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Src Family Kinases Are Involved in EphA Receptor-Mediated

Retinal Axon Guidance

Bernd Knéll and Uwe Drescher

Medical Research Council Centre for Developmental Neurobiology, King’s College London, London SE1 1UL, United Kingdom

EphA receptor tyrosine kinases and their ephrin ligands play important roles in wiring of the developing nervous system. We have
investigated here the function of Src family kinases (SFKs) in the retinotectal projection to dissect the signaling pathways by which EphA
receptors control actin/microtubule rearrangements that underlie growth cone guidance and collapse. Both EphAs and SFKs are ex-
pressed broadly in retinal growth cones, and SFKs are recruited to EphA receptors after ephrinA stimulation. In the stripe and growth
cone collapse assays we observe an abolition of EphA-mediated repulsion after inhibiting SFKs, either pharmacologically or enzymati-
cally via electroporation-mediated overexpression of the SFK inhibitor Csk. In addition, we identify cortactin and the RhoGEF ephexin,
which interact with EphA receptors in retinal axons, as targets of SFK-dependent tyrosine phosphorylation. In sum, our data suggest an
important role of SFKs as downstream signaling molecules in EphA receptor-mediated repulsive axon guidance.
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Introduction
The roles of the Eph family of receptor tyrosine kinases and their
membrane-bound ephrin ligands in guiding axons to their dis-
tant targets have been studied intensively, for example in topo-
graphically organized sensory systems such as the retinotectal
projection (Drescher et al., 1997; Flanagan and Vanderhaeghen,
1998; Wilkinson, 2000; Knoll and Drescher, 2002; Kullander and
Klein, 2002; McLaughlin et al., 2003). Activation of EphA recep-
tors triggers a repulsive response, ultimately leading to a turning
or a collapse of the growth cone (Weinl et al., 2003). Analysis of
the underlying signal transduction network has led to the identi-
fication of several signaling molecules that link EphA receptor
activation and actin/microtubule cytoskeletal dynamics. Exam-
ples of these are MAP kinases, PI-3 kinase, p190rhoGAP/rasGAP,
abl, phospholipase Cvy, grb2, ephexin [a RhoGEF (guanine nucle-
otide exchange factor) controlling RhoA], and Src family kinases
(SFKs) (Kullander and Klein, 2002; Guan and Rao, 2003).
Members of the Src family (for review, see Thomas and
Brugge, 1997; Abram and Courtneidge, 2000; Frame et al., 2002)
bind to the juxtamembrane region of Eph receptors via two well
conserved phosphorylated tyrosine residues (Ellis et al., 1996;
Zisch et al., 1998). After binding, SFKs in turn tyrosine-
phosphorylate and modulate the function and/or binding prop-
erties of a plethora of signaling molecules such as components of
integrin-containing adhesion complexes, neural Wiskott Aldrich
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Syndrome protein (N-WASP) and cortactin, activators of the
Arp2/3 complex, and p190rhoGAP, an inhibitor of RhoA
(Abram and Courtneidge, 2000).

In rodents eight different SFKs have been identified (Thomas
and Brugge, 1997), which are functionally highly redundant
(Stein et al., 1994; Klinghoffer et al., 1999). Four of these (Lyn,
Fyn, Yes, and Src) are expressed widely in the nervous system
(Thomas and Brugge, 1997), where functions have been assigned
to them in neurite outgrowth (Beggs et al., 1994; Ignelzi et al.,
1994; Suetsugu et al., 2002), axon fasciculation (Morse et al.,
1998), and modulation of synaptic plasticity (Takasu et al., 2002).
A full picture of the roles of SFKs in vivo is difficult to obtain
because of their apparent redundancy, on the one hand, and the
early death of src =/, fyn /=, yes ~'~ triple mutants at embryonic
day 9.5 (E9.5) on the other hand (Klinghoffer et al., 1999).

SFK activity is switched off by Csk (C-terminal Src kinase)
(Thomas and Brugge, 1997). This inhibition is part of an inhibi-
tory feedback loop in which activated SFKs phosphorylate the
lipid raft-associated protein Cbp, which then recruits Csk to the
membrane (Cary and Cooper, 2000) to phosphorylate a
C-terminal tyrosine residue conserved in all SFK members
(Thomas and Brugge, 1997). Tyrosine phosphorylation at this
position forces SFKs into an inactive conformation in which this
residue is bound intramolecularly to its own SH2 domain,
thereby preventing its interaction with target proteins. The role of
Csk in inhibiting SFKs is highlighted in csk™/~ mouse embryos,
which show a strong increase in SFK activity (Imamoto and So-
riano, 1993; Nada et al., 1993).

The importance of tyrosine phosphorylation in axon guid-
ance is well known from studies demonstrating axon-pathfinding
defects after inhibition of tyrosine phosphorylation in vivo (Wor-
ley and Holt, 1996; Robles et al., 2003). Here we identify SFKs as
important components of EphA receptor-mediated axon guid-
ance. Inhibiting SFK-mediated tyrosine phosphorylation, either
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pharmacologically or enzymatically by overexpressing Csk in ret-
inal axons, abolishes EphA-mediated repulsion in stripe and
growth cone collapse assays. The target proteins of SFK tyrosine
phosphorylation, which interact with EphA receptors in the ret-
ina, have been identified as the RhoGEF ephexin and cortactin.

Materials and Methods

Immunohistochemistry. E6—E7 chicken retinal explants grown in F12 me-
dium were fixed with 0.25% glutaraldehyde/0.5% formaldehyde and
washed with PBS; free aldehyde groups were quenched by using 1%
glycine/PBS for 20 min, followed by washing. After being blocked with
2% BSA/PBS, the cultures were incubated with hybridoma supernatant
containing monoclonal anti-EphA4 antibody (Connor etal., 1998). After
a rinsing, secondary antibodies (goat anti-mouse Alexa 594; 1:1000 in
block) were applied for 1 hr. After being washed with PBS, the cultures
were permeabilized with 0.1% Triton X-100/PBS, blocked, incubated
with rabbit anti-pan-Src antibody (s.c.-18, Santa Cruz Biotechnology,
Santa Cruz, CA), and detected with goat anti-rabbit Alexa Fluor 488
antibodies. Controls omitting the primary antibodies resulted only in
background signals.

Cell culture. Human embryonic kidney 293 (HEK293) and Src, Yes,
Fyn (SYF cells) (Klinghoffer et al., 1999) were kept in DMEM/10% FCS
and transfected with a standard calcium-phosphate method. For serum
starvation the cells were kept in 0.5% FCS/DMEM for =16 hr. Incuba-
tion with 2-7.5 um PP2 or PP3 (Calbiochem, La Jolla, CA) lasted 30 min
in 0.5% FCS/DMEM. Subsequently, the cells were stimulated for another
30 min with 1 ug/ml ephrinA5-Fc (preclustered for 30 min with 10
pg/ml goat anti-human IgG; Sigma, St. Louis, MO) in the presence of
PP2/PP3. Controls were incubated with preclustered Fc protein alone.

Nasal or temporal thirds of three to four retinas of E7-E8 chicken
embryos were collected in HBSS and incubated for 15 min with 5 pum
PP2/PP3 or 2.5 uMm SU6656 (Calbiochem) in HBSS at 37°C.

Biochemistry/immunoprecipitation. Cells and retinas were washed with
PBS, minced in lysis buffer [containing (in mwm): 50 Tris, pH 7.4, 150
NaCl, 1 EDTA, 1 PMSF, 1 Na-vanadate, 1 Na-fluoride, and 2.5 Na-
pyrophosphate and protease inhibitor mixture plus 1% Triton X-100
(Calbiochem)] with 21 gauge needles and incubated on ice for 30 min
with occasional shaking. Lysates were cleared by centrifugation (2 min,
13000 X g), and protein concentrations were measured with the Bio-Rad
protein assay (Hercules, CA). Immunoprecipitations with 5 ug/ml anti-
body or 5 ug/ml ephrinA5-Fc were incubated overnight at 4°C. Subse-
quently, the antibodies were recovered with protein A-agarose (Roche,
Palo Alto, CA) or protein G-Sepharose (Amersham Biosciences, Arling-
ton Heights, IL), washed 3 X 5 min with lysis buffer, and resuspended in
sample buffer.

Immunoblotting. Proteins were separated by SDS-PAGE and trans-
ferred onto Hybond nitrocellulose membranes (Amersham Bio-
sciences). Western blotting was done according to standard methods,
using HRP-conjugated secondary antibodies (Bio-Rad) and the Western
Lightning Chemiluminescence System (PerkinElmer Life Sciences, Em-
eryville, CA). Antibodies used were as follows: mouse anti-EphA4
(Transduction Laboratories, Lexington, KY); mouse anti-FLAG (Sigma);
mouse anti-myc (9E10 clone), rabbit anti-pan-Src, rabbit anti-Fyn, and
rabbit anti-Csk (1:1000; all from Santa Cruz Biotechnology); rabbit anti-
phospho-tyrosine (clone 4G10, Upstate Biotechnology , Lake Placid,
NY); and rabbit anti-ephexin (a kind gift of M. Greenberg, Boston, MA).
For quantification we used the Phoretix 1D quantifier V4.0 program
(Nonlinear Dynamics, Newcastle upon Tyne, UK).

Molecular biology. Constructs were amplified by PCR from E6 chicken
total brain or mouse postnatal day 1 (P1) total brain cDNA generated
with the micro fast track 2.0 kit and the cDNA Cycle kit (both from
Invitrogen, San Diego, CA). Chicken Csk was cloned into the pcaf-
eGFP-mb5 vector (a kind gift of Dr. J. Gilthorpe, King’s College London,
London, UK). Mouse ephexin and Fyn were cloned into pcDNA3.1Myc-
His vector (Invitrogen). A human Fyn expression construct was kindly
provided by Dr. A. Magee (Imperial College London, London, UK). All
constructs were verified by sequencing. Details of primers are available
on request.
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Stripe assay. Stripe assays were performed as previously described
(Walter et al., 1987; Monschau et al., 1997). The HEK293 cell line ex-
pressing the long splice form of ephrinA5 was generated according to
standard tissue culture techniques, and expression of this protein was
tested routinely, using EphA-AP fusion proteins. Retinal explants were
exposed to the reagents tested (PP2, PP3; Calbiochem) for the entire
duration of the experiments.

For electroporation the chick retinal explants (either temporal or nasal
thirds) were incubated with 40 ug of Csk-green fluorescent protein (Csk-
GFP) DNA (or GFP vector alone) for 20 min. After that the retinas were
electroporated by using five pulses with a silver wire (Goodfellow Cam-
bridge, Huntingdon, UK; 0.5 mm diameter, 99.9% purity, temper an-
nealing; CS204237]V) and the following settings on an Intracel electro-
porator (Intracept TSS10; Issaquah, WA): 50 Hz frequency, 1/manual
mode, 50 msec delay, 50 msec width, 50 V. Explants were rinsed in HBSS,
arranged onto nitrocellulose filters (Schleicher & Schuell, Dassel, Ger-
many), and cut into 275 wm stripes. Retinal stripes were incubated with
Neurobasal medium (Invitrogen) containing 2% FCS for 2-3 d.

GFP-positive axons growing from the explant were counted on a Zeiss
Axoscope (Oberkochen, Germany). Only GFP-positive axons with a
minimum length of ~100 wm length were included in the quantification.
Axons entering a posterior stripe (~50 wm in width) were scored as
being not repelled.

Results

Src family kinases interact with EphA receptors in

retinal neurons

Multiple EphA receptors are expressed on chick retinal ganglion
cell axons, e.g., EphA3, which is expressed almost exclusively on
temporal axons, and EphA4, which is expressed more highly on
nasal than on temporal axons (Cheng et al., 1995; Connor et al.,
1998; Hornberger et al., 1999; Menzel et al., 2001; McLaughlin et
al,, 2003). The currently prevailing model is that the behavior of
temporal axons in the stripe assay (Walter et al., 1987) depends
on the expression (levels) of EphA receptors, whereas that of
nasal axons depends on the expression (levels) of both EphAs and
ephrinAs (Hornberger et al., 1999; Feldheim et al., 2000). Thus
we have chosen the EphA4 receptor to investigate the role of
EphA/SFKs in retinal axon guidance, more specifically to estab-
lish whether these EphA/SFK interactions occur in both nasal and
temporal axons.

We initially used both an immunocytochemical (Fig. 1A) and
a biochemical approach (Fig. 1B,C). In the first set of experi-
ments the staining of explant cultures from nasal and temporal
retina with anti-EphA4 and anti-pan-Src antibodies revealed a
broad expression of both EphA4 and SFKs in the growth cone,
with similar expression levels in both subpopulations of retinal
axons (Fig. 1 A). Superimposition of these staining patterns indi-
cated a colocalization of EphA4 and SFKs in the retinal growth
cone as well as in the axon shaft (Fig. 1A).

In our next approach we analyzed biochemically the interac-
tion of EphA receptors and SFKs both in the fibroblast cell line
HEK?293 (Fig. 1 B,C) and in the chicken retina (Fig. 1 D). HEK293
cells transfected with expression constructs encoding EphA3 *-4¢
and Fyn™* were immunoprecipitated by using either anti-FLAG
or anti-myc antibodies (Fig. 1B). In line with previous reports
from E. Pasquale’s group (Ellis et al., 1996; Zisch et al., 1998), we
found coimmunoprecipitation of EphA receptors and Fyn in
both directions (Fig. 1 B).

Next we investigated whether stimulation of EphA receptors
with ephrinAs results in an increased recruitment of SFKs to
EphA receptors as seen for EphB receptors (Vindis etal., 2003). In
HEK293 cells transiently transfected with EphA3 4G, pan-Src
immunoprecipitates from ephrinA5-Fc-treated cells contained
more EphA receptors than immunoprecipitates from Fc-treated
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Figure 1.  EphA receptors and SFKs interact in HEK293 cells and chicken retina. A, Nasal and

temporal retinal explants were stained for expression of EphA4 receptors (red) and SFKs
(green). Superimposition reveals a broad colocalization of EphAs and SFKs in the growth cone
and axon shaft. 8, HEK293 cells were transfected with EphA3 ™A and/or Fyn ™ or left untrans-
fected. Lysates subsequently were immunoprecipitated with anti-FLAG or anti-myc antibodies
and analyzed by immunoblotting. The results from both EphA3 ™A and Fyn ™ immunopre-
cipitates indicate an interaction of EphA receptors and SFKs in HEK293 cells. The specificity of
this interaction is documented, for example, in myc and FLAG immunoprecipitates from cells
transfected with EphA3 ™% or Fyn™¢ DNA only, where no such bands were detectable. C,
Serum-starved HEK293 cells transfected with EphA3 A€ (left) or EphA3 FA¢ and Fyn ™¢ DNA
(right) were stimulated for 15 min with 1 wg/ml preclustered Fc (—) or ephrinA5-Fc (+).
EphA3 receptors were immunoprecipitated with endogenous SFKs (left) or Fyn ™ (right). Ac-
tivation with ephrinA5 resulted in additional recruitment of both endogenous SFKs (left) and
Fyn™ (right) to EphA3 receptors. D, Lysates from E7—E8 chicken retina were immunoprecipi-
tated with ephrinA5-Fc (binding to multiple EphA receptors), Fcalone, anti-pan-Srcantibodies,
or control IgG antibodies. Samples were blotted with EphA4 antibodies (top) or a pan-Src
antibody (bottom). Similar to results obtained in HEK293 cells (B, (), SFKs coprecipitate with
EphA4 receptors in the chicken retina, and, vice versa, EphA4 also is found in SFK immunopre-
cipitates. Control immunoprecipitates that used Fc alone or gG resulted in no EphA4 or SFK bands.

cells (Fig. 1C, left). The same induced recruitment of SFKs to
EphA receptors was observed in HEK293 cells transfected with
both EphA3™AS and Fyn™*. Here again, stimulation with
ephrinA5-Fc led to an increased interaction between EphA3 and
Fyn (Fig. 1C, right) as compared with stimulation with Fc alone.

The interaction between SFKs and EphA receptors also was
observed in chicken retina (Fig. 1 D). Here SFKs were found in
ephrinA5-Fc immunoprecipitates (binding to multiple EphA re-
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Figure 2.  Repulsion of retinal axons by posterior tectal membranes in the stripe assay is
abolished in the presence of the SFK inhibitor PP2. A, Retinal explants stained with 4-[4-
(didecylamino)styryl]-N-methypyridinium iodide (DiAsp) were arranged perpendicular to al-
ternating lanes of membranes from anterior (a) and posterior (p; labeled with RITC-dextran)
tectal thirds. After 2 d in culture the growth of retinal axons in the presence of the control
compound PP3 was observed. Temporal retinal axons were repelled by posterior tectal mem-
branes, thus giving a typically striped pattern of outgrowth. Nasal axons are not sensitive to
posterior tectal membranes and grow out randomly. B, In the presence of 5 .um PP2, the striped
outgrowth of temporal axons is abolished completely. C, Quantification of the effects of various
PP2 concentrations on retinal axons in stripe assay experiments, using alternating anterior
versus posterior tectal membranes; n refers to the number of retinal stripes analyzed. A score of
0 indicates random outgrowth of axons, whereas a score of 3 refers to maximal repulsion, with
all retinal axons being repelled by posterior membranes.

ceptors) of retina from E7-E8 chick embryos, whereas immuno-
precipitation with Fc alone did not yield any such bands. More-
over, EphA4 was also present in pan-Src immunoprecipitates
from the entire retina, whereas an unrelated 1gG did not precip-
itate any EphA4 receptors (Fig. 1 D). In summary, our data show
a ligand-induced association of EphA receptors and SFKs in ret-
inal axons.

Pharmacological inactivation of SFKs abolishes EphA-
mediated repulsion of retinal axons
To study SFKs in EphA function, we used well established in vitro
assays, the stripe and growth cone collapse assays (Figs. 2-5).
Because multiple, functionally redundant SFKs are expressed in
retinal axons (see Introduction), we had to rely on strategies that
would inactivate all members of this family simultaneously.

In the first set of experiments we used a pharmacological ap-
proach to block SFKs. Here we incubated retinal explants with the
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pyrazolopyrimidine PP2, a chemical compound widely used to
inactivate SFKs (Hanke et al., 1996; Vindis et al., 2003). Because it
was known that reducing SFK activity affects the ability of cells to
migrate (Klinghoffer et al., 1999; Vindis et al., 2003), we first
determined the PP2 concentrations that would allow us to study
the guidance of retinal axons without severely diminishing neu-
rite outgrowth itself. At 10 um PP2 the neurite outgrowth from
retinal axons was, indeed, strongly decreased (data not shown); at
7.5 uM we observed a reduced but sufficient outgrowth to per-
form stripe assay experiments, whereas at 5 uM and lower con-
centrations the outgrowth was barely affected.

In these stripe assay experiments the explants from nasal and
temporal parts of the retina were arranged on Nucleopore filters
consisting of alternating lanes of membranes derived from ante-
rior (a) and posterior (p) thirds of the optic tectum (Walter et al.,
1987). Temporal axons expressing high concentrations of EphA
receptors grow on membranes from their natural target in vivo,
the anterior part of the tectum. This is attributable to repulsion
from posterior tectal membranes, which contain higher concen-
trations of ephrinAs than anterior membranes. On the other
hand, nasal axons are less sensitive to posterior tectal membranes,
because of lower EphA concentrations and coexpression of eph-
rinAs (Hornberger et al., 1999; Feldheim et al., 2000; Knéll and
Drescher, 2002), and grow out randomly (Fig. 2A). Inactivation
of the EphA system by monomeric ephrinAs results in a complete
abolition of the striped outgrowth pattern, indicating that the
EphA system is necessary (and sufficient) for the in vitro guidance
of retinal axons as seen in the stripe assay (Ciossek et al., 1998).

In the presence of 2 um PP2 the striped outgrowth of temporal
axons was affected slightly; however, at 5 and 7 um PP2 they no
longer were repelled from growing on posterior membranes, re-
sulting in a random outgrowth (Fig. 2 B,C). This means that in-
hibition of SFK results in the abolition of EphA-mediated repul-
sive axon guidance. Thus it appears that in particular at lower
concentrations of PP2 the effects of this inhibitor on axon guid-
ance versus axon outgrowth can be distinguished.

Additionally, at concentrations of 2 and 5 um PP2 we ob-
served a subtle but reproducible striped outgrowth of nasal axons
on anterior lanes in contrast to the random outgrowth of nasal
axons in controls (Figs. 2C, 4 B). This effect was seen no longer at
7 uM PP2. Control stripe assay experiments were performed with
the chemically similar but functionally inactive compound PP3,
which did not affect the outgrowth or strength of the guidance
decision (Fig. 2A).

Next we performed experiments to demonstrate directly that
the observed abolition of striped outgrowth (Fig. 2) was attribut-
able to blocking EphA—ephrinA-mediated guidance (Fig. 3). For
this we performed a series of stripe assay experiments that used
alternating lanes of membranes from a HEK293 cell line stably
expressing ephrinA5 and the parental HEK293 cell line. In con-
trast to stripe assay experiments that used tectal membranes (Fig.
2A), here both temporal and nasal axons were repelled from
ephrinA5-containing membranes (Fig. 3A). In controls
(HEK293 vs HEK293 membranes) no patterned outgrowth is
observed (data not shown). The repulsion of nasal axons is be-
lieved to be attributable to the higher concentrations of ephrinA5
on transfected HEK293 cell membranes than on tectal mem-
branes (Monschau et al., 1997). As expected, blocking SFK func-
tion with 5 uM PP2 resulted in a random, nonstriped outgrowth
of both nasal and temporal retinal axons (Fig. 3B,C). These re-
sults strongly suggest that EphA-mediated repulsive axon guid-
ance that uses either tectal membranes (Ciossek et al., 1998) or
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Figure3. Inhibiting SFK activity with P2 abolishes EphA-mediated repulsion. Retinal axons
were given the choice to grow on alternating lanes consisting of membranes derived from an
ephrinA5-expressing cell line (iA5; labeled with RITC-dextran) versus the corresponding paren-
tal cell line (ctrl). As a growth-promoting substrate, laminin was added. 4, Both nasal and
temporal retinal axons show a striped outgrowth because of EphA-mediated repulsion. B, In the
presence of 5 um PP2, both nasal and temporal axons grow out in arandom manner, insensitive
to the repulsive effects of ephrinA5. C, Quantification of these stripe assays experiments (see Fig.
2 for details). Afterincubation with 5 m PP2, the ephrinA5-mediated repulsion of retinal axons
is strongly reduced.

ephrinA5-HEK293 membranes can be abolished by inhibiting
SFK-mediated tyrosine phosphorylation.

Inhibiting SFKs by overexpression of Csk reduces
EphA-mediated repulsion

In addition to blocking SFK function pharmacologically (Figs. 2,
3, 5), we complemented these studies with a cell biological ap-
proach (Fig. 4). For this we overexpressed a negative regulator of
SEK function, Csk, in retinal axons, a process that we anticipated
would decrease the activity of all SFKs present in these axons (see
Introduction).

We generated a Csk-GFP fusion protein to monitor electro-
porated axons in subsequent analyses. The expression in retinal
axons and HEK293 cells of a Csk-GFP fusion protein with the
correct molecular weight was verified by Western blotting (Fig.
4A). Two experiments suggested that overexpression of Csk in
retinal axons results in a reduction of SFK activity: first, tyrosine
phosphorylation of SFKs was enhanced after Csk overexpression;
second, the use of an antibody binding only to activated SFKs
(Kawakatsu et al., 1996) showed a weaker staining for SFKs by
using membranes of Csk-GFP-transfected HEK293 cells as com-
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Figure 4.  Overexpression of the SFK inhibitor Csk interferes with the guidance of retinal

axons in vitro. A, Csk-GFP or GFP alone was expressed in HEK293 cells (left) or single cells from E7
retina (right). Cell lysates were analyzed by immunoblotting with an anti-Csk antibody verifying
expression of the Csk-GFP fusion protein in these cells (indicated by an asterisk). B, Lysates of
HEK293 cells transfected with Csk-GFP or GFP alone were subjected to immunoprecipitation
with a pan-Src antibody. An antibody recognizing the active form of SFKs (clone 28) revealed a
decrease in SFK activity after Csk-GFP overexpression as compared with GFP alone (left). The
overall tyrosine phosphorylation (middle) of SFKs is elevated in Csk-GFP-transfected HEK293
cells, indicating SFK phosphorylation by Csk. Equal loading of SFKs is documented by probing
with the pan-Src antibody (right). G, In stripe assay experiments, the temporal or nasal retina
was electroporated with GFP or Csk-GFP expression constructs. Subsequently, the retinas were
cut into stripes and arranged on filters containing alternating lanes of anterior (a) versus pos-
terior (p) tectal membranes. Membrane stripes were labeled by the addition of RITC-dextran.
After 2 d in culture, the guidance behavior of GFP-positive axons was evaluated. Here, typical
examples are shown. Overexpression of Csk reduces the number of temporal axons being re-
pelled by posterior membranes. In contrast, expression of Csk-GFP in nasal axons led to an
increase in the number of nasal axons being repelled by posterior membranes. D, Quantification
of the effects of overexpressing (sk-GFP/GFP on retinal axon guidance in vitro. For each condition,
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pared with SFKs from control HEK293 membranes (Fig. 4B)
(Howell and Cooper, 1994; Nakagawa et al., 2000).

We developed an electroporation technique to deliver the
Csk-GFP expression construct (or GFP as a control) into retinal
explants (Fig. 4C). This enabled us to express Csk-GFP (or GFP
alone) in ~2-5% of retinal axons emanating from these explants.
However, we routinely observed a lower number of Csk-GFP-
positive than GFP-positive axons. Thus expression of Csk-GFP
led to a 30—40% decrease in the number of labeled axons as
compared with cultures electroporated with GFP alone (data not
shown). This most likely is caused by an interference of Csk with
SFK function in retinal ganglion cells and thus is comparable to
results from experiments in which high concentrations of PP2
were used (see above).

We then analyzed the guidance behavior of Csk-overexpressing
axons in stripe assays, using alternating anterior versus posterior
tectal membranes (compare Figs. 2, 4C). Because of the smaller
number of axons evaluated in these stripe assays, the quantifica-
tion method was modified as described in Materials and Meth-
ods. Here we observed an ~50% drop in the number of temporal
axons being repelled by posterior tectal membranes (from 63 to
31%) (Fig. 4C,D). Thus because the preference of temporal axons
to grow on anterior membranes is attributable to repulsive guid-
ance by the EphA system (Ciossek etal., 1998), these data indicate
that overexpression of Csk in temporal axons interferes with
EphA receptor-mediated axon guidance. In axons expressing
only GFP, the majority of temporal axons (63%) still was repelled
robustly, suggesting that overexpression of GFP or the electropo-
ration itself had little effect on the guidance of temporal axons.

As expected, the number of nasal axons sensitive to ephrinAs
was small (15%; with or without expressing GFP); thus most of
the axons grew out randomly (Fig. 4C,D). Strikingly, however,
almost twice as many nasal axons (28%) were repelled by poste-
rior membranes after overexpression of Csk-GFP. This corre-
lated well with the previous observation that incubation with PP2
increased (slightly) the sensitivity of nasal axons toward posterior
tectal membranes (Fig. 2). The functional significance of these
results is currently under investigation; however, it is known that
reverse signaling of ephrinAs, which are expressed on nasal ax-
ons, does involve SFKs (see Discussion) (Davy et al., 1999; Huai
and Drescher, 2001).

SFKs are required for ephrinA-mediated growth

cone collapse

To characterize the effect of SFK inhibition on retinal axon guid-
ance in a second assay system, we used the growth cone collapse
assay (Cox etal., 1990; Raper and Kapthammer, 1990). Nasal and
temporal retinal axons were pretreated with 5 um PP2 for 30 min
before different amounts of ephrinA5-Fc or ephrinA5-AP were
applied to induce retinal growth cone collapse (Fig. 5A,B), which
was monitored by time-lapse microscopy (Fig. 5A). We found that
pretreatment with PP2 strongly reduced the percentage of
ephrinA5-induced growth cone collapse (Fig. 5B). In controls, 100%
of temporal retinal growth cones collapsed after incubation with 0.1

<«

the outgrowth behavior of 300 — 400 GFP or Csk-GFP-positive axons was scored (3 independent
experiments). The majority of temporal axons electroporated with GFP alone was repelled by
posterior membranes (63%), whereas expression of Csk-GFP led to an ~50% reduction in
repulsion (31%). Nasal axons expressing GFP alone were repelled rarely by posterior mem-
branes (15%), whereas an almost twofold increase in the number of Csk-GFP-positive nasal
axons being repelled (28%) was noticed.
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cently were reported for other cell lines
(Takasu etal., 2002; Vindis et al., 2003). Thus
PP2 does not interfere with the EphA kinase.

Next we analyzed whether SFK expres-
sion increases the tyrosine phosphoryla-
tion of EphA receptors (Fig. 6 B). In these
experiments EphA3 ™€ with or without a
Fyn expression construct was transfected
into serum-starved SYF cells and stimu-
lated with ephrinA5-Fc. Compared with
the tyrosine phosphorylation of EphA3
alone, coexpression with Fyn robustly in-
creased EphA3 phosphorylation (1.8-fold;
n = 4 experiments). This increase oc-
curred on top of that of EphA tyrosine
phosphorylation caused by stimulation
with ephrinA5. Significantly, incubation
of SYF cells with PP2 resulted in a decrease
in EphA3 phosphorylation (Fig. 6B) to
basal levels.

Taken together, our data show that the
SFK inhibitor PP2 only marginally affects
the autophosphorylation of EphA recep-
tors, whereas SFKs themselves are able

m Ctrl
O pPpP2

n 66 65 38 30 56 53
ephrinA5 1ug (15nM)  0.1ug (1.5nM) 8ng (0.12 nM)
nasal temporal

Figure 5.

and temporal growth cones were less sensitive toward the repulsive activity of ephrinAS5.

pg of ephrinA5, whereas in 5 uM PP2 only 43% of temporal axons
collapsed.

In summary, these data are in good agreement with results
obtained from the stripe assay experiments (Figs. 2-4) and
strengthen the idea of an important role of SFKs in EphA
receptor-dependent axon repulsion.

SFKs tyrosine-phosphorylate EphA receptors

The abolition of retinal axon guidance after treatment with PP2
(Figs. 2, 3) could be explained in at least two ways. First, PP2
might inactivate the EphA kinase (which normally mediates
auto-tyrosine phosphorylation after ligand binding). Second, af-
ter binding to EphAs in the retina, SFKs might tyrosine-
phosphorylate EphA receptors, an activity that would be abol-
ished after PP2 treatment.

To discriminate between these possibilities, we made use of
the SYF fibroblast cell line derived from E9.5 src™’~, fyn /',
yes "~ triple mouse mutants, which does not show any detectable
SFK activity (Klinghoffer et al., 1999). Use of this cell line allowed
us to analyze the tyrosine phosphorylation state of EphA recep-
tors without interference from endogenously expressed SFKs.
SYF cells transfected with EphA3"™A% were preincubated with
PP2 (or PP3 as a control), followed by stimulation with either
ephrinA5-Fc or Fc (Fig. 6 A). EphrinA5-Fc induced a strong in-
crease in the phosphorylation of EphA3, which was not affected
by 2 um PP2 and was decreased only marginally (~15%) by 5-7
uM PP2 (Fig. 6 A, 3 independent experiments). Similar data re-

profoundly to increase the tyrosine phos-
phorylation of EphA receptors. SFKs thus
might contribute in this way to the regula-
tion of EphA receptor signaling.

SFKs are involved in mediating ephrinA5-induced growth cone collapse. A, Nasal or temporal retinal explants were
preincubated for 30 min with 5 M PP2 before ephrinA5 was applied (0 min). The behavior of growth cones was monitored every
3—4min, using time lapse starting 10 min before and lasting at least 30 min after the addition of ephrinA5 to the cultures. Top, In
the presence of PP3 (control, Ctrl); bottom, in the presence of PP2. B, The bars indicate the percentage of growth cone collapse of
either nasal or temporal axons; n refers to the number of growth cones analyzed. In summary, after incubation with PP2, the nasal

What are the targets of SFK tyrosine
phosphorylation in the chicken retina?
We were interested in identifying retinally
expressed proteins interacting with EphA re-
ceptors, which are tyrosine-phosphorylated
by SFKs. For this purpose, EphA receptors
were immunoprecipitated from chicken ret-
ina by using either ephrinA5-Fc or anti-EphA4 antibodies. Both re-
agents gave similar results, and here only data that use ephrinA5-Fc
are shown (1 = 8 experiments) (Fig. 7). To detect proteins tyrosine-
phosphorylated by SFKs, we pretreated retinal tissue with 5 pum PP2,
2.5 uM SU6656 [another SFK inhibitor (Blake et al., 2000)], or 5 uM
PP3 (as control). Also, to unravel (possible) differences between na-
sal and temporal axons, we investigated corresponding retinal thirds
separately.

A number of tyrosine-phosphorylated proteins coimmuno-
precipitated specifically with the EphA receptor, in particular
proteins with molecular weights of ~120, 80, and 55 kDa (Fig. 7).
In controls that use Fc for immunoprecipitation, none of these
bands was detected (Fig. 7, right). p55 and p120 were identified as
SFKs and EphA receptors, respectively (Fig. 7). With PP2 and
SU6656 incubation the phosphotyrosine level of the 80 kDa pro-
teins was decreased most strongly (Figs. 7, 8). Closer inspection
of these proteins showed them to separate into a triple band, with
an upper doublet being more strongly tyrosine-phosphorylated
than the smaller third band, which was phosphorylated rather
weakly (Figs. 7, 8C).

Ephexin and cortactin as potential targets of SFK

tyrosine phosphorylation

The RhoGEF ephexin, which plays an important role in retinal
growth cone collapse, is associated constitutively with EphA re-
ceptors and has a molecular weight of 70—80 kDa (Shamabh et al.,
2001). It thus represents a good candidate for one of the tyrosine-
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Figure 6. Fyn overexpression increases tyrosine phosphorylation of EphA receptors. A,

EphA3 PA® expressing SYF cells (src =/, fym ', yes ~/~) were stimulated with ephrinA5-Fc
in the presence of increasing concentrations of PP2. Compared with Fc alone, ephrinA5-Fc
induced a robust tyrosine phosphorylation on EphA3 A€, The phosphorylation of EphA3 was
not affected by 2 m PP2 and only modestly at 5-7.5 um PP2. The percentages given indicate
relative changes in EphA phosphorylation, taking the value at 7.5 pum PP3 as 100%. This indi-
cates that the SFKinhibitor PP2 has only a marginal effect on the auto-tyrosine phosphorylation
of EphA receptors. B, SYF cells transfected with EphA3 ™ alone or together with Fyn were
serum-starved and stimulated with ephrinA5-Fc. Lysates were analyzed by anti-FLAG and anti-
phospho-tyrosine antibodies. Compared with controls, the tyrosine phosphorylation of EphA3
strongly increased (1.8-fold; n = 4 experiments) when Fyn was coexpressed in SYF cells. This
increase was blocked by preincubation of the cells with PP2. Similar data were obtained for the
analysis of EphA receptor immunoprecipitates.

phosphorylated 80 kDa proteins found in EphA immunoprecipi-
tates. To verify this possibility, we initially coexpressed
EphA3 ™% and a myc-tagged version of ephexin (ephexin ™) in
HEK293 cells. Coimmunoprecipitation experiments showed an
interaction between these proteins (Fig. 8 A). In addition, we ob-
served a robust tyrosine phosphorylation of ephexin, which was
reduced significantly with PP2 treatment, indicating that ephexin
can be phosphorylated by SFKs (Fig. 8 B).

When phosphotyrosine and ephexin Western blots are com-
pared, ephexin co-migrated with the smallest of the three 80 kDa
proteins (see above), showing comparatively little tyrosine phos-
phorylation in the retina (Figs. 7, 8C). Indeed, it appears that the
tyrosine phosphorylation level of ephexin in the retina is quite
low, as judged from direct ephexin immunoprecipitation from the
chicken retina, followed by Western blot analysis (data not shown).

A second candidate molecule for the 80 kDa proteins was
cortactin, characteristically migrating in protein gels as a doublet
of ~80 and 85 kDa (Weed and Parsons, 2001). Cortactin is a well
known target of SFK tyrosine phosphorylation and binds to EphA
receptors in muscle cells (Lai et al., 2001). Coimmunoprecipita-
tions in both directions that use ephrinA5-Fc (Fig. 8 D, middle)
or anti-cortactin antibodies (Fig. 8 D, left) confirmed the interac-
tion between cortactin and EphA4 receptors in retinal tissue. In
addition, we identified cortactin as a doublet in our protein gels
that precisely co-migrated with the two upper 80 kDa phospho-
proteins. Thus it appears that the 80 kDa proteins coprecipitating
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Figure 7. SFKs control the tyrosine phosphorylation of multiple proteins interacting with
EphA receptors in the chicken retina. Left, Nasal or temporal retinal thirds from E7—E8 chicken
embryos were incubated with the SFK inhibitors SU6656 (2.5 M) or PP2 (5 um) or the control
compound PP3 (5 wm). Subsequently, EphA receptors were immunoprecipitated with
ephrinA5-Fcand probed with anti-phospho-tyrosine antibodies. These experiments uncovered
a number of tyrosine-phosphorylated proteins coprecipitating with EphA receptors, including
proteins with molecular weights of ~55, 80, and 120 kDa, which were identified consistently in
both nasal and temporal retina. p55 and p120 correspond to SFKs and EphA receptors, respec-
tively, as revealed by the probing of duplicate samples with pan-Src and EphA4 antibodies.
Shorter exposure of blots also uncovered a reduction in the tyrosine phosphorylation of SFKs,
which is in agreement with reports showing that autophosphorylation of SFKs is affected after
PP2 treatment (Frame et al., 2002). Also, the RhoGEF ephexin could be detected in EphAimmu-
noprecipitates (see Fig. 8). A reduction in the tyrosine phosphorylation after incubation with
SFK inhibitors PP2 or SU6656 is evident for some proteins, in particular the 80 kDa proteins
(indicated by 3 arrows). The tyrosine phosphorylation of EphA receptorsaalsois reduced after SFK
inhibition (see Fig. 6). The asterisk in the c-Src panel indicates the position of ephrinA5-Fc.
Right, Immunoprecipitates prepared with Fc alone were analyzed by the use of phospho-
tyrosine antibodies and resulted in no signal.

with EphA receptors represent the actin-binding protein cortac-
tin and the RhoGEF ephexin.

Discussion

The repulsive response mediated by EphA receptors on navigat-
ing axons is important throughout neural development to ensure
the precise targeting of axons. Elucidation of the signaling cas-
cades activated by Eph receptors that cause changes in cytoskel-
etal dynamics is an important step toward a better understanding
of the mechanisms of axon guidance.

Multiple signaling pathways are modulated after EphA recep-
tor activation (Kullander and Klein, 2002), such as MAP kinase
and integrin signaling, and ephexin signaling to the small GT-
Pases RhoA, Rac, and Cdc42, the key regulatory molecules in
actin cytoskeleton dynamics (Hall and Nobes, 2000).

SFKs are essential for retinal axon guidance

Here we have added SFKs to the list of essential downstream
signaling molecules of EphA receptors in retinal axon guidance.
The inhibition of SFKs, either pharmacologically or enzymati-
cally via overexpression of the SFK inhibitor Csk, led to an abo-
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were analyzedin A, B, and retinal tissue in C, D. A, HEK293 cells were transfected with EphA
and/or ephexin™®, and lysates were immunoprecipitated by using FLAG or myc antibodies.
Results from both Flag and mycimmunoprecipitations demonstrate interaction of ephexin ™*
and EphA3 A€ FLAG or mycantibodies did not bind nonspecifically to lysates from HEK293 cells
transfected with either ephexin™¢ or EphA3 ™A% only. B, HEK293 cells cotransfected with
EphA3 AC and ephexin ™ were serum-starved, preincubated with PP2 or PP3, and stimulated
with ephrinA5-Fc (see Materials and Methods). Lysates and FLAG or myc immunoprecipitates
were immunoblotted for ephexin ™, EphA3 ™A%, and phospho-tyrosine. These data indicate a
specificinteraction of EphA receptors with ephexin. Preincubation with PP2 led to a decrease in
the tyrosine phosphorylation level of ephexin ™<, suggesting that SFKs phosphorylate ephexin
in HEK293 cells. C, Parallel analysis of EphA receptorimmunoprecipitates with anti-ephexin and
anti-phospho-tyrosine antibodies. Ephexin co-migrates with the smallest of the tyrosine-
phosphorylated 80 kDa proteins (indicated by asterisk; also see Fig. 7). D, Left, EphA receptors
coimmunoprecipitate with cortactin. The rather weak amount of EphA receptor coprecipitating
might be attributable to the facts that, first, cortactin is expressed in all cells of the retina,
whereas EphA receptors are confined to the ganglion cell layer, and, second, only a fraction of
cortactin might be associated with EphA receptors in these cells. Middle, Cortactin coimmuno-
precipitates with EphA receptors. The EphA immunoprecipitate (prepared with ephrinA5-Fc)
contains cortactin, which migrates as a doublet of bands at ~80 kDa (indicated by two aster-
isks), with a typically stronger upper band. These two bands migrate at exactly the same height
as the top two tyrosine-phosphorylated 80 kDa proteins previously identified (see Fig. 7). Right,
Neither EphA4 nor cortactin is found in Fcimmunoprecipitates.

Ephexin and cortactin coimmunoprecipitate with EphA receptors. HEK293 cells
3 FLAG
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lition of EphA-mediated repulsion in the stripe assay and the
growth cone collapse assay (Figs. 2-5). Very recently, similar data
that used pharmacological inactivation of SFKs in the growth
cone collapse assay also were obtained by Wong et al. (2004).
SFKs colocalize with EphA receptors in retinal growth cones (Fig.
1) (Zisch et al., 1998) and are recruited to EphA receptors after
stimulation by ephrin ligands (Fig. 1) (Takasu et al., 2002; Vindis
etal., 2003). SFK activation, which peaks after ~5 min (Vindis et
al., 2003), might be one of the very early steps in the events lead-
ing to Eph receptor-triggered (local) breakdown of the growth
cone cytoskeleton. At present it is not known which particular
SFKs are involved in retinal axon guidance. It has been shown
that all three SFKs expressed in retinal neurons (Src, Yes, Fyn)
bind to various EphAs in retinal tissue (Zisch et al., 1998), with
the SFK-binding motif highly conserved among different mem-
bers of the EphA family. In these studies Src itself was identified as
the SFK with the highest affinity for EphA receptors (Zisch et al.,
1998). On the other hand, Fyn was identified as the SFK member
primarily associated with cortactin regulation (see below) (Kapus
et al., 2000; Huang et al., 2003; Fan et al., 2004). Thus it will be
important in additional experiments to investigate which SFK
member contributes to EphA-mediated retinal axon guidance.

Targets of Src family kinases in retinal axons

There are multiple potential targets of SFKs, and an understand-
ing of SFK function in retinal axon guidance might be achieved by
identifying targets of SFK tyrosine phosphorylation in retinal
growth cones. In this report we characterized a number of pro-
teins in EphA immunoprecipitates for which the tyrosine phos-
phorylation was regulated by SFKs, in particular proteins of
~120, 80, and 55 kDa. Because the 120 and 55 kDa bands were
found to be EphA receptors and SFKs, respectively, we focused
our attention on the identification of the proteins at ~80 kDa.
Closer inspection revealed two proteins that were strongly
tyrosine-phosphorylated, whereas the third and smallest protein
was phosphorylated rather weakly (Fig. 7).

Cortactin

A doublet of tyrosine-phosphorylated bands at ~80 kDa is a
pattern well documented for the actin-binding protein cortactin
(for review, see Weed and Parsons, 2001). Our tyrosine phos-
phorylation and EphA coimmunoprecipitation experiments
strongly suggest that this doublet at 80 kDa is indeed cortactin
(Fig. 8 D). Additionally, it is known that the activity of cortactin is
downregulated via SFK-mediated tyrosine phosphorylation
(Huang et al., 1997a,b), that it is localized to growth cones (Du et
al., 1998), and that it can interact with EphA receptors (in muscle
cells) (Lai et al., 2001). With stimulation the cortactin is recruited
to the membrane, where it activates the Arp2/3 complex (Weed et
al., 1998; Weaver et al., 2001) that plays a central role in de novo
actin polymerization, i.e., its stability and branching. The Arp2/3
complex also is activated by WASP family members (Weed and
Parsons, 2001), which in turn are controlled by the small GTPases
Cdc42 and Rac (see below).

Thus the SFK/cortactin-controlled signaling pathway might
contribute to repulsive growth cone turning via local activation
of EphA receptors and SFKs, leading to inactivation of cortactin
and a decrease in the activity of the Arp2/3 complex (Huang et al.,
1997a,b). In addition, the inactivation of cortactin also releases
the block on debranching of Arp2/3 networks and so might trig-
ger a cofilin-mediated breakdown of the actin cytoskeleton
(Weed and Parsons, 2001). Also, a recent study by Fan et al.
(2004) suggests that tyrosine phosphorylation of cortactin may
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occur as a result of actin depolymerization and thus may be a
secondary event to EphA-mediated (partial) growth cone col-
lapse. Future experiments will need to investigate the correlation
between EphA receptor-mediated growth cone collapse and the
phosphorylation state of cortactin in retinal axons, using
phospho-specific antibodies (Head et al., 2003).

Ephexin
The identification and characterization by Shamah et al. (2001)
of the RhoGEF ephexin as a crucial component in retinal growth
cone collapse was an important step toward further understand-
ing the link between EphA receptors and the control of actin
cytoskeleton dynamics by small GTPases. Activation of EphA
(but not EphB) receptors switches the uniform affinity of ephexin
for RhoA, Racl, and Cdc42 toward RhoA, the activity of which is
required for retinal growth cone collapse (Wahl et al., 2000).
Ephexin is bound constitutively to EphA receptors, and it is not
known which signal leads to the change of its specificity.
Ephexin is a target of SFKs, because expression of ephexin in
fibroblast cells resulted in a robust ephexin tyrosine phosphory-
lation, which could be inhibited by PP2 (Fig. 8 B). However, we
do not know whether this modification induces a change in spec-
ificity for these Rho GTPases. Ephexin coimmunoprecipitates
with EphA receptors from retinal lysates and co-migrates with the
weakest of the 80 kDa bands phosphorylated by SFKs (Figs. 7,
8C). Thus in chick retina our data suggest that a sustained ty-
rosine phosphorylation is not a prominent feature of ephexin.
However, because it plays an important role in retinal growth
cone repulsion, one would expect in this context that its tyrosine
phosphorylation is kept at a rather low level in vivo and might
occur only transiently during the activation of EphA receptors.

SFKs tyrosine-phosphorylate EphA receptors

Expression of the SFK member Fyn in SYF cells, which essentially
are devoid of any SFK activity (Klinghoffer et al., 1999), results in
arobust increase in tyrosine phosphorylation of the EphA recep-
tor itself, which occurs on top of the activation achieved via
ephrinA-induced receptor clustering and autophosphorylation
(Fig. 6B). Thus it appears that, in addition to phosphorylating
proteins bound to EphA receptors (e.g., cortactin and ephexin),
SFKs may phosphorylate additional tyrosines on the EphA recep-
tor itself and in doing so create additional binding sites for sig-
naling molecules. An SFK-mediated increase in tyrosine phos-
phorylation of EphA receptors has not been reported so far, but
other receptor tyrosine kinases, such as the EGF receptor
(Biscardi etal., 1999), are known targets of SFK phosphorylation.

The preference of nasal axons in the stripe assay after
SFK inhibition
The inhibition of SFKs after PP2 treatment or overexpression of Csk
resulted unexpectedly in a slight gain of sensitivity of nasal axons to
posterior tectal membranes in the stripe assay (Figs. 2, 4).
Currently, it is thought that, for guidance in the stripe assay,
EphA signaling is required for temporal axons, whereas for nasal
axons EphA signaling plus an element derived from the expres-
sion of ephrinAs is important (Knoll and Drescher, 2002). Al-
though at present the nature of this ephrinA contribution to the
behavior of nasal axons is speculative, it has been shown that
ephrinAs can interfere with EphA receptor function, and this
modulation might occur possibly on the basis of a nonreceptor
function of ephrinAs, such as “masking,” or a specific change in
the pattern of tyrosine phosphorylation of EphAs or via a direct
and rather special cis-interaction between EphAs and ephrinAs
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(Connor et al., 1998; Hornberger et al., 1999). In addition to this,
data from vomeronasal axons (Knoll et al., 2001) suggest the
possibility of a receptor function of ephrinAs on retinal axons
indicating interference between EphA and ephrinA signaling in
nasal growth cones. With regard to this receptor function it has
been shown that activation of ephrinA-expressing cells by soluble
EphA-Fc resulted in an increased and SFK-dependent adhesion
of these cells (Davy et al., 1999; Huai and Drescher, 2001). The
SFK dependency is intriguing in view of the data obtained in this
investigation, because inhibition of SFKs in the stripe assay would
interfere not only with EphA receptor (forward) signaling but
also with ephrinA (reverse) signaling. Potentially then, the aboli-
tion of both ephrinA and EphA signaling might cause the minor
preference of nasal axons to grow on stripes from anterior tec-
tum. This abolishment might lead to the activation of signaling
pathways that otherwise are “hidden” behind the EphA/ephrinA
signaling pathways. Alternatively, the slight preference might be
explained by an increased adhesion of ephrinA-expressing nasal ax-
ons to those stripes that contain higher concentrations of EphAs,
that is the anterior tectal membranes. Such an increased preference
would not be obvious in ephrinA5 stripe assay experiments (Fig. 3)
in which the stripes do not contain EphA receptors.

Outlook

Here we have shown data indicating an important role of SFKs in
retinal axon guidance. However, SFK activity is controlled not
only by Csk but also by ubiquitination, which targets SFKs for
proteasome-mediated degradation (Harris et al., 1999). Because
it has been reported recently that inhibition of proteasome func-
tion abolishes growth cone guidance (Campbell and Holt, 2001),
it will be interesting to investigate whether growth cone guidance
requires a constant turnover of SFKs (Robles et al., 2003), which,
if blocked, also would abolish the guidance of retinal axons.
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