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Summary

Ephrin signaling through Eph receptor tyrosine ki-
nases can promote attraction or repulsion of axonal
growth cones during development. However, the
mechanisms that determine whether Eph signaling
promotes attraction or repulsion are not known. We
show here that the Rho family GEF Vav2 plays a key
role in this process. We find that, during axon guid-
ance, ephrin binding to Ephs triggers Vav-dependent
endocytosis of the ligand-receptor complex, thus
converting an initially adhesive interaction into a re-
pulsive event. In the absence of Vav proteins, ephrin-
Eph endocytosis is blocked, leading to defects in
growth cone collapse in vitro and significant defects
in the ipsilateral retinogeniculate projections in vivo.
These findings suggest an important role for Vav fam-
ily GEFs as regulators of ligand-receptor endocytosis
and determinants of repulsive signaling during axon
guidance.

Introduction

Eph family receptor tyrosine kinases (Ephs) regulate a
wide variety of biological processes in developing and
adult organs (Flanagan and Vanderhaeghen, 1998; Kul-
lander and Klein, 2002). Within the nervous system, Eph
signaling mediates the initial sorting and positioning of
cells and axons during development. Eph signaling
regulates the migration pattern of neural crest cells,
the boundary formation between hindbrain segments
(rhombomeres), the proper formation of the cortico-
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spinal tract, and the establishment of visual topo-
graphic maps in the midbrain and tectum. Recent
studies also indicate that Ephs can regulate the forma-
tion and functional properties of neuronal synapses
(Henkemeyer et al., 2003; Kullander and Klein, 2002).
Thus, Ephs display extensive functional versatility, reg-
ulating numerous patterning and morphogenic pro-
cesses in the developing and mature nervous system.

Much has been learned in recent years about the
mechanisms by which Ephs and their ephrin ligands
regulate Eph-dependent biological processes. The Ephs
(EphA1–8 and EphB1–4,6) are single-pass transmem-
brane receptors with intrinsic tyrosine kinase activity.
Ephrins are membrane tethered as either transmem-
brane (ephrin-B1–3) or glycosylphosphatidyl inositol-
linked (ephrin-A1–5) ligands. Unlike secreted, diffusible
guidance cues, such as netrins or slits (Guan and Rao,
2003; Tessier-Lavigne and Goodman, 1996), membrane
bound ephrins bind to Ephs only upon cell-cell contact.
Ephrin binding to an Eph results in receptor clustering,
stimulation of the intrinsic tyrosine kinase activity, and
Eph autophosphorylation. This in turn initiates Eph-de-
pendent forward signaling that promotes growth cone
attraction or repulsion.

With regard to axonal repulsion, this process has
been characterized most thoroughly by studying the ef-
fects of soluble ephrin on growth cone dynamics in cul-
ture (Drescher et al., 1995; Meima et al., 1997a; Meima
et al., 1997b). Under these conditions, ephrin treatment
induces a strong repulsion event termed growth cone
collapse. Ephrin-induced growth cone collapse re-
quires the activation of RhoA and Rac family of small
GTPases (Fournier et al., 2000; Jurney et al., 2002; Wahl
et al., 2000). Rac activity is thought to promote internal-
ization of plasma membrane, whereas RhoA activity is
critical for promoting contractility and disassembly of
the F-actin cytoskeleton. Eph activation of RhoA has
been shown recently to be mediated by the Rho family
GEF, ephexin1, which in turn regulates growth cone col-
lapse (Shamah et al., 2001; Sahin et al., 2005 [this issue
of Neuron]). However, the mechanism by which Ephs
activate Rac and the role of Rac in mediating Eph-
dependent events during development are not yet
known.

Axon guidance in vivo involves the cell contact-medi-
ated interaction of membrane bound ephrins and Ephs.
The initial interaction between axon growth cone and
target cell results in an adhesion between the ephrin
and Eph; however, in many cases the contact subse-
quently promotes repulsion of the axon. Therefore, the
Eph-expressing growth cone must overcome ephrin-
Eph adhesion if axonal repulsion is to occur. One way
in which growth cones may convert the initial ephrin-
Eph adhesion into repulsion is by Rac-dependent en-
docytosis, an atypical endocytic mechanism by which
the ephrin-Eph complex and surrounding plasma mem-
brane are internalized into one cell. Two recent studies
showed that the endocytosis of the ephrin-Eph com-
plex is required for the repulsion of ephrin-B- and
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EphB-expressing cells in culture (Marston et al., 2003;
Zimmer et al., 2003). In these experiments, the forward
ephrin-Eph endocytosis process requires Eph kinase
activity (Marston et al., 2003; Zimmer et al., 2003) and
subsequent Rac activity (Marston et al., 2003). Under
conditions where ephrin-Eph endocytosis is blocked,
the ephrin-Eph interaction results in cell-cell adhesion,
suggesting that activation of Rac-dependent endocyto-
sis of the ephrin-Eph complex may convert initial adhe-
sion into repulsive signaling. As such, ephrin-Eph endo-
cytosis may represent a critical point of regulation that
determines whether ephrin-Eph binding promotes ad-
hesion/attraction or repulsion. At present, the signaling
mechanisms by which ephrin-Eph complexes link to
Rac activation and endocytosis are not known, and it
is unclear whether ephrin-Eph endocytosis is critical for
axon guidance during development.

In this study, we investigated the molecular mecha-
F

nisms that underlie ephrin-Eph endocytosis and the t
conversion of ephrin-Eph adhesion into repulsion. We (
show here that the Rho family GEF Vav2 plays a central I
role in these processes. In response to ephrin binding t

dto Ephs, Vav2 is recruited to the intracellular domain of
SEphs and becomes transiently activated. Vav proteins
(are required for ephrin-Eph endocytosis and ephrin-
W

induced growth cone collapse, suggesting that Vav w
GEFs provide a molecular link between activated Ephs n
and Rac-dependent endocytosis. Analysis of Vav2−/− j

rVav3−/− mice revealed abnormal axon projections from
(the retina to the thalamus, suggesting that Vav GEFs
Tmay play an important role in ephrin-Eph endocytosis
a

and Eph-dependent repulsion in vivo. Taken together, d
these findings suggest that activation of Vav GEFs h
switches Eph forward signaling from adhesion to repul-
sion by regulating ephrin-Eph endocytosis. As such,
Vav-dependent regulation of receptor endocytosis may s
determine the biological response to ephrins and pos- b
sibly other axon guidance factors. a

m
(Results
E
tThe Rho Family GEF Vav2 Interacts

with the Intracellular Domain of EphA4 p
dUsing the autophosphorylated intracellular domain of

EphA4 (EphA4IC) as bait, we performed a yeast two- S
Ehybrid screen with a cDNA library prepared from em-

bryonic day 14 (E14) rat spinal cord and dorsal root a
iganglia (DRG). In addition to the identification of the

RhoA-GEF ephexin1 (Shamah et al., 2001), we isolated a
ethe Rho family GEF Vav2 as an EphA4-interacting pro-

tein (Figure 1A). Vav2 belongs to a subfamily of GEFs w
m(Vav1, Vav2, and Vav3) that are evolutionarily conserved

from nematodes to mammals and play important roles m
iin multiple aspects of cell signaling (Bustelo, 2001;

Turner and Billadeau, 2002). To test whether Vav2 in- a
wteracts with Ephs in mammalian cells, we performed

coimmunoprecipitations with full-length versions of u
tVav2 and EphA4 or EphB2 overexpressed in HEK293T

cells. We observed that Vav2 interacted with either Y
sEphA4 or EphB2 (Figures 2A and 2B), indicating that

Vav2 can bind to either EphA or EphB subclass re- e
iceptors.

We next asked whether Vav2 might function down-
igure 1. Vav2 Interacts with the Intracellular Domain of EphA4 in
he Yeast Two-Hybrid Assay

A) Domain structures of the intracellular domain of EphA4 (EphA4-
C) bait protein and the interacting clone of Vav2 (Vav2-CT) iden-
ified in the yeast two-hybrid screen. SAM domain, sterile α motif
omain; PRD, proline-rich domain; SH3, Src homology 3 domain;
H2: Src homology 2 domain.

B) Characterization of Vav2-CT and EphA4-IC interaction in yeast.
ild-type Vav2-CT was coexpressed in the yeast two-hybrid assay
ith vector, wild-type, or various mutants of EphA4-IC. V635M, ki-
ase-inactivating mutation; Y576F, Y596F, and Y602F, mutations of

uxtamembrane tyrosines; Y928F and Y937F, mutations of tyrosine
esidues in SAM domain; �PDZ, deletion of PDZ binding motif.
C) Domain composition of Vav family proteins, adapted from
urner and Billadeau (2002). CH, calponin homology domain; AD,
cidic domain; DH, Dbl homology domain; PH, pleckstrin homology
omain; ZF, zinc finger domain; P, proline-rich domain; SH3, Src
omology type 3 domain; SH2, Src homology type 2 domain.
tream of Eph forward signaling. In neurons, ephrin
inding to an Eph induces receptor clustering and
utophosphorylation of the highly conserved juxta-
embrane (JM) tyrosines (Y596 and Y602 of EphA4)

Bartley et al., 1994; Davis et al., 1994; Ellis et al., 1996).
ph tyrosine kinase-mediated autophosphorylation of

hese JM residues generates docking sites for phos-
hotyrosine binding proteins (Holland et al., 1997; Pan-
ey et al., 1995; Pandey et al., 1994; Stein et al., 1996;
tein et al., 1998; Zisch et al., 1998). Mutant forms of
phs lacking the intracellular domain or intrinsic kinase
ctivity fail to mediate ephrin-induced axonal repulsion

n vitro and in vivo (Dearborn et al., 2002; Kullander et
l., 2001; Walkenhorst et al., 2000), suggesting that
phrin binding to Eph induces kinase-dependent for-
ard signaling to promote axonal repulsion. To deter-
ine if Vav2 interacts with Ephs in a kinase-dependent
anner, we tested whether Vav2 binds to kinase-

nactive mutants of EphA4. In both yeast (Figure 1B)
nd mammalian cells (Figure 2), Vav2 failed to interact
ith a kinase-inactivated mutant of EphA4 (V635M; Fig-
res 1B and 2C) or with EphA4 JM tyrosine mutants
hat also lack Eph kinase activity (Y596F, Y602F, or
596F/Y602F; Figures 1B and 2C and data not shown),
uggesting that Vav2 interacts specifically with the
phrin-activated form of the Eph and might play a role

n kinase-dependent forward signaling.
The failure of Vav2 to interact with the JM tyrosine
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Figure 2. Vav2 and Ephs Interact in Mamma-
lian Cells

(A and B) Coimmunoprecipitation of Vav2
and EphA4 or EphB2 in HEK293T cells. Cells
were transfected with T7-tagged Vav2 and
Flag-tagged EphA4 or EphB2. Total cell ly-
sates (250 �g) were immunoprecipitated
with anti-T7 antibody, then immunoblotted
with anti-Flag (Eph) or anti-T7 (Vav2) anti-
bodies. Whole-cell lysates (12.5 �g) were
also blotted with anti-Flag or anti-T7 an-
tibody.
(C–E) Analysis of the Vav2 and EphA4 in-
teraction by coimmunoprecipitation. (C) T7-
tagged Vav2 was coexpressed with Flag-
tagged EphA4 (wt), EphA4-YF (Y602F), or
EphA4-KD (kinase dead: V635M); (D) T7-
tagged Vav2 was coexpressed with Flag-
tagged EphA4 (wt) or a JM tyrosine mutant
of EphA4 (EE: Y596E/Y602E); (E) Flag-
tagged EphA4 was coexpressed with T7-
tagged Vav2 (wt), Vav2-Y172F, or �SH2-
Vav2. Total cell lysates (TCL) were blotted
with anti-Flag, anti-T7, or a p-Y172-specific
Vav2 antibody. The autoradiograph expo-
sures shown were chosen to illustrate rela-
tive loading and protein expression levels
rather than to indicate the degree of immu-
noprecipitation or coimmunoprecipitation from
the cell lysates.
mutants of EphA4 suggests a possible direct interac-
tion with the phosphorylated JM tyrosines; however,
previous studies have shown that tyrosine to phenylala-
nine mutation of the JM tyrosines also leads to a loss
of Eph kinase activity (Binns et al., 2000; Zisch et al.,
1998; Zisch et al., 2000). To test whether Vav2 directly
binds to the JM tyrosines, we tested the ability of Vav2
to bind to a mutant of EphA4 (Y596E/Y602E) that re-
tains normal tyrosine kinase activity but cannot be
phosphorylated at the JM tyrosines (Zisch et al., 2000).
We found that Vav2 interacted much more weakly with
the YE mutant than wild-type EphA4, suggesting that
Vav2 interacts directly with phosphorylated JM tyro-
sines of EphA4 (Figure 2D). The residual binding of Vav2
to the YE mutant may be mediated by the negative
charge of the glutamic acid (E), a substitution that is
often used to mimic phosphorylation. These findings
suggest that, upon ephrin binding to an Eph, the Eph
autophosphorylation of the JM tyrosines generates a
docking site for Vav2 recruitment.

How then does Vav2 interact with the phosphorylated
JM tyrosines? All the Vav family GEFs contain a SH2
phosphotyrosine binding domain in the C-terminal por-
tion of the protein. Therefore, we speculated that Vav2
might be recruited to the phosphorylated JM tyrosines
of ephrin-activated Ephs via its SH2 domain. We tested
the ability of Vav2 containing a mutated SH2 domain
(�SH2-Vav2) to interact with wild-type EphA4. We
found that, in contrast to wild-type Vav2, �SH2-Vav2
does not interact with EphA4 (Figure 2E). We conclude
that, once ephrin activates Eph and the JM tyrosines
become autophosphorylated, Vav2 is recruited to the
ephrin-Eph complex and binds to Eph JM tyrosines via
the Vav2 SH2 domain.

Having established that Vav2 and Ephs interact in a
phosphorylation-dependent manner, we sought to de-
termine whether activated Ephs might regulate the GEF
activity of Vav2. A combination of biochemical, muta-
tional, and structural data indicate that phosphorylation
of conserved tyrosine residues in the acidic domain of
Vavs regulates the GDP/GTP exchange activity of Vav
proteins (Aghazadeh et al., 2000; Crespo et al., 1997;
Lopez-Lago et al., 2000; Movilla and Bustelo, 1999;
Schuebel et al., 1998). In the absence of tyrosine phos-
phorylation, an intramolecular interaction of the Vav
acidic domain with the catalytic Dbl homology (DH) do-
main blocks access to Rho family GTPases. This inhibi-
tory interaction is disrupted when Vav is phosphory-
lated at highly conserved tyrosines in the acidic domain
(e.g., Tyr174), resulting in active GDP/GTP exchange on
Rho family GTPases. As an activating mutation of
Tyr174 on Vav1 has previously been shown to be suffi-
cient to induce near maximal GDP exchange activity,
we utilized a site-specific phospho-antibody against
this site on Vav2 (Tyr172) to determine if activated
EphA4 induces tyrosine phosphorylation of this regula-
tory site on Vav2. While little tyrosine phosphorylation
of Vav2 was detected in the absence of EphA4 ex-
pression, coexpression in HEK293T cells of Vav2 and
wild-type EphA4 significantly increased Vav2 Tyr172
phosphorylation (Figure 2C). As with EphA4, the coex-
pression of EphA7, EphB2, EphB3, or EphB4 with Vav2
led to significant Tyr172 phosphorylation (data not
shown), suggesting that multiple EphAs and EphBs are
capable of activating Vav2. However, it was unclear
whether enhanced phosphorylation of Vav2 was depen-
dent on a physical association between the Vav2 and
Eph or due to an indirect Eph-dependent signaling
event. Coexpression of wild-type EphA4 with the �SH2-
Vav2 mutant that failed to interact with the activated
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EphA4 did not result in Vav2 tyrosine phosphorylation p
eat Tyr172 (data not shown), indicating that Vav2 tyrosine

phosphorylation and activation require a direct interac- p
btion of Vav2 with the activated Eph. Similarly, coexpres-

sion of the EphA4 YE mutant with Vav2 resulted in de- T
dcreased levels of binding (Figure 2D) as well as

decreased levels of Vav2 tyrosine phosphorylation i
(data not shown). We note that phosphorylation of Vav2
on Tyr172 was not necessary for binding to EphA4 (Fig- w

aure 2E), suggesting that Vav2 phosphorylation is a con-
sequence of the interaction with EphA4, not the cause. w

VTaken together, these experiments suggest that, when
Ephs become tyrosine autophosphorylated, the acti- p

dvated Eph interacts with Vav2 and triggers Vav2 tyro-
sine phosphorylation and activation. n

t
(Endogenous Vav2 Is Transiently Activated by Ephrin
lStimulation in Neurons
oHaving established that Vav2 binds to and is activated
pby Ephs, we sought to address three major questions:
w(1) is Vav2 expressed in neurons, (2) is Vav2 found in
tgrowth cones where Eph-dependent axon guidance
boccurs, and (3) does ephrin stimulation of endogenous
aEph receptors induce the activation of Vav2? To deter-
nmine if Vav2 is expressed in neurons, we tested total
ibrain and primary neuronal culture lysates by Western
iblotting with an anti-Vav2 antibody. We detected an
gw95 kDa band that comigrates with recombinant Vav2
cand is absent in adult brain lysates obtained from
gVav2−/−Vav3−/− mice, suggesting that the 95 kDa band

is a Vav family member (Figure 3A). By Western blotting,
yVav2 was also detected in lysates from E17/18 cultured
erat cortical, striatal, or hippocampal neurons, as well as
wrat and mouse RGCs isolated from postnatal day 6 (P6)
Bretinas (Figure 3A and data not shown). We conclude
tthat Vav2 is expressed in a variety of embryonic and
spostnatal neurons. To determine whether Vav2 is ex-
apressed at an appropriate time to play a role in axon
tguidance, we isolated rat brains over a wide range of
aembryonic and postnatal days during development
a(E13 to adult) and analyzed Vav2 protein expression by
Figure 3. Vav2 Protein Expression in Neurons

(A) Western blotting with Vav2 antibodies in
whole-brain lysates from wild-type or Vav2−/−

Vav3−/− mice, or from dissociated primary rat
neurons. Lysates represent total protein from
150,000 rat P6 retinal ganglion cells, 750,000
rat E17/18 cortical neurons, or 750,000 rat
E17/18 hippocampal neurons.
(B) Developmental expression profile of Vav2
or β-actin from whole-brain lysates (no cere-
bellum) at indicated embryonic (E) or postna-
tal (P) day (100 �g/lane).
(C) Expression of Vav2-EGFP (green) or
nuclear staining (Hoechst, blue) in E17/18
cortical neurons at 3 days in culture (inset,
growth cone region of Vav2-EGFP-express-
ing neurons).
Western blotting. We found that Vav2 protein is ex-
ressed most highly during embryonic (E13–E18) and
arly postnatal time points (P2–P6) but then declines
ostnatally when synaptic proteins such as PSD-95 are
eing upregulated (Figure 3B and data not shown).
herefore, Vav2 protein is expressed highly in the brain
uring the period when axon guidance is occurring

n vivo.
To determine whether Vav2 is found in growth cones,
e used several different approaches. As our anti-Vav2
ntibodies failed to show specific staining in cultured
ild-type neurons, we analyzed the localization of a
av2-EGFP fusion protein in cultured cortical and hip-
ocampal neurons (Figure 3C and data not shown). We
etected Vav2-EGFP in growth cones (Figure 3C, inset),
eurites, and the cell body, but not the nucleus, consis-
ent with previous reports of neuronal Vav2 localization
Chauvet et al., 2003). To analyze Vav2 protein subcellu-
ar distribution a different way, we harvested distal ax-
ns or cell bodies from rat DRG explants grown in com-
artmentalized chambers. By Western blotting, Vav2
as detected in both distal axons and cell bodies, al-

hough Vav2 was found to be most abundant in the cell
ody fraction. In contrast, the nuclear proteins CBP
nd MECP2 were detected in the cell body fraction, but
ot in the distal neurites (data not shown). Thus, Vav2

s present in a number of ephrin-responsive neurons,
s synthesized in the brain during the time when axon
uidance is occurring, and is detected in the growth
ones and distal neurites where ephrin-induced axon
uidance occurs.
Finally, we asked if Vav2 becomes tyrosine phosphor-

lated by ephrin binding to Ephs in neurons. To this
nd, primary rat cortical or striatal cultures were treated
ith ephrin-A1 to specifically activate EphAs, ephrin-
1 to selectively stimulate EphBs, or an Fc control pro-

ein. Cells were harvested at various times following
timulation, and Vav2 was immunoprecipitated. The
ctivation state of Vav2 was assessed by Western blot-
ing using a general anti-phosphotyrosine monoclonal
ntibody (4G10) or the anti-Vav2 p-Tyr172 site-specific
ntibody. Upon ephrin-A1 stimulation, Vav2 became
phosphorylated rapidly and transiently, with Vav2 phos-
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phorylation detectable as early as 1 min following stim-
ulation with ephrin-A1 (Figures 4A and 4B). The peak of
Vav2 phosphorylation was between 2 and 5 min, and
then Vav2 phosphorylation declined quickly thereafter.
Similarly, ephrin-B1 stimulation induced the transient
phosphorylation of Vav2, but with delayed kinetics that
mirrored the activation phase of the EphBs (Figure 4C).
Treatment with Fc control did not induce Vav2 tyrosine
phosphorylation at any of the time points analyzed.
Taken together, these experiments suggest that Vav2
is transiently tyrosine phosphorylated and activated in
neurons by Eph forward signaling under conditions that
induce Eph-dependent repulsion.

Abnormal Retinogeniculate Projections
in the Vav2−/−Vav3−/− Mice
Since ephrin/Eph forward signaling induces the tran-
sient phosphorylation of Vav2 in neurons, and Ephs are
Figure 4. Ephrin Stimulation Activates Endogenous Vav2 in Neurons

(A) E17/18 cortical neurons were cultured for 4 days and then stim-
ulated with ephrin-A1-Fc or Fc (control) for the indicated times.
Vav2 was immunoprecipitated from whole-cell lysates and then
blotted with phosphotyrosine antibody (4G10) (top panel) or the
p-Y172-specific Vav2 antibody (data not shown). Whole-cell lysates
were also blotted with anti-Vav2, anti-phospho-Eph, or anti-EphA4
antibodies.
(B) E17/18 striatal neurons cultured for 4 days were stimulated with
5 �g/ml clustered ephrin-A1-Fc. Cell lysates were immunoprecipi-
tated with anti-Vav2 antibody or Protein A beads alone (control IP)
and blotted with anti-phosphotyrosine antibody or anti-Vav2 an-
tibody.
(C) Cortical neurons at E17/18 + 4 DIV were stimulated with ephrin-
B1-Fc. Vav2 was immunoprecipitated and blotted with phosphoty-
rosine antibody. Total cell lysates were blotted with anti-Vav2 or
site-specific antibodies against the phosphorylated JM tyrosines
of Ephs.
known to be critical for proper axon guidance during
development, we investigated whether Vav proteins
might also be necessary for proper axon guidance in
vivo. Since Vav2 and Vav3 are known to be expressed
in the brain, are closely related with respect to amino
acid sequence, and are both activated by tyrosine
phosphorylation (Movilla and Bustelo, 1999; Schuebel
et al., 1998), we speculated that a potential role for Vav2
or Vav3 in Eph-dependent signaling might be unclear in
the single knockout mice due to compensation by the
remaining Vav gene product. Therefore, we analyzed
the projection pattern of axons from retinal ganglion
cells (RGCs) to the dorsal lateral geniculate nucleus
(dLGN) in wild-type and Vav2−/−Vav3−/− mice. To visual-
ize Eph-dependent axon projections, we injected the
left and right eyes with either Alexa 488 (green)- or
Alexa 594 (red)-conjugated cholera toxin B (ChTxB)
subunits to anterogradely label the axon terminals in
the dLGN. As shown in Figure 5A, the wild-type contra-
lateral projections (green) occupy a large majority of the
dLGN, whereas the ipsilateral projections (red) occupy
a smaller, centrally located, and spatially segregated re-
gion of the dLGN. By casual observation, the ipsilateral
projections in Vav2−/−Vav3−/− mice appear to be re-
duced in number and ventrally shifted, and to display a
patchy pattern when compared to wild-type animals.

To analyze ipsilaterally projecting axons more care-
fully, we quantified the total signal intensity and av-
erage distribution for all ipsilateral projections to the
dLGN in both wild-type and Vav2−/−Vav3−/− mice. By
these analyses (Figure 5C, top), we observed a 55%
decrease in the total ipsilateral projection signal in the
Vav2−/−Vav3−/− mice as compared to wild-type mice, in-
dicating that Vav2−/−Vav3−/− mice have fewer total ipsi-
lateral projections. As this reduction could be due to
reduced labeling efficiency in the eye or reduced trans-
port of the anterograde label to the nerve terminals of
Vav2−/−Vav3−/− mice, we analyzed the contralateral pro-
jections to determine if there was a similar decrease
in signal intensity in Vav2−/−Vav3−/− mice. However, we
found that the total signal intensity of Vav2−/−Vav3−/−

contralateral projections was similar to that of the wild-
type mice (Figure 5C, bottom), indicating that the signif-
icant decrease in the number of ipsilateral projections
to the Vav2−/−Vav3−/− dLGN is not due to an overall de-
crease in labeling efficiency or to lower levels of
ChTxnB at dLGN nerve terminals.

The number of ipsilateral projections in mutant and
wild-type dLGNs was also quantified by generating bi-
nary images of ipsilateral and contralateral projections
to the dLGN (Figure 5B). By this method of analysis, we
also detected a decrease in the number of ipsilateral
projections in Vav2−/−Vav3−/− mice relative to wild-type
mice (data not shown). By contrast, pixel occupancy
for the contralateral projections was similar in Vav2−/−

Vav3−/− and wild-type animals. The decrease in ipsilat-
eral projections in the Vav2−/−Vav3−/− mice is similar in
magnitude to the reduction in ipsilateral projections ob-
served in the EphB1−/− and EphB1−/−EphB2−/−EphB3−/−

mice (Williams et al., 2003). The finding that there is a
reduction in ipsilateral axon projections in Vav-deficient
mice indicates that Vav proteins are important for
proper axon targeting to the dLGN and raises the pos-
sibility that Ephs promote axon guidance via a Vav- and
Rac-dependent process.
In addition to the reduction of ipsilateral nerve ter-
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Figure 5. Retinogeniculate Projections Are Altered in the Vav2−/−Vav3−/− Mice

(A) Confocal images of contralateral (green) and ipsilateral (red) axon projections in the dorsal lateral geniculate nucleus (dLGN) from two
wild-type (top) and two Vav2−/−Vav3−/− (bottom) mice.
(B) Corresponding binary images of the ipsilateral projections from the wild-type (top) and Vav2−/−Vav3−/− (bottom) mice.
(C) Analysis of the total axon projections (ipsilateral and contralateral) between wild-type (blue) and Vav2−/−Vav3−/− (red) mice. Data represent
the mean of 11 wild-type and 12 Vav2−/−Vav3−/− mice ± SEM. The difference of total ipsilateral projections ([C], top) between the wild-type
and Vav mutant mice is statistically significant (Student’s t test; p < 0.001).
(D) Average distribution (mean ± SEM) of the ipsilateral projections along the long (dorsomedial to ventrolateral) and short (laterodorsal to
medioventral) axes. The data are plotted on a normalized axis (0 to 1) of the long and short axis of the dLGN as depicted on the inset
diagrams. D, dorsal; V, ventral; L, lateral; M, medial.
minals in the Vav2−/−Vav3−/− mice, the distribution of i
mipsilateral projections appears to be more diffuse,

patchy, and skewed toward the ventrolateral region of m
lthe dLGN (Figures 5B and 5D). To compare the distribu-

tion of the ipsilateral projection pattern, we employed r
pa line scan technique to calculate the mean pixel inten-

sity of projection terminals in wild-type and Vav2−/− a
mVav3−/− mice along the long (dorsomedial [DM] to

ventrolateral [VL]) and short (laterodorsal [LD] to medio- t
oventral [MV]) axes. The mean pixel intensity for each

pixel line was averaged for 11 wild-type mice (blue line,
Figure 5D) and 12 Vav2−/−Vav3−/− mice (red line, Figure V

G5D). The distribution of axon projections along the short
axis (Figure 5D, right panel) appeared similar in wild- A

ttype and Vav2−/−Vav3−/− mice, indicating that Vav pro-
teins are dispensable for proper axon targeting along a

Sthis axis. However, the distribution of projections along
the long axis, which coincides with the orientation of a

sthe ephrin-A gradient in wild-type mice, was distorted
in the Vav2−/−Vav3−/− mice (Figure 5D, left panel). Wild- t

mtype mice displayed a bell-shaped distribution of pro-
jections, with the center of the distribution just dorsal m

eto the midline. In contrast, the Vav2−/−Vav3−/− mice
showed a distinct VL-shifted and sloping distribution, a
ndicating that the ipsilateral axons in the Vav2−/−Vav3−/−

ice that successfully project to the dLGN are abnor-
al in their targeting. This ventrolateral skewing of ipsi-

ateral projections in Vav-deficient animals may be the
esult of a defect in Eph signaling. Taken together, the
rojection defects in the Vav2−/−Vav3−/− mice indicate
n important role for Vav family GEFs in the proper for-
ation of the ipsilateral retinogeniculate map and raise

he possibility that Vav proteins may regulate aspects
f ephrin/Eph-dependent axon guidance.

av Family GEFs Are Necessary for Ephrin-Induced
rowth Cone Collapse of RGCs
xonal repulsion in vivo requires an initial adhesive in-

eraction between ephrins expressed on target cells
nd Ephs expressed on guiding axonal growth cones.
ubsequent to ephrin-Eph binding, the Ephs cluster
nd autophosphorylate their JM tyrosines, which in turn
timulate signaling events that switch from adhesion
o repulsion. One possible reason for abnormal Eph-
ediated axon guidance in the Vav-deficient mice
ight be a defect in the initial ephrin-Eph adhesion

vent. To address this possibility, we cultured dissoci-
ted RGCs from wild-type and Vav-deficient mice and
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incubated them with ephrin-A1-Fc or Fc at 4°C in order
to detect ephrin-Eph surface binding. We detected a
similar staining intensity and signal distribution of sur-
face bound ephrin (data not shown), indicating that
ephrin-Eph adhesion is normal in the RGCs of Vav2−/−

Vav3−/− mice. We next asked whether Eph activation by
tyrosine autophosphorylation might be defective in the
Vav2−/−Vav3−/− mice, thus resulting in defective Eph for-
ward signaling. However, stimulation of cultured RGCs
from either wild-type or Vav2−/−Vav3−/− mice with
ephrin-A1 led to a significant increase in JM tyrosine
autophosphorylation (Figure 6A), suggesting that axon
guidance defects in Vav-deficient mice are not likely
due to abnormal ephrin-Eph adhesion or initial recep-
tor activation.

To investigate whether the axon guidance defects
observed in the Vav2−/−Vav3−/− mice might be due
to defects in Eph-dependent repulsion signaling, we
turned to a neuronal culture-based assay. Addition of
ephrin-As to dissociated RGCs in culture induces a dra-
matic change in the morphology of axonal growth
cones that is characterized by the retraction of extend-
ing filopodia and the collapse of the growth cone (Fig-
ure 6B). To determine if Vav family GEFs are required
for ephrin-induced growth cone collapse, we examined
the response of RGCs derived from wild-type and
Vav2−/−Vav3−/− mice to ephrin-A1 stimulation. Impor-
tantly, the overall cell morphology, number of neurites,
and growth cone morphology of cultured Vav2−/−Vav3−/−

RGCs appeared similar to wild-type RGCs (Figure 6C).
After 2 days in culture, RGCs were stimulated with
ephrin-A1 or Fc control for 30 min, then fixed and
scored for collapsed or uncollapsed growth cones.
Ephrin-A1 treatment induced the collapse of a large
percentage of the growth cones in wild-type RGC cul-
tures as compared to the Fc control treatment (61%
and 24%, respectively; Figure 6D, open bars). In con-
trast, Vav2−/−Vav3−/− RGCs were poorly responsive to
Figure 6. Vav Family GEFs Are Necessary for
Ephrin-A1-Induced Growth Cone Collapse of
Retinal Ganglion Cells

(A) Cultured wild-type and Vav2−/−Vav3−/−

retinal ganglion cells (RGCs) were stimulated
with clustered ephrin-A1 or Fc control for 12
min, and then lysates were immunoblotted
with anti-phospho-Eph (top) or anti-EphA4-
specific (bottom) antibodies.
(B) Morphology of uncollapsed (top) and col-
lapsed (bottom) growth cones were visual-
ized with Texas red-labeled phalloidin (Mo-
lecular Probes).
(C) F-actin content and growth cone mor-
phology of wild-type (left) and Vav2−/−Vav3−/−

(right) RGCs (phalloidin-Texas red).
(D) Growth cone collapse assay with wild-
type (open bars) and Vav2−/−Vav3−/− (closed
bars) RGCs. Cultured RGCs (P7, 2 DIV) were
stimulated with ephrin-A1, Semaphorin 3A
(Sema3A), or Fc control for 30 min prior to
fixation and phalloidin staining. Data repre-
sent the mean of three (Sema3A) or four
(ephrin-A1 and Fc) independent experi-
ments ± SEM. Asterisk marks significant dif-
ference between wild-type and mutant
RGCs (Student’s t test; p = 0.001).
ephrin-A1 treatment when compared to the Fc control
(36% and 28%, respectively; Figure 6D, solid bars).
Thus, Vav family GEFs play a key role in mediating
ephrin-dependent growth cone collapse.

The observation that there is a defect in ephrin-
induced growth cone collapse of Vav-deficient RGCs
suggests that there is a specific deficit in Eph signaling
in these cells. However, we considered the alternative
possibility that Vav2−/−Vav3−/− RGCs might have an in-
trinsic defect in the ability to respond to many repulsive
guidance factors. To address this possibility, we com-
pared the response of wild-type and Vav2−/−Vav3−/−

RGCs to treatment with Semaphorin 3A (Sema3A), a
secreted ligand that stimulates growth cone collapse
through the neuropilin1/plexin-A1 receptor complex
(He and Tessier-Lavigne, 1997; Kolodkin et al., 1997;
Kolodkin et al., 1992; Luo et al., 1993; Takahashi et al.,
1999; Tamagnone et al., 1999). We detected no signifi-
cant difference in Sema3A-induced growth cone col-
lapse between wild-type and Vav2−/−Vav3−/− RGCs (Fig-
ure 6D). Taken together, these findings indicate that the
growth cone collapse deficit in Vav2−/−Vav3−/− RGCs re-
flects a specific defect in Eph-dependent signaling.

Vav Family GEFs Are Required
for Ephrin-Eph Endocytosis
We next explored the cellular mechanism by which Vav
proteins regulate ephrin-Eph-mediated growth cone
collapse. Vav proteins have been shown to activate
RhoA, Rac, and Cdc42 proteins in vitro. However,
studies of Vav proteins in mammalian cells have re-
vealed that they induce membrane ruffles and lamelli-
podia and strongly activate Rac family GTPases (Arthur
et al., 2004; Kawakatsu et al., 2005; Liu and Burridge,
2000; Marcoux and Vuori, 2003; Marignani and Carpen-
ter, 2001; Schuebel et al., 1998; Servitja et al., 2003;
Tamas et al., 2003). Since Rac activity has been shown
to be required for ephrin-Eph endocytosis (Marston et
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al., 2003), we investigated the possibility that Vav-defi- c
acient RGCs might be defective in ephrin-Eph endocyto-

sis. We compared the internalization of ephrin-A1/EphA w
icomplexes in growth cones of cultured RGCs from

wild-type and Vav2−/−Vav3−/− mice (Figure 7). Briefly, e
TRGC cultures were treated with ephrin-A1-Fc or Fc

control, then fixed and stained to detect the amount of i
Eendocytosed ephrin-A1. Total ephrin-A1 staining (sur-

face bound + internalized) was determined under de- d
mtergent permeabilizing conditions, whereas surface

bound ephrin-A1 was specifically measured under non- c
permeabilizing conditions. The endocytosed fraction of
ephrin-A1 represents the difference between the total D
staining and the surface bound staining. In wild-type
mouse and rat RGCs, the amount of endocytosed I

tephrin-A1 increased in a time-dependent manner (data
not shown). In contrast, no significant ephrin-Eph en- l

tdocytosis was observed in the Vav-deficient RGCs
when compared with wild-type cells at any time tested s

a(Figure 7B and data not shown). For both wild-type and
Vav2−/−Vav3−/− RGC cultures, the incubation with Fc i

dcontrol or no treatment failed to induce detectable en-
docytosis (Figure 7A). Thus, Vav family proteins are p

fnecessary for internalization of the ephrin-Eph com-
plex, suggesting that the failure of Vav-deficient RGC t

sgrowth cones to collapse in response to ephrin treat-
ment may be due, at least in part, to defective ephrin- e

pEph endocytosis.
To determine whether Vav2−/−Vav3−/− RGCs were o

tgenerally defective in receptor-dependent endocytosis
or whether the internalization defect was specific for a

pephrin-Eph complexes, we analyzed the endocytosis of
transferrin in wild-type and Vav2−/−Vav3−/− neurons. i

pTransferrin is a serum protein that delivers bound iron
atoms to the intracellular compartment of cells by con-

tstitutive receptor-mediated endocytosis. Using fluores-
Figure 7. Vav Family GEFs Are Required for
Ephrin-Eph Endocytosis

(A) Fluorescence images of Fc control or
ephrin-A1-Fc staining (red) of wild-type or
Vav2−/−Vav3−/− RGC distal neurites/growth
cones (green, DiO). “Surface” represents
RGCs blocked without 0.1% Triton X-100,
whereas “surface plus internal” represents
RGCs blocked in the presence of 0.1% Triton
X-100.
(B) Quantification of ephrin-A1 staining in-
tensity of nonpermeabilized or detergent-
permeabilized RGC distal neurite/growth
cones from wild-type (open bars) and Vav2−/−

Vav3−/− (closed bars) mice after 30 min of
stimulation (see Experimental Procedures).
The difference between the nonpermeabi-
lized and permeabilized levels indicates the
internalized fraction of ephrin-A1. Data re-
present intensity quantification of a total of
25 to 47 growth cones for each condition
from three independent experiments ± SEM.
The amount of internalized ephrin-A1 in
Vav2−/−Vav3−/− RGCs was significantly dif-
ferent than that of wild-type neurons (ANOVA
test; p < 0.001).

(C) The endocytosis of transferrin by wild-type (open bars) and Vav2−/−Vav3−/− (closed bars) RGCs was determined following a 30 min
incubation with TRITC-labeled transferrin at 37°C (endocytosis permissive) or 4°C (endocytosis blocked). Internalized transferrin was quanti-
fied after acid/high-salt wash to remove surface bound ligand. Data represent a total of 32 to 36 neurons for each condition ± SEM.
ently labeled transferrin protein, we detected a similar
mount of endocytosis in cultured RGCs derived from
ild-type or Vav2−/−Vav3−/− mice (Figure 7C), suggest-

ng that Vav proteins are required for endocytosis of the
phrin-Eph complex, but not all endocytic processes.
aken together, our observations that there are defects
n ephrin-induced growth cone collapse and ephrin-
ph endocytosis in Vav-deficient RGCs suggest that
efects in axon guidance observed in Vav2−/−Vav3−/−

ice might be due, at least in part, to a defect in endo-
ytosis-dependent Eph repulsive signaling.

iscussion

n this study, we show that when ephrins bind to Ephs
he Rho family GEF, Vav2, is recruited to the phosphory-
ated JM region of activated Ephs, and Vav2 becomes
ransiently phosphorylated on tyrosine residues that
timulate its GEF activity. We observed retinogeniculate
xonal projection defects in the Vav2−/−Vav3−/− mice,

ndicating an important role for Vav proteins in neuronal
evelopment and suggesting a possible role for Vav
roteins in Eph-dependent axonal targeting in vivo. We

ind that RGCs derived from Vav2−/−Vav3−/− mice fail
o collapse their growth cones in response to ephrin-A
timulation in culture. In addition, Vav proteins are nec-
ssary for ephrin-Eph endocytosis, a Rac-dependent
rocess that appears to be important for the process
f axonal repulsion. Taken together, our data suggest
hat defects in Vav-dependent Eph signaling result in
xon targeting defects in vivo and that Vav proteins
romote the local and transient activation of a Rho fam-

ly GTPase to stimulate ephrin-Eph endocytosis, an im-
ortant early step in axonal repulsion.
As with any complex mouse phenotype, it is difficult

o link definitively the retinogeniculate defects in the
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Vav2−/−Vav3−/− mice to a specific signaling pathway.
While our data suggest that the retinogeniculate map
defects in the Vav2−/−Vav3−/− mice may be due to dis-
rupted Vav-dependent Eph repulsive signaling, it is im-
portant to note that Vav proteins are activated down-
stream of several growth factor receptors, immune cell
receptors, and adhesion molecules (Bustelo, 2000). De-
fective signaling downstream of one or several of these
various receptors could contribute to the disruption of
the retinogeniculate projection map in a number of
ways. These include effects on axon outgrowth, neurite
pruning/branching, or gene expression. With regard to
axon outgrowth, we find that in culture the neurites
from wild-type and Vav2−/−Vav3−/− RGCs are similar in
length (C.W.C., unpublished data). In addition, axon
projections to the contralateral dLGN in the Vav2−/−

Vav3−/− mice appear normal (Figure 5C, bottom), sug-
gesting that there is not a general defect in axon out-
growth. We have also considered the possibility that
the altered retinogeniculate projections in Vav2−/−

Vav3−/− mice could be due to changes in ephrin or Eph
expression levels. To begin to address this possibility,
we analyzed by semiquantitative RT-PCR the levels of
several ephrin and Eph mRNAs in the brain and eye
of wild-type and Vav2−/−Vav3−/− mice. We observed no
obvious differences between wild-type and Vav2−/−

Vav3−/− mice in the mRNA levels of ephrins and Ephs
that are known to contribute to retinogeniculate or
retinocollicular axon targeting (Figure S1 in the Supple-
mental Data available with this article online).

If Vav-dependent endocytosis is required for Eph re-
pulsive signaling during neuronal development, it is im-
portant to consider how disruption of Vav-dependent
Eph signaling might cause defects in axon guidance.
Recent studies are consistent with the possibility that
the observed reduction in ipsilateral projections in the
Vav2−/−Vav3−/− mice might be due in part to failure of
the ipsilateral axons to repel at the optic chiasm. Spe-
cifically, wild-type RGC axons arriving at the optic chi-
asm encounter ephrin-B2-expressing glia. EphB1-posi-
tive axons from the ventrotemporal region of the retina
are repelled by ephrin-B2 at the optic chiasm and adopt
the ipsilateral projection path, whereas the vast major-
ity of axons that do not express EphB1 cross the optic
chiasm to establish the contralateral projection path
(Williams et al., 2003). In EphB1−/− and EphB1−/−

EphB2−/−EphB3−/− mice, ipsilateral projections were
decreased by 43 and 56 percent, respectively (Williams
et al., 2003). Similarly, we observed a 55 percent de-
crease in ipsilateral projections in the Vav2−/−Vav3−/−

mice, raising the possibility that Vav proteins might play
an important role in EphB1-dependent ipsilateral guid-
ance at the optic chiasm. As we observed clear defi-
cits in ephrin-A-induced endocytosis in Vav2−/−Vav3−/−

mice, and both ephrin-A and ephrin-B induce Vav2 tyro-
sine phosphorylation, it is tempting to speculate that
the EphB1-positive axons may be defective in ephrin-
B-induced endocytosis. If this is the case, then in the
Vav2−/−Vav3−/− mice the EphB1-positive axons may
bind to the ephrin-B2-positive glia but fail to undergo
ephrin-Eph endocytosis and axonal repulsion. In the fu-
ture, it will be important to test whether Vav proteins
regulate ephrin-B-EphB endocytosis and repulsive sig-
naling, as well as to determine the fate of the absent
ipsilateral axons in the Vav2−/−Vav3−/− mice.

In contrast to studies of ephrin-A-EphA endocytosis
and axonal repulsion, it is not yet clear whether ephrin-
B-EphB endocytosis is necessary for repulsive signal-
ing. Although ephrin-B1 can stimulate forward endocy-
tosis in cultured mouse neurons, and ephrin-B-EphB
endocytosis is required for cell-cell repulsion when
EphB and ephrin-B are ectopically expressed in cul-
tured fibroblasts (Marston et al., 2003; Zimmer et
al., 2003), Xenopus RGCs can undergo growth cone
collapse in the absence of forward ephrin-B-EphB en-
docytosis (Mann et al., 2003). This suggests that
EphB-mediated repulsion can, at least under some cir-
cumstances, occur independently of endocytosis. As
these studies emphasize, it will be important to deter-
mine whether ephrin-B-EphB endocytosis occurs in
vivo during normal axon guidance and whether ephrin-
B-EphB endocytosis is required for cell-cell detach-
ment and axonal repulsion.

The reduction of projections to the dLGN in the
Vav2−/−Vav3−/− mice is not the only observed retinogen-
iculate targeting defect. The remaining ipsilateral pro-
jections along the dorsomedial to VL axis of the dLGN
are also abnormally distributed (Figure 5C). In wild-type
mice, ephrin-A2 and ephrin-A5 are expressed in a gra-
dient along this axis with highest expression at the VL
region (Feldheim et al., 1998). In addition, ephrin-As are
critical for RGC axon targeting along this axis. Specifi-
cally, ephrin-A5−/− and ephrin-A2−/−ephrin-A5−/− mice
display mistargeted projections along the plane of the
ephrin-A gradient (Feldheim et al., 2000; Feldheim et
al., 1998; Frisen et al., 1998). Interestingly, the mis-
targeted ipsilateral projections in the Vav2−/−Vav3−/−

mice were shifted toward the higher concentrations of
ephrin-A, raising the possibility that defective endocy-
tosis of the ephrin-A-EphA complex and/or repulsive
signaling may result in attraction/adhesion toward more
ventrolateral positions (i.e., higher concentrations of
ephrin-A) in the dLGN. With our current data, we cannot
firmly establish that the shift in ipsilateral projections in
Vav-deficient mice represents defective Eph signaling
or ephrin-Eph endocytosis; however, the fact that the
abnormal axonal projection pattern is specifically de-
fective in the axis of the ephrin-A gradient and that cul-
tured Vav-deficient RGCs are defective in ephrin-A-
induced growth cone collapse and endocytosis sug-
gests that Vav proteins may play a critical role in ephrin-
A/EphA-dependent repulsion in vivo.

Although there is now considerable evidence sug-
gesting that ephrin-Eph endocytosis plays an important
role in repulsive signaling, Flanagan and colleagues
have reported that the proteolytic cleavage of the
ephrin-A ligand is also required for ephrin-A-induced
repulsion (Hattori et al., 2000). Upon ephrin-A-EphA bind-
ing, the metalloprotease Kuzbanian (Adam10) cleaves the
ephrin-A ligand, thus providing a mechanism for dis-
rupting the ephrin-A-EphA adhesion event. Failure to
proteolyze ephrin-A resulted in delayed axonal repul-
sion, suggesting that ephrin-A cleavage is a critical
step for normal repulsive signaling. In the future, it will
be important to explore the relationship between the
ephrin-A cleavage event and Rac-dependent ephrin-
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Figure 8. A Model for How Vav and Ephexin
Family GEFs May Mediate Axonal Outgrowth
and Ephrin-Induced Growth Cone Repulsion
Eph endocytosis during the processes of Eph-medi- l
cated axonal repulsion or attraction.

One question that our study raises is how Vav pro-
oteins promote ephrin-Eph endocytosis. The growth

cone collapse and endocytosis assays demonstrate a v
arequirement for Vav proteins for these processes in cul-

tured neurons, but it is not yet clear how Vav proteins (
mmediate these processes. Since local activation of a

Rho family GTPase appears to be necessary for endo- a
lcytosis, we suspect that the GEF activity of Vav pro-

teins is required for endocytosis and growth cone a
icollapse. In support of this idea, we find that overex-

pression of a dominant interfering form of Vav2 that a
blacks GDP/GTP exchange activity reduces the respon-

siveness of wild-type rat RGCs to ephrin-induced 2
dgrowth cone collapse (C.W.C. and M.S., unpublished

data). However, Vav proteins contain a number of addi- s
ctional functional domains (Figure 1C) that may also play

a role in Vav-dependent Eph forward signaling. s
FIn addition to understanding the mechanism by

which Vav proteins promote ephrin-Eph endocytosis, w
swe are also interested in understanding how this endo-

cytic event induces a repulsive response. Recent s
Estudies indicate that the endocytosis of ligand-receptor

complexes can determine signaling output. For exam- c
tple, endocytosis and retrograde transport of the acti-

vated neurotrophin receptor complex is required for m
atransmission of the survival signal in neurons (Heerssen

et al., 2004; Kuruvilla et al., 2004; York et al., 2000;
VZhang et al., 2000). Similarly, regulated endocytosis of

the epidermal growth factor (EGF) receptor (EGFR) con- s
otributes to productive EGF signaling, and dysregulation

of EGFR trafficking may contribute to cellular trans- a
tformation (Levkowitz et al., 1998). For ephrin-Eph endo-

cytosis, it will be interesting to learn whether the re- w
tcruited factors and signaling outputs are different

between surface-localized Ephs and endocytic vesicle- m
localized Ephs. Furthermore, as Vav proteins have been
found to be activated downstream of a number of

Egrowth factor receptors such as EGFR and PDGF-R (Liu
and Burridge, 2000; Moores et al., 2000; Pandey et al., Y
2000; Tamas et al., 2003; Tamas et al., 2001), it will be B

uimportant to examine the role of Vav family GEFs in the
igand-induced endocytosis of other cell surface re-
eptors.
Our findings suggest that Ephs promote repulsion by

rchestrating a series of distinct events and that acti-
ated Ephs engage different GEFs to affect the distinct
ctin cytoskeletal changes necessary for repulsion
Figure 8). Specifically, we find that both ephexin1 (Sha-

ah et al., 2001; Sahin et al., 2005) and Vav proteins
re necessary for ephrin-A-induced growth cone col-

apse but that these GEFs appear to regulate distinct
spects of repulsive signaling. Upon ephrin-Eph bind-

ng, Vav2 is recruited to the autophosphorylated Eph
nd becomes rapidly and transiently activated, possi-
ly by Src family kinases (Marignani and Carpenter,
001; Schuebel et al., 1998), to promote local Rac-
ependent endocytosis of the ephrin-Eph complex and
urrounding plasma membrane. Similarly, ephexin1 be-
omes tyrosine phosphorylated, resulting in a strong
witch to RhoA activation, which is necessary for
-actin disassembly and contractility. It will be worth-
hile to understand the temporal and causal relation-
hip between endocytosis and repulsive signaling that
timulates F-actin contractility and disassembly during
ph-mediated axon guidance. If Rac-dependent endo-
ytosis regulates RhoA-dependent repulsive signaling,
hen regulation of ephrin-Eph endocytosis could deter-
ine whether ephrin-Eph binding promotes attraction/

dhesion or repulsion.
Taken together, the findings described here implicate

av family GEFs as critical regulators of Eph forward
ignaling in vitro and in vivo. By regulating endocytosis
f the ephrin-Eph complex, Vav proteins may convert
n initially adhesive interaction of ephrin-Eph binding
o repulsive signaling. It remains to be determined
hether Vav proteins play more general roles as media-

ors of endocytic processes and how Vav proteins
ight mediate these responses.

xperimental Procedures

east Two-Hybrid Screening
riefly, mouse EphA4 (amino acids 570–986) was screened as bait
sing an E14 rat spinal cord/DRG cDNA library consisting of 2 ×
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106 primary transformants as previously described (Shamah et al.,
2001).

Antibodies, DNA Constructs, and Coimmunoprecipitations
Details can be found in the Supplemental Data.

Generation of Vav2−/−Vav3−/− Mice
Details can be found in the Supplemental Data.

Analysis of Retinogeniculate Projections
Mouse pups at postnatal day 14 were injected binocularly with
fluorescence-labeled Cholera Toxin B subunit (Alexa-488 or Alexa-
594; Molecular Probes) and allowed to recover for 36 hr. Dissected
brains were fixed in 10% (v/v) formalin for 48 hr at 4°C. Coronal
sections (100 �m) were imaged with a Zeiss confocal microscope
with a 10× objective. Images were acquired from similar sections
under blinded conditions. To normalize images for differences in
labeling efficiency, we adjusted the laser intensity such that peak
pixel values were just saturating. However, most images had peak
values that were nearly identical, allowing for identical settings for
imaging and analysis. Contralateral and ipsilateral images were an-
alyzed using NIH ImageJ software. Background subtraction was
performed by 200 pixel rolling ball method as described (Torborg
and Feller, 2004).

Growth Cone Collapse Assays
Details can be found in the Supplemental Data.

Ephrin-Eph Endocytosis Assays
Cultured RGCs (P6–P7) were incubated with 5 �g/ml ephrin-A1-
Fc or Fc control, or 100 �g/ml transferrin (tetramethylrhodamine
conjugated; Molecular Probes) for 3–30 min at 37°C or 4°C. Cells
were washed three times with ice-cold D-PBS then fixed for 10 min
with 4% PFA/2% sucrose in D-PBS at room temperature. For
ephrin-A1 endocytosis assays, cells were blocked with 3% (w/v)
BSA, 5% (v/v) goat serum, D-PBS in the presence or absence of
0.1% (v/v) Triton X-100. Surface bound (unpermeabilized) or total
(detergent permeabilized) ephrin-A1-Fc or Fc control was detected
using anti-human Fc conjugated with Cy3 (Jackson Immunore-
search Labs) at 1/300 dilution for 1 hr. Growth cone morphology
was visualized using DiO(C6) (Molecular Probes) at 500 ng/ml in
D-PBS for 2–3 min. RGCs were imaged with a 60× oil objective lens
using a Nikon (E600) fluorescence microscope. The distal-most 12
microns of RGC neurites were identified by DiO staining and out-
lined using NIH ImageJ software. Mean pixel intensity of the distal
processes in the Cy3 channel was measured and adjusted for local
background. For endocytosis of transferrin, RGCs were placed on
ice and washed twice with ice-cold D-PBS, twice with ice-cold 500
mM NaCl/0.2N acetic acid solution (5 min incubation for first wash),
and then twice with ice-cold PBS to readjust pH to neutral. RGCs
were fixed in 4% PFA/2% sucrose in D-PBS at room temperature
for 10 min and then stained with DiO. Internalized transferrin-TRITC
was imaged and quantified from RGC cell bodies.

Supplemental Data
The Supplemental Data include Supplemental Experimental Pro-
cedures and one supplemental figure and can be found with this
article online at http://www.neuron.org/cgi/content/full/46/2/205/
DC1/.
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