for commissural axons (Dickson and Zou,
2010). VEGF is not only detectable at the mRNA level, but is

also released by floor plate cells into the extracellular milieu.

Similarly to Shh (Yam et al., 2009), VEGF induces commissural

axon turning in the Dunn chamber. Furthermore, loss-of-function

of Vegf at the floor plate induced commissural axon guidance

defects, indicating that it has a nonredundant activity as a guid-

ance cue. Its importance in this process is further supported by

findings that inactivation of only a single Vegf allele already

sufficed to cause navigation defects. VEGF is well known to

have gene dosage-dependent effects and haplo-insufficient

phenotypes in vascular development have been documented

(Carmeliet et al., 1996; Ferrara et al., 1996). Moreover, even

reductions of VEGF levels by less than 50% suffice to impair

neuronal survival or migration (Oosthuyse et al., 2001; Ruiz de

Almodovar et al., 2010).

This guidance effect of VEGF on commissural axons is medi-

ated by Flk1. Indeed, Flk1 is expressed by purified commissural

neurons in vitro and detectable at low levels by various comple-

mentary methods in precrossing commissural axons in the

developing spinal cord in vivo. Furthermore, a neutralizing anti-

Flk1 antibody completely blocked the VEGF-mediated chemoat-

traction of commissural axons in the Dunn chamber. Moreover,

inactivation of Flk1 in commissural neurons using the Wnt1-Cre

driver line showed that Flk1 is essential for commissural axon

guidance in vivo. When Flk1 was inactivated, commissural

axon trajectories were defective. Many axons failed to turn

appropriately toward the ventral midline as they entered the

ventral spinal cord, and instead projected aberrantly and

invaded the motor columns. Because the Wnt1-Cre driver

does not induce recombination in the ventral spinal cord (Char-

ron et al., 2003), these results suggest a cell-autonomous

requirement for Flk1 signaling in commissural axon guidance

in vivo. Overall, the observed phenotype was similar to the one

observed in floor plate-specific heterozygous VEGF deficient

mice. Based on the expression of VEGF at the floor plate and

on the ability of VEGF to attract commissural axons in a Flk1-

dependent manner in vitro, we propose that, in vivo, commis-

sural axons lacking Flk1 exhibit pathfinding errors and deviate

from their normal trajectory because of a failure to detect the

floor plate chemoattractant VEGF. Of interest, Flk1-mutant

commissural axons also exhibit a defasciculated phenotype in

the ventral spinal cord. Whether fasciculation of commissural

axons is an additional Flk1-dependent effect distinct from its

effect in mediating axon turning needs further investigation.

Interestingly, floor plate-specific Vegf haplodeficient and

commissural neuron-specific Flk1 null embryos display a

phenotype that is similar to that of embryos lacking the Shh

receptor Boc or of embryos with conditional inactivation of the

Shh signaling component Smoothened (Smo) in commissural

neurons (Charron et al., 2003; Okada et al., 2006). Indeed, in

these mutant embryos, precrossing commissural axons were

able to reach themidline, but occupied a larger area in the ventral

spinal cord and invaded the motor columns, thus showing

primarily a guidance defect and not an axonal growth defect.

Also, the magnitude of the in vitro turning effect of VEGF is

comparable to that of Shh (Yam et al., 2009). Loss-of-function

of VEGF did not, however, alter the expression pattern and levels

of Netrin-1 or Shh, further supporting the concept that Flk1
Neuron 70, 966–978, June 9, 2011 ª2011 Elsevier Inc. 971
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transmits the VEGF guidance cue signals directly to commissural

axons. SKFs are key players in the regulation of growth cone

dynamicsandcytoskeleton rearrangement (Liuetal., 2007;Robles

et al., 2005) andgradedSFKactivity in the growthcone is known to

mediate axon turning,withgrowthcones turning toward the sideof

higher SFK activity (Robles et al., 2005; Yam et al., 2009). Interest-

ingly, similar as two other floor plate-derived guidance cues, i.e.,

Netrin-1 and Shh (Liu et al., 2004, 2007; Meriane et al., 2004;

Yam et al., 2009), VEGF also chemoattracts commissural axons

via activation of SFKs in their growth cones. This may suggest

a model whereby distinct molecular guidance cues utilize the

same intracellular signaling machinery (e.g., SFKs) to generate

an integrated navigation response to the midline.

Similar to Shh, VEGFwasunable to induceoutgrowthof E13 rat

dorsal spinal cord explants (Figure S5B–S5E) and, if anything,

slightly reduced axonal extension of purified commissural

neurons in the Dunn chamber assay (Figure S5F). The lack of a

growth-promoting effect of VEGF on precrossing commissural

axonsdiffers from its ability to promote axonal outgrowth of supe-

rior cervical and dorsal root ganglia, cortical neurons and retinal

ganglion cells (Böcker-Meffert et al., 2002; Jin et al., 2002; Rose-

nstein et al., 2003; Sondell and Kanje, 2001; Sondell et al., 1999)

and suggests cell-type specific contextual activities for VEGF.

Previous studies documented that VEGF can affect wiring of

the brain in a context-dependent pattern via effects on Npn1

(Schwarz et al., 2004). In accordance with previous findings

that failed to detect Npn1 in commissural neurons (Chen et al.,

1997), a neutralizing Npn1 blocking antibody was ineffective in

blocking the VEGF induced commissural axons turning in the

Dunn chamber assay. Moreover, we could not find any evidence

that VEGF-C, another ligand of Flk1 (Lohela et al., 2009) or

Sema3E, another ligand of Npn1 that indirectly activates Flk1

signaling in other types of neurons (Bellon et al., 2010), control

commissural axon navigation. VEGF-D, another ligand of Flk1

in humans but not in mice (Baldwin et al., 2001), is not expressed

in the ventral spinal cord (Avantaggiato et al., 1998). Thus, VEGF

chemoattracts commissural axons throughFlk1,with a negligible

or redundant role for other Flk1 ligands (VEGF-C) or activators

(Sema3E), or VEGF receptors (Npn1).

Curiously, motor columns express Vegf mRNA, yet neither

vessels nor commissural axons invade these structures (James

et al., 2009). It is possible that motor neurons make the Vegf

message (mRNA), but do not secrete the protein from their cell

body, and target it to their axonal compartment (as is thought

to occur for Slit2; M.T.-L. and A. Jaworski, unpublished data).

Another alternative explanation is that additional signals prevent
Figure 4. VEGF Induces Commissural Axon Turning in a Flk1-Depende
(A) Representative images of commissural neurons subjected to a control grad

direction in commissural axons exposed to the control gradient (red asterisks i

neurons exposed to a VEGF gradient (red asterisks in bottom) over the course of 1

by a wedge. Scale bar represents 20 mm.

(B) Trajectory plots of a sample of 20 axons in control (left) or 16 axons in 25 ng/m

increases along the y axis. The initial axon position is shown in black and the axon

the right).

(C and D) Scatter plots of the angle turned versus initial angle for commissural a

(E) Histogram representing the mean angle turned (±SEM) for initial angles >20� in
a VEGF gradient (25 ng/ml) in the presence of anti-Flk1 (100 ng/ml) (white bar), or a

way ANOVA with Bonferroni posttest, ***p < 0.001; ns: not significant).
blood vessels and commissural axons from entering the motor

columns.

VEGF was originally discovered as a key angiogenic factor.

Only subsequent studies revealed that this factor can affect

neurons directly, independently of its angiogenic activity (Rose-

nstein et al., 2010; Ruiz de Almodovar et al., 2009, 2010; Tamand

Watts, 2010). In the developing spinal cord, VEGF orchestrates

the formation of the neurovascular plexus and subsequent

vessel sprouting from this plexus into the avascular neural tube

(James et al., 2009). Interestingly, however, even though vascu-

larization of the neural tube occurs at the same time as commis-

sural axon midline crossing, our conditional Flk1 inactivation

studies in commissural neurons and in vitro turning assays

establish that VEGF chemoattracts these axons independently

of any VEGF-related vascular activity. To the best of our knowl-

edge, this is the first report documenting an angiogenesis-inde-

pendent effect of VEGF on axon guidance.

EXPERIMENTAL PROCEDURES

Animals

The VEGFLacZ mouse line was kindly provided by A. Nagy and was previously

described (Miquerol et al., 1999). VEGF-C knockout mice were previously

described (Karkkainen et al., 2004), and the VEGFlox/lox mouse line was kindly

provided by D. Anderson and previously described (Gerber et al., 1999). The

transgenicWnt1-Cremouse linewas kindly providedbyA.McMahon. The trans-

genic Hoxa1-Cre mouse line was generated by A. Chedotal using a previously

described cDNA (Li and Lufkin, 2000). The Flk1lox/LacZmouse line was generated

by crossing Flk1lox/lox mice (Haigh et al., 2003) with Flk1LacZ/+ mice (Maes et al.,

2010). For each transgenic line, WT littermate embryos were used. Wistar or

SpragueDawley rat embryos (E13)wereused for explant outgrowthassays, puri-

fication of commissural neurons and for immuno-histochemistry. All animals

were treated according to the guidelines approved by the Animal Care Commit-

tees of the K.U.Leuven (Belgium) and of the IRCM (Canada).

Commissural Neuron Culture

Commissural neurons were prepared from the dorsal fifth of E13 rat neural

tubes as described (Langlois et al., 2010; Yam et al., 2009). Purified commis-

sural neurons were plated on poly-Lysine coated coverslips (for immunostain-

ing) or square 3D coverslips (for Dunn chamber assay) at low density in

neurobasal medium supplemented with 10% FBS and 2 mM L-Glutamine

(Invitrogen). After 20 hr, the medium was replaced with Neurobasal medium,

supplemented with 2% B27 (Invitrogen) and 2 mM L-Glutamine. Commissural

neurons were then used for the Dunn chamber axon guidance assay (40 hr

after plating) or fixed for immunostaining (30 hr after plating).

Histology and Immunohistochemistry

Mouse and rat embryos were dissected and fixed with 4% paraformaldehyde

(PFA) overnight at 4�C (mouse embryos) or 2 hr at room temperature (rat

embryos). Transverse serial cryosections of dissected embryos were cut at
nt Manner
ient (BSA, top) or a VEGF gradient (25 ng/ml, bottom) showing no change of

n top), but a significant turning toward increasing concentrations of VEGF in

.5 hr. Increasing gradient concentrations (from bottom to top) are represented

l VEGF (right) gradient. All trajectories have been rotated so that the gradient

growth over 1.5 hr is colored according to the angle turned (scale is shown on

xons in a control (C) or a VEGF gradient (25 ng/ml in the outer well) (D).

response to a control gradient (black bar), a VEGF gradient (25 ng/ml; red bar),

VEGF gradient (25 ng/ml) in the presence of anti-Npn1 (10 mg/ml) (blue bar) (one
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Figure 5. Inactivation of Flk1 Causes Commissural Axon Guidance Defects In Vivo

(A–F) Robo3 immunostaining (red) in embryos with selective inactivation of Flk1 in the dorsal spinal cord (Flk1CN-ko; generated by crossing Wnt-1-Cre with

Flk1lox/LacZ mice) and in control embryos (Flk1CN-wt). Compared to Flk1CN-wt embryos (A and D), commissural axons in Flk1CN-ko embryos are defasciculated and

some axons project near the lateral edge of the spinal cord and invade themotor columns (white arrows) (B, C, E, and F). (D–F) Higher magnification of the insets in

(A–C). (B) and (E) and (C) and (F) are representative images from two different mutant embryos.

(G) Scheme depicting the observed phenotype. Left: normal commissural axons (red) project from the dorsal spinal cord to the floor plate (blue) in Flk1CN-wt

embryos. Right: in Flk1CN-ko embryos, axons project in a highly disorganized and defasciculated manner and invade the motor columns.

(H) Left: histogram shows the quantification of the area occupied by commissural axons (% of the total spinal cord area, mean ± SEM). *p = 0.03, Student’s t test;

n = 5 Flk1CN-wt; n = 8 Flk1CN-ko. Right: histogram showing the penetrance of the phenotype (%); n = 13 Flk1CN-wt; n = 12 Flk1CN-ko. Differences in the penetrance of

the phenotype between Flk1CN-wt and Vegf FP-wt might be due to their different genetic background. Scale bars represent 10 mm (A–C); 20 mm (D–F).
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10–20 mm thickness. Purified commissural neurons were fixed in 4% PFA for

15minon icebeforeprocessed for immunostaining.Dorsal spinal cordexplants

were fixed in 4% PFA overnight at 4�C. For immunohistochemistry, the

following antibodies were used: anti-b-galactosidase (Cappel-55976), anti-

CD31 (PharMingen-557355), anti-TAG-1 (clone 4D7, Developmental studies

Hybridoma bank, DSHB), anti-Flk1 (Santa-Cruz, SC-6251 and SC-504), and

anti-Robo3 (R&D systems, AF3076). Sections were subsequently incubated

with fluorescently conjugated secondary antibodies (Molecular Probes,

Alexa-488 or -546) for anti-TAG-1 and anti-Robo3, or with peroxidase-labeled
974 Neuron 70, 966–978, June 9, 2011 ª2011 Elsevier Inc.
IgGs (Dako), followed by amplification with tyramide-signal-amplification-

system (Cy3-PerkinElmer-LifeSciences or FT-PerkinElmer-Life Sciences) for

anti-GFP, anti-Flk1 (SC504) and anti-b-galactosidase. For immunostaining

with anti-Flk1 (SC-6251), sections were subsequently incubated with peroxi-

dase-labeled IgGs followed by amplification with Envision+System-HRP

Labeled Polymer Anti-Mouse (Dako, K4000). Immunostainings were examined

using Imager Z1 and Axioplan 2, and Axiovert 200M. Zeissmicroscopes equip-

ped with epifluorescence illumination or confocal system (Zeiss multiphoton

CLSM510 Meta NLO, 0.5–1.0 mm optical sections).
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In Situ Hybridization

VEGF, Netrin-1, Shh, VEGF-C, Sema3E, Npn1, sense, and antisense ribop-

robes were DIG labeled by in vitro transcription (Roche) of cDNA encoding

for their respective sequences. In situ hybridization in embryo cryosections

was carried out as described in Marillat et al. (2002).

b-Gal Enzymatic Staining

E11.5 VEGFLacZ embryos were fixed for 30 min in 0.2% glutaraldehyde in PBS

buffered containing 2 mM MgCl2 and 5 mM EGTA. After rinse, samples were

embedded in 5% agarose and 100 mm vibratome floating sections were

made. b-gal enzymatic activity was revealed with a developing solution con-

taining 1 mg/ml X-gal (Invitrogen), 5 mM K4[Fe(CN)6], and 5 mM K3[Fe(CN)6].

Dunn Chamber Axon Guidance Assay and Analysis

Dunn chamber axon guidance assay was performed and analyzed as

described (Yam et al., 2009). After Dunn chamber assembly and addition of

VEGF, Sema3E, or VEGF-C (all at 25 ng/ml) to the outer well, time-lapse phase

contrast images were acquired for 1.5 hr. Neutralizing anti-Flk1 (DC101)

and anti-Npn1 (R&D systems, #AF566) antibodies were used at 100 ng/ml

and 10 mg/ml, respectively. PP2 and PP3 (Calbiochem) were applied to

the bath at a concentration of 800 nM. The angle turned was defined as the

angle between the original direction of the axon and a straight line connecting

the base of the growth cone from the first to the last time point of the assay

period.

SFK and Phospho-SFK Immunostaining and Immunoblotting

Commissural neurons were cultured for 24 hr in vitro and subsequently stim-

ulated with VEGF (10 or 25 ng/ml, R&D systems, #493-MV) for 30 min. For im-

munostaining, neurons were fixed in 4% PFA/4% sucrose (complemented

with proteinase and phosphatase inhibitors [Roche]) for 15 min at room

temperature. Immunostaining for P-SFK was performed using a Rabbit (poly-

clonal) anti-Src (pY418) phosphorylation site specific antibody (Invitrogen,

#44660G) followed by an Alexa-488 conjugated secondary antibody. For

immunoblotting, neurons were lysed in RIPA buffer complemented with

proteinase and phosphatase inhibitors (Roche). An anti-Phospho-Src Family

antibody (Cell Signaling, #2101) was used to probe the western blots. Subse-

quently blots were stripped and reprobed with an anti-Src (36D10) antibody

(Cell Signaling, #2109).

Quantification of Phospho-SFK Fluorescence at Growth Cones

The average of the phospho-SFK fluorescence signal was measured for each

growth cone using Image J and normalized to the average fluorescence signal

in control growth cones. At least 50 growth cones were analyzed in two inde-

pendent experiments (performed in triplicates) and statistical differences were

assessed by unpaired t test versus control conditions.

Quantification of VEGF, Flk1, and Shh protein levels by ELISA

Floor plates (FPs) isolated from E11.5 mouse embryos were cultured in three

dimensional rat tail collagen in B27-supplemented Neurobasal medium.
Figure 6. VEGF-Induced Growth Cone Turning Requires SFK Activatio

(A) Immunoblot for anti-phospho-SFK (Y418) (top) and total SFK (bottom) of disso

30 min.

(B) Dissociated rat commissural neurons were incubated with vehicle (control) (to

with anti-phospho-SFK (Y418). Dotted lines delineate growth cones. VEGF stimu

relative levels (±SEM) of phospho-SFK fluorescence in control and VEGF-stimul

signal wasmeasured for each growth cone and normalized to the mean signal in c

and n = 107 for VEGF (25 ng/ml), were measured in two independent experimen

(C) Axons of dissociated commissural neurons in a 25 ng/ml VEGF gradient in a

Inhibition of SFK activity by PP2 inhibits VEGF-mediated turning. PP3 did not inhib

initial position of the growth cone; white arrowhead points to its final position.

(D–F) Scatter plot of the angle turned versus initial angle (D and E) andmean angle

F), but not by PP3 (D and F), inhibits commissural axon turning toward VEGF (p < 0.

not perturbed by PP3 and was significantly different from the control or the PP2 c

comparison post-test, *p < 0.05; ns: not significant. Scale bars represent 10 mm
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Conditioned medium from FPs (explants from a single FP were cultured in

300 ml) or control medium were collected after 48 hr and processed for further

measurements of VEGF and Shh protein concentration using the commercial

Quantikine human VEGF ELISA kit (R&D Systems) and Shh ELISA kit (Abcam,

ab100639), respectively. Flk1 protein expression was determined in lysates of

E13 rat dorsal spinal cord tissue using the commercial mouse Flk1 ELISA kit

(R&D Systems, Quantikine MVR200B).

Quantitative Real-Time RT-PCR

Expression levels were quantified by real-time RT-PCR, relative to the expres-

sion level of b-actin, using the following forward (F) and reverse primers (R)

and probes (P), labeled with fluorescent dye (FAM) and quencher (TAMRA).

b-actin: F,50-AGAGGGAAATCGTGCGTGAC-30; R,50-CAATAGTGATGACCT

GGCCGT-30; P,50-FAMCACTGCCGCATCCTCTTCCTCCCTAMRA-30; Flk1:

F,50-ACTGCAGTGATTGCCATGTTCT-30 ; R,50-TCATTGGCCCGCTTAACG-30;
P,50-FAMTGGCTCCTTCTTGTCATTGTCCTACGGATAMRA-30; Vegf: F,50-AGT

CCCATGAAGTGATCAAGTTCA-30; R,50-ATCCGCATGATCTGCATGG-30; P,50-
FAMTGCCCACGTCAGAGAGCAACATCACTAMRA-30. Reference numbers

for primer sequences for mShh and mNetrin-1 are Mm00436528_m1 and

Mm00500896_m1, respectively (Applied Biosystems).

Quantification of the Area Occupied by Commissural Axons

The percentage of the area occupied by precrossing commissural axons to the

total spinal cord area was quantified based on a previously described method

(Charron et al., 2003). Briefly, precrossing commissural axon area and total

spinal cord area were measured on E11.5 embryo cross-sections by quanti-

fying the area encompassed by Robo-3+ axons and the edges of the spinal

cord, respectively. Measurements were performed using the NIH Image J soft-

ware. Values were normalized to values obtained for the control group for each

litter.

Collagen Outgrowth Assays

E13 rat dorsal spinal cord explants were dissected and embedded in three-

dimensional collagenmatrices as described (Charron et al., 2003) and cultured

in F12:DMEM (1:1), 10% heat-inactivated horse serum, 40 mM glucose, 2 mM

glutaMAX, 100 mg/ml streptomycin sulfate, and 100 U/ml penicillin for 16 hr.

Where indicated, Netrin-1 (50 or 100 ng/ml) or VEGF (10, 50, or 100 ng/ml)

were added to the medium.

Quantification of Commissural Axon Outgrowth in Explants

Commissural axons were detected by TAG-1 immunostaining and the total

length of axon bundles per explant (for outgrowth) was quantified as described

previously (Charron et al., 2003).

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and one movie and can be

found with this article online at doi:10.1016/j.neuron.2011.04.014.
n

ciated rat commissural neurons incubated with 0, 10, or 25 ng/ml of VEGF for

p) or 10 ng/ml of VEGF (bottom) for 30 min, and then fixed and immunostained

lation leads to an increase in phospho-SFKs in the growth cone. Graph: mean

ated (10 or 25 ng/ml) growth cones. The average phospho-SFK fluorescence

ontrol-stimulated growth cones. n = 129 for control, n = 167 for VEGF (10 ng/ml)

ts. ***p < 0.0001; *p < 0.05 (unpaired t test).

Dunn chamber, in the presence of bath-applied PP2 (0.8 mM) or PP3 (0.8 mM).

it the ability of axons to turn up a VEGF gradient. Black arrowhead points to the

turned (F) (±SEM) for initial angles >20�, show that SFK inhibition by PP2 (E and

05; p = 0.73, respectively, in unpaired t test). Axon turning up a VEGF gradient is

ondition (p < 0.05, initial angle >20�); one-way ANOVA with Bonferroni multiple

(B); 20 mm (C).
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