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Zic2 Regulates Retinal Ganglion Cell Axon Avoidance of
ephrinB2 through Inducing Expression of the Guidance
Receptor EphB1
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The navigation of retinal axons to ipsilateral and contralateral targets in the brain depends on the decision to cross or avoid the midline
at the optic chiasm, a critical guidance maneuver that establishes the binocular visual pathway. Previous work has identified a specific
guidance receptor, EphB1, that mediates the repulsion of uncrossed axons away from its ligand, ephrinB2, at the optic chiasm midline
(Williams et al., 2003), and a transcription factor Zic2, that, like EphB1, is required for formation of the ipsilateral retinal projection
(Herrera et al., 2003). Although the reported similarities in localization implicated that Zic2 regulates EphB1 (Herrera et al., 2003;
Williams et al., 2003; Pak et al., 2004), whether Zic2 drives expression of EphB1 protein has not been elucidated. Here we show that EphB1
protein is expressed in the growth cones of axons from ventrotemporal (VT) retina that project ipsilaterally and that repulsion by
ephrinB2 is determined by the presence of this receptor on growth cones. Moreover, ectopic delivery of Zic2 into explants from non-VT
retina induces expression of EphB1 mRNA and protein. The upregulated EphB1 receptor protein is localized to growth cones and is
functional, because it is sufficient to change retinal ganglion cell axon behavior from extension onto, to avoidance of, ephrinB2 substrates.
Our results demonstrate that Zic2 upregulates EphB1 expression and define a link between a transcription factor and expression of a
guidance receptor protein essential for axon guidance at the vertebrate midline.
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Introduction
Axons are instructed by intrinsic and extrinsic cues to project
over long distances, undergo complex spatial maneuvers at inter-
mediate targets, and reach their final destinations with unerring
precision. The CNS midline is an important intermediate target
that navigating axons either traverse or avoid, a crucial decision
that allows the nervous system to coordinate events impinging on
each side of the body.

The optic chiasm is a midline decision point at which retinal
axons from each eye diverge to project to targets in the same or
the opposite brain hemispheres to pattern binocular vision. Re-
cent studies have uncovered a specific axon guidance receptor,
the receptor tyrosine kinase EphB1, whose mRNA is expressed
exclusively in retinal ganglion cells (RGCs) located in the ventro-
temporal (VT) retina, a source of the ipsilateral retinal projec-

tion; its ligand, ephrinB2, is expressed by radial glial cells at the
chiasm midline (Williams et al., 2003). An important question is
whether EphB1 protein is localized to growth cones of ipsilater-
ally projecting RGCs as they encounter ephrinB2 and how the
expression of this receptor is controlled.

Numerous receptor–ligand pairs direct axon divergence at
midline decision regions, including the Ephs– ephrins, deleted in
colorectal cancer (DCC)–netrins, Robos–slits, and Neuropilins/
Plexins–semaphorins, but the regulation of the expression of
these receptors is not well understood (Williams et al., 2004;
Dickson and Gilestro, 2006). It is becoming clear that hierarchies
of transcription factors specify neuronal subpopulations and
provide molecular programs for directing axonal trajectories to
targets, by regulating the expression of guidance receptors and
cues on navigating axons at their intermediate and final targets
(Jessell, 2000; Shirasaki and Pfaff, 2002; Butler and Tear, 2007;
Polleux et al., 2007). Although progress has been made in char-
acterizing the transcriptional regulation of guidance molecules in
motor neurons during projection to targets in the limb (Kania
and Jessell, 2003; Broihier et al., 2004; Labrador et al., 2005), only
one example of this relationship has been identified at midline
intermediate targets, in invertebrates. In Drosophila, the tran-
scription factor Lola regulates both Robo receptor and Slit ligand
levels to mediate axonal crossing at the midline (Crowner et al.,
2002).

In the retina– chiasm midline model, the zinc finger transcrip-
tion factor Zic2 has been implicated in the determination of ax-
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onal laterality at the vertebrate optic chiasm. Like EphB1, Zic2 is
necessary for the ipsilateral retinal projection. Zic2 expression
overlaps with EphB1 transcript expression spatially and tempo-
rally within VT retina (Herrera et al., 2003; Williams et al., 2003;
Pak et al., 2004; Garcı́a-Frigola et al., 2008). This coincident ex-
pression suggests that Zic2 might be in a position to regulate
EphB1, but whether Zic2 elicits the expression of EphB1 protein
has not been elucidated.

Here we show that EphB1 protein is expressed on ipsilaterally
projecting retinal growth cones during repulsion away from the
midline cue, ephrinB2, in an in vitro setting. Second, Zic2 is suf-
ficient to induce the expression of EphB1 mRNA and protein
even in cells not normally expressing Zic2 or EphB1 and to
change the behavior of retinal axons from extension into, to re-
pulsion away from, its relevant midline cue ephrinB2. These data
highlight a link, in vertebrates, of transcription factor regulation
of a guidance receptor used in decision making at the CNS
midline.

Materials and Methods
Animals. Embryos from C57BL/6J and EphB1�/� mice (Williams et al.,
2003) kept in a timed pregnancy breeding colony at Columbia University
were removed from anesthetized mothers by cesarean section, with em-
bryonic day 0 (E0) defined as midnight on the day a plug was found.
Animals were treated according to National Institutes of Health Guide-
lines for the Care and Use of Laboratory Animals. Animal protocols were
approved by the Institutional Animal Care and Use Committee of Co-
lumbia University.

Retinal explant cultures. Retinal explants from E14.5 embryos were
dissected and cultured as described previously (Wang et al., 1995). Reti-
nal quadrants from peripheral regions of VT and dorsotemporal (DT)
retina were then plated (ganglion cell-side down) onto 12 mm glass
coverslip-bottom dishes (MatTek) coated sequentially with 0.01% poly-
ornithine (Sigma) for 2 h at 37°C, followed by 10 �g/ml laminin (Invitro-
gen) for 2 h at 37°C. Explants were grown at 37°C/5% CO2 for 18 h and
then fixed for 20 min with 4% paraformaldehyde (PFA) plus 100 �M

sucrose.
To assess EphB1 mRNA in axonal versus cell body compartments,

retinal explants from E14.5 embryos were cultured for 30 h on scratched
MatTek dishes, coated as above with 0.01% polyornithine and laminin.
Axons grow in cohorts on scratched parallel lanes, allowing for ready
collection of axons separated from cell bodies. Axons were severed using
a sterile microblade at least 300 �m from their cell bodies. Cell bodies
were collected first, and then any remnant cell body material and the
proximal axonal segments were vacuum aspirated. Then, axons distal to
the cut were collected and pooled, and reverse transcription (RT)-PCR
was conducted as below.

Sindbis virus constructs and virus infection. Sindbis viruses enhanced
green fluorescent protein (EGFP) (GFP virus) and Zic2–internal ribo-
somal entry site (IRES)–EGFP (Zic2 virus) were generated according to
the Sindbis Expression System, Version E (Invitrogen). A modified ver-
sion of the virus that can deliver genes into RGCs at high efficiencies of
infection with decreased cytotoxicity was used (Herrera et al., 2003).

Retinal explants taken from E14.5 embryos were incubated in a solu-
tion of Sindbis virus in serum-free medium for 60 min at 37°C. Excess
virus was removed by washing four times with serum-free medium. Ex-
plants were then plated, and, after 18 h in culture, allowing for the full
extension of axons and growth cones, explants and neurites were har-
vested for Western blotting or RT-PCR analysis, or cultures were fixed in
4% PFA for immunohistochemistry (IHC). On average, the infection
efficiency of both Zic2 and GFP viral constructs was 80 –90%. Only those
explants exhibiting �80% GFP fluorescence were analyzed.

Western blot analysis and preabsorption of antibody. To detect EphB1
protein, Western blot analysis was performed on lysates taken from E14.5
VT retinal explants cultured in vitro for 18 h, following standard proto-
cols using an antibody to EphB1 (4A7 or mAb EfB1–EfB3, made against
EphB1–Fc; gift from Zaven Kaprielian, Albert Einstein School of Medi-

cine, Bronx, NY) (Jevince et al., 2006). Retinal cultures were homoge-
nized with a sonicator in lysis buffer (50 mM Tris-HCl, pH 7.4, 5 mM

DTT, 1% NP-40, and 5 �g/ml leupeptin, aprotinin, and pepstatin). The
protein content of the supernatant was determined by the BCA protein
assay kit (Bio-Rad). Samples (30 �g of protein) were added to SDS sam-
ple loading buffer, electrophoresed in 10% SDS-polyacrylamide gels un-
der reducing conditions, and transferred to polyvinylidene difluoride
membranes. The membranes were incubated in 5% nonfat milk over-
night at 4° and then incubated for 24 h at 4° in primary antibody (4A7),
2 h at room temperature for all other antibodies, and 2 h room temper-
ature for secondary antibodies.

To eliminate cross-reactivity from EphB2 and EphB3 (Jevince et al.,
2006), the EphB1 antibody was preabsorbed with EphB2–Fc and
EphB3–Fc fusion proteins (R&D Systems) (details of preabsorption pro-
tocol in the study by Bundesen et al., 2003). Anti-�-tubulin antibody
(monoclonal, T 5293, clone 2-28-33; Sigma) was used as a loading
control.

RT-PCR. For each condition, total RNA was extracted from 12–14
pooled E14.5 retinal explants, and their neurites were grown 18 h in
culture. For cell body versus axonal compartment experiments, RNA was
purified from 24 pooled E14 explants to obtain adequate starting mate-
rial for investigations of EphB1 mRNA in axonal compartments. Ex-
plants were either uninfected or infected with EGFP or Zic2–Sindbis
virus. Total RNA was purified using RNAeasy Mini kit (Qiagen), accord-
ing to the instructions of the manufacturer, including an on-column
DNAase digestion to remove potential genomic DNA contamination.
Pooled explants or axons alone were placed directly into 200 �l of lysis
buffer (Buffer RLT as provided by Qiagen) containing 1% fresh
�-mercaptoethanol and used directly for RNA extraction. RT-PCR was
performed following the instructions of the manufacturer (Invitrogen).
Total RNA and DNA concentrations were measured by nanodrop spec-
trometry. Specific primers to amplify EphB1 were designed as in the
study by Vidovic and Marotte (2003), and �-actin primers (�-actin for-
ward, tagagggaaatcgtgcgtgacat; �-actin reverse, accgctcgttgccaatagt-
gatga) were used to confirm equal starting material for PCR reactions. As
a positive control, EphB1 plasmid DNA was used as template, and, as a
negative control, water was used. PCR products were electrophoresed in
2% agarose gels stained with ethidium bromide and visualized on a UV
transilluminator.

Immunohistochemistry with quantification of fluorescence. Immunohis-
tochemistry using EphB1 antibodies (4A7) (Jevince et al., 2006), preab-
sorbed as above to eliminate cross-reactivity to EphB2 and B3, was used
at 1:50 to stain RGC growth cones on neurites extending from retinal
explants, taken from E14.5 animals. Anti-doublecortin and anti-GAP-43
antibody (Millipore Bioscience Research Reagents) were used at 1:1000
to stain retinal neurites. Retinal cultures were fixed after 18 h in vitro in
4% PFA, permeabilized with 0.1% Triton X-100, blocked in 10% goat
serum, and then immunostained with primary antibodies, followed by
cyanine 3 (Jackson ImmunoResearch) or Alexa Fluor488 (Invitrogen)
secondary antibodies. GAP-43 staining was used to highlight growth
cones, and growth cone outlines were traced using Openlab image anal-
ysis software to quantify total fluorescent intensity. EphB1-positive flu-
orescent puncta were visualized using 4A7 antibody within the same
growth cone. The ratio of EphB1 fluorescence/total growth cone fluores-
cence was determined for a total of 58 –72 growth cones per condition.
Exposure times were kept constant, and growth cones selected for anal-
ysis were chosen randomly. Quantitations were performed blinded to
condition. Error bars represent SEM, and statistical analysis was deter-
mined using two-tailed Student’s t test.

Assays of explant neurite growth. A half-dish culture assay was used to
quantify retinal axon response to ephrinB2. The entire coverslip in the
well was coated with polyornithine (Sigma) and then laminin (Invitro-
gen). Clustered ephrinB2–Fc mixed with BSA conjugated to Alexa Fluor
488 (1:100; Invitrogen) to visualize the border/ephrinB2 zone was ap-
plied to one-half of the coverslips (as described by Petros et al., 2006).
EphrinB2–Fc (0.5 �g/ml; Regeneron) was clustered as described by Wil-
liams et al. (2003). The retinal explants were plated in serum-free me-
dium with 0.4% methylcellulose on the laminin-only, ephrinB2-free half
of the well. Neurites were visualized with doublecortin antibody (poly-
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clonal guinea pig; Millipore Bioscience Research
Reagents). The total area covered by neurites
was quantified with Openlab image analysis
software.

The diagram in Figure 2 A illustrates method
of calculation; the green shaded area (Alexa
Fluor 488) represents the border. To normalize
for the variability in distances between the ex-
plants and borders, we made a circle using
Openlab image analysis software, with the ra-
dius from the center of the explant to the border
of ephrinB2 and excluded neurites within this
circle (described in supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental ma-
terial). For analysis, a ratio of “neurite fluores-
cence within the border region/total axonal
area” was quantified. Error bars represent SEM,
and statistical analysis was determined using
two-tailed Student’s t test.

Results
EphB1 receptor protein is expressed in
growth cones of ventrotemporal
(uncrossed) retinal ganglion cells
Although our previous report suggested a
key role of EphB1 in the formation of the
ipsilateral projection, we had examined
only mRNA levels in retinal cell bodies
(Williams et al., 2003). To assess whether
EphB1 protein is expressed in the growth
cones of VT retinal axons, the only RGCs
that express EphB1 mRNA, we used a
monoclonal EphB1 antibody (Jevince et al.,
2006) in both IHC and Western blot anal-
ysis of retinal explants plated on polyorni-
thine/laminin without ephrinB2. By IHC,
at E14.5–E15.5, the time when VT axons in
mouse reach the chiasm midline, EphB1
protein is expressed exclusively on VT
growth cones and not on the growth cones
of axons emanating from explants from
contralaterally projecting regions of the
retina, here, DT retina (Fig. 1A, left).
Growth cones extending from either VT or
DT RGC explants from EphB1�/� mice do
not exhibit EphB1 staining in VT or DT
growth cones (Fig. 1A, right).

To confirm the specificity of the EphB1
antibody, we used antibody preabsorption
techniques, because this EphB1 antibody is
known to have some cross-reactivity to
EphB2 and EphB3 (Jevince et al., 2006).
When the EphB1 antibody was preabsorbed
with EphB1–Fc fusion protein, staining in
VT growth cones completely disappeared
(Fig. 1B, second column), in contrast to un-
absorbed antibody (Fig. 1A, leftmost two col-
umns). Thus, because growth cone staining is
absent after preabsorbing the antibody with
EphB1-Fc as well as in EphB1�/� growth cones, we conclude that the
growth cone staining represents specific signal for EphB1 protein. It
should be noted that there is some residual staining in the shafts of
these axons that does not disappear after antibody preabsorption
with EphB1 and that can also be detected in EphB1�/� axons. How-
ever, this staining appears to be nonspecific and unrelated to the

detection of EphB1 protein, as evidenced by the analysis of
EphB1�/� axons.

To determine whether any signal is derived from EphB2/
EphB3, the antibody was preabsorbed with EphB2–Fc and
EphB3–Fc fusion proteins (see Materials and Methods). There
was no difference in staining of RGC growth cones using anti-

Figure 1. EphB1 protein is expressed in growth cones of ventrotemporal (uncrossed) but not dorsotemporal (crossed) retinal gan-
glion cell growth cones. A, IHC of growth cones from DT and VT retinal explants from wild-type or EphB1�/� E14.5 animals cultured for
18 h and double stained with doublecortin (green) and with anti-EphB1 (4A7) antibodies (red). Differential interference contrast micros-
copy was used to outline the morphology of growth cones. EphB1 protein is endogenously expressed in VT but not DT growth cones. In
retinalgrowthconesfromEphB1�/�animals,endogenousEphB1receptorproteinisnotexpressedineitherDTorVTgrowthcones.Scale
bar, 10 �m. B, IHC of retinal growth cones from E14.5 DT or VT explants, stained with preabsorbed EphB1 antibody to demonstrate the
specificity of this antibody to EphB1 protein in retinal growth cones. In left panels, when EphB1 antibody is preabsorbed with EphB1–Fc,
staining in VT growth cones is eliminated (compare with unabsorbed antibody in VT, left panel in A), demonstrating that this antibody
recognizesEphB1proteininRGCgrowthcones.AfterpreabsorbingtheEphB1antibodywithEphB2–FcandEphB3–Fcfusionproteins(see
Materials and Methods), staining intensity remains similar in growth cones compared with staining with EphB1 antibody alone. The
EphB1 antibody preabsorbed with EphB2/EphB3–Fc was used in experiments shown in subsequent figures. C, Western blot analysis of
RGC lysates (30 �g) taken from E14.5 DT and VT retina grown in culture for 18 h. EphB1 protein is detected in VT lysates and not in DT
lysates from wild-type retinas. In retinal lysates taken from EphB1�/� embryos, this EphB1 band is not detected in either DT or VT retina.
�-Tubulin antibody was used as loading controls. D, Western blot analysis using EphB1 antibody preabsorbed with EphB1–Fc abolishes
the EphB1-specific band in VT retina (middle lanes), confirming that this antibody specifically recognizes EphB1 protein as a 65 kDa band
in Western blots of retinal lysates. To assess whether this antibody detects EphB2 or EphB3, we preabsorbed with EphB2/EphB3–Fc (right
lanes) and found very little difference in band intensity compared with unabsorbed EphB1 antibody (left lanes). This EphB2/EphB3–Fc
preabsorbed antibody was used for Western blot analysis in subsequent figures. E, RT-PCR of DT and VT retinal explants taken from E14.5
wild-type and EphB1�/� embryos. EphB1 mRNA is detected in wild-type VT lysates but not in DT lysates. EphB1 is not detected in either
DT or VT retina from EphB1�/� retina.� lanes indicate omission of reverse transcriptase performed in parallel. A plasmid bearing EphB1
coding sequence is used as a positive control (B1), and actin was amplified to confirm equal starting material of samples.
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body preabsorbed with EphB2/B3–Fc (Fig. 1B, rightmost two
columns) compared with staining with the unabsorbed anti-
body (Fig. 1A, leftmost two columns). Furthermore, IHC of
EphB2�/�/EphB3�/� retinal explants shows staining patterns
similar to that of wild-type retina (data not shown), further con-
firming that the EphB1 antibody specifically recognizes EphB1 in
VT RGC growth cones, with little or no contribution from EphB2
or EphB3. For all subsequent experiments, we used the EphB1
antibody preabsorbed with EphB2/EphB3–Fc.

Western blot analysis was used to demonstrate expression of
endogenous EphB1 receptor protein. Lysates were collected from
E14.5 DT or VT explants cultured for 18 h on laminin/polyorni-
thine to allow for full extension of axons and growth cones. Ly-
sates harvested from VT explants, axons and growth cones, but
not DT lysates, contain EphB1 protein (Fig. 1C). In confirmation
of the IHC results, EphB1 protein is not detected in lysates taken
from either VT or DT regions of EphB1�/� retina (Fig. 1C) or
when the EphB1 antibody was preabsorbed with EphB1–Fc (Fig.
1D, middle lanes). Western blots probed with the EphB1 anti-
body preabsorbed with EphB2/EphB3–Fc show no difference in
band intensity compared with unabsorbed EphB1 antibody (Fig.
1D, compare right two lanes with left two lanes), demonstrating
again that very little EphB2/EphB3 protein contributes to the
signal in VT retina.

Finally, we demonstrated the expression of endogenous
EphB1 mRNA of retinal explants taken from wild-type and
EphB1�/� mice, cultured for 18 h to allow for the extension of
axons and growth cones, by RT-PCR. RNA was harvested from
both wild-type VT and DT retinal explants and neurites, and PCR
was performed using specific primers to detect EphB1 cDNA
(Vidovic and Marotte, 2003). VT explants and neurites express
EphB1 mRNA, whereas an EphB1-specific band is not detected in
DT explants (Fig. 1E). EphB1 mRNA is not detectable in
EphB1�/� RGCs after RT-PCR. These RT-PCR results support
the protein analysis for detecting endogenous EphB1 and dem-
onstrate that EphB1 is expressed in wild-type VT retina and not
DT retina, nor in EphB1�/� tissue.

These data provide evidence that endogenous EphB1 receptor
protein as well as its transcript is expressed exclusively in VT
retina, axons, and growth cones that constitute the ipsilateral
projection and not in DT retina that gives rise to the crossed
projection.

EphB1 expression on RGC growth cones mediates the
avoidance of the midline cue ephrinB2
To determine whether EphB1 protein on VT growth cones is
expressed during the repulsion of ipsilateral axons away from the
midline cue ephrinB2, we used a reductionist in vitro border assay
that allows us to reconstitute the interactions and behavior of
retinal axons at the chiasm midline (Petros et al., 2006). Retinal
explants from either wild-type or EphB1�/� E14.5 animals were
cultured proximal to the border of a zone of ephrinB2 (see Ma-
terials and Methods), allowing RGC growth cones and axons to
encounter the ligand ephrinB2. Retinal explants were stained
with doublecortin antibody (red) to visualize axons. �38% of DT
explant axons extend into the ephrinB2 border region (at least 12
explants from 4 independent experiments per condition) (Fig.
2A, top left), reflecting the in vivo scenario in which contralater-
ally projecting DT axons traverse the chiasm midline. The re-
maining 62% of DT axons that do not encounter the ephrinB2
zone continue to grow in a radial manner. In contrast, VT axons,
which are normally repulsed by the midline cue in vivo, are in-
hibited from entering ephrinB2 borders, with �7% of total VT

axons projecting into ephrinB2 regions (Fig. 2A, top right; quan-
tifications in B).

If repulsion away from ephrinB2 is mediated by EphB1 ex-
pressed in VT growth cones, then VT retinal explants taken from
EphB1�/� animals should not be inhibited by the border of eph-
rinB2. Indeed, 27.5% of VT axons from EphB1�/� animals
project into the ephrinB2 region, demonstrating that the EphB1
receptor is required for repulsion of this midline cue (Fig. 2A,
bottom). Axons from DT EphB1�/� explants also grow freely
into the ligand border, with 36% of their axons entering border
regions. It is notable that there is a slight increase in VT EphB1�/�

axons that avoid the border compared with DT wild-type or DT
EphB1�/� explants, indicating that there may be other receptors
on RGCs in VT retina to ephrinB2 that are not expressed in dorsal
regions. To demonstrate that the repulsive response of VT retina
is specific to ephrinB2 ligand, when explants are plated along an
Fc border alone, �35% of axons from either DT or VT explants
from wild-type or EphB1�/� retina, cross through the border
(data not shown).

To characterize the expression of EphB1 protein on RGC neu-
rites during repulsion by ephrinB2, immunohistochemistry was
performed, using the preabsorbed anti-EphB1 antibody de-
scribed above. EphB1 protein (red) is expressed on growth cones
from VT retina as axons approach ephrinB2 borders (Fig. 2C,
left) and as they turn away and grow parallel to borders during
avoidance of ephrinB2 regions (Fig. 2C, right). EphB1 protein is
not detected on DT explant growth cones as they enter into eph-
rinB2 regions (Fig. 2D), because doublecortin shows a full, ex-
tended growth cone in the same field.

Ectopic expression of Zic2 upregulates EphB1 in
retinal explants
We have reported previously that Zic2 is expressed in a similar
spatiotemporal pattern as EphB1 exclusively in VT cell bodies,
during the period when retinal growth cones reach the midline,
E14.5–E17.5. The expression of Zic2 briefly precedes and then
overlaps with EphB1 expression, and Zic2 is essential for the
formation of the ipsilateral projection (Herrera et al., 2003; Pak et
al., 2004; Garcı́a-Frigola et al., 2008). To determine whether the
localization of these two molecules is purely coincidental or
whether Zic2 serves to regulate the expression of EphB1 in em-
bryonic retina, we ectopically introduced Zic2 by recombinant
viral delivery in DT and VT explants from wild-type and
EphB1�/� retinal explants cultured in vitro and analyzed EphB1
expression at both the mRNA and protein levels. Retinal explants
infected with EGFP–Sindbis virus (GFP virus) or with Zic2–
IRES–EGFP–Sindbis virus (Zic2 virus) (Herrera et al., 2003) were
cultured for 18 h on a laminin/polyornithine substrate and then
harvested, including axons and growth cones emanating from the
explant. EphB1 mRNA is detected in VT explants infected with
GFP virus but not DT explants (Fig. 3A). In DT explants infected
with Zic2 virus, EphB1 mRNA is upregulated in these quadrants,
which normally do not express EphB1, as well as in VT explants
(Fig. 3A). To confirm that Zic2 is acting on the EphB1 gene, we
analyzed EphB1�/� DT and VT retinal explants and did not am-
plify an EphB1 band (Fig. 3A). These results show that the exog-
enous delivery of Zic2 into a region of the retina that does not
endogenously express Zic2 or EphB1 can induce the expression of
EphB1 mRNA.

To determine whether the mRNA for EphB1 produced at the
cell body level becomes localized to axonal compartments, we
harvested mRNA from axons and growth cones separately from
cell bodies after Zic2 virus and GFP virus infection. In agreement
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with measures of whole DT explants infected with Zic2 virus (Fig.
3A), EphB1 mRNA is found in the cell body compartment (Fig.
3B, lane 5). Interestingly, EphB1 mRNA is also localized to the
distal axonal compartment (Fig. 3B, lane 6). This result indicates
that Zic2 activates transcription of EphB1 mRNA in the cell nu-
cleus and that EphB1 mRNA is transported down to the axon
terminus.

EphB1 protein is upregulated in retinal growth cones after
ectopic delivery of Zic2
To determine whether Zic2 delivery can drive EphB1 protein
expression, we examined EphB1 expression by Western blot anal-

ysis and IHC in retinal growth cones after infection with GFP or
with Zic2 virus. Western blot analysis was performed after infec-
tion of GFP or Zic2 virus into wild-type and EphB1�/� explants
to determine EphB1 protein levels. We observed an upregulation
of EphB1 protein in DT explants after Zic2 delivery (Fig. 4A, lane
2), whereas infection with GFP virus did not induce EphB1 pro-
tein in DT retinal lysates (Fig. 4A, lane 4). EphB1 protein was not
detected in EphB1�/� tissue infected with Zic2 virus. Together,
these data reveal that Zic2 is a transcriptional regulator of EphB1
and that Zic2 can upregulate EphB1 message and protein in ret-
inal regions that normally do not express Zic2 or EphB1.

For immunohistochemistry, an antibody to GAP-43 was used

Figure 2. Expression of EphB1 receptor protein mediates the avoidance of VT growth cones to the midline cue, ephrinB2. A, In vitro assays of E14.5 retinal explants stained with doublecortin (red)
confronted with ephrinB2 borders (green). Top left demonstrates that axons from the DT quadrant of wild-type retina enter the ephrinB2 border region in vitro, reflecting their ability to cross the
chiasm midline in vivo. Axons emanating from the VT quadrant of retina (top right) are inhibited by ephrinB2 and avoid entering into ephrinB2 zones, thus mimicking the in vivo scenario in which
these axons are repulsed by ephrinB2 at the chiasm midline. The bottom row shows two representative retinal explants taken from EphB1�/� animals. DT EphB1�/� axons enter freely into the
ephrinB2 border, and the repulsion observed in wild-type VT axons is abrogated in EphB1�/� VT explants, although some avoidance remains in EphB1�/� VT axons. Scale bar, 500 �m. B,
Quantification of the proportion of RGC axons that enter the border region. Diagram illustrates the method of calculation, in which the green shaded area represents the ephrinB2 border. We
quantified the fluorescence of axons entering the border region compared with the total fluorescence of all axons combined, subtracting fluorescence from the explant cell bodies and normalizing
for their distance from the border (for details, see supplemental Fig. 1, available at www.jneurosci.org as supplemental material). In DT explants, �38% of total axons enter into the ephrinB2 zone,
whereas only 6% of axons from VT explants project across the border. In retinal explants taken from EphB1�/� animals, �35% of DT axons enter the ephrinB2 region, and 28% of VT axons project
through ephrinB2, exhibiting some avoidance ( p � 0.05). n � 12 explants for each condition, in 4 independent experiments. Error bars indicate SEM. *p � 0.0005. C, Higher magnification (63�)
of VT growth cones as they approach (left) and turn away (right) from ephrinB2 border. EphB1 antibody (red) and ephrinB2 borders (green). VT growth cones express EphB1 receptor protein, as seen
in the insets. D, DT axons entering ephrinB2 borders. A single growth cone in this field is visualized by doublecortin staining (green, top). This growth cone does not express EphB1 protein (red,
middle), as shown in the merged image (bottom).
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to outline the morphology of RGC growth cones and to quanti-
tatively measure the total growth cone fluorescence, and EphB1
fluorescent puncta were quantified using the EphB1 antibody.
EphB1 protein was detected in VT growth cones infected with
GFP virus, but staining for EphB1 was absent in DT growth cones
(Fig. 4Ba�,Bb�). Measures of a ratio of EphB1 fluorescence over
total growth cone fluorescence showed that DT growth cones
exhibit �3% EphB1 fluorescence, whereas EphB1 fluorescence in
VT growth cones encompasses 25% of total growth cone fluores-
cence (Fig. 4C). Greater than 58 growth cones were analyzed per
condition and pooled from three independent experiments. In
contrast, in growth cones of DT explants infected with Zic2,
EphB1 protein expression increased to 22% EphB1 (Fig. 4Bc�),
paralleling the levels and punctate expression pattern seen in
both uninfected VT growth cones as well as VT growth cones
infected with Zic2, at 24% of total growth cone fluorescence (Fig.
4Bd�). No EphB1 staining was detected after Zic2 induction in
either DT (3% EphB1 of total fluorescence) or VT (5% total
fluorescence) growth cones from EphB1�/� retinal explants, sim-
ilar to uninfected EphB1�/� growth cones (Fig. 4Be�,Bf�). Rela-
tive EphB1 fluorescence levels are quantified in Figure 4C.

These results indicate that EphB1 protein is expressed in the
growth cones of ipsilateral but not contralateral axons and that
ectopic expression of Zic2 specifically upregulates EphB1 protein
in DT growth cones. Interestingly, Zic2 delivery into VT tissue

does not result in a combined effect of endogenous EphB1 pro-
tein plus ectopic EphB1 induction. This was observed in both
Western blots (Fig. 4A) and growth cone immunostaining (Fig.
4B). These results suggest that there may be a “ceiling” of EphB1
protein expression that cannot be exceeded within a given neu-
ron/growth cone at a particular time.

Zic2 ectopic expression is sufficient to switch the behavior of
retinal axons from extension on to repulsion by ephrinB2
through the induction of EphB1
We have shown by both Western blot analysis and immunohis-
tochemistry of growth cones that Zic2 drives the upregulation of
mRNA as well as protein expression for EphB1 in retinal explants.
Next, we investigated whether ectopic expression of Zic2 induces
upregulation of functional EphB1 on retinal axon growth cones
to mediate repulsion of ephrinB2 in the border assay. Explants
from E14.5 DT or VT retina were infected with either GFP or Zic2
virus and cultured alongside a border of ephrinB2 substrate.
Nearly all axons from non-infected or GFP-infected VT explants
avoided the ephrinB2 borders (�5% of axons project into bor-
ders, analysis performed on 18 explants pooled from five inde-
pendent experiments), whereas axons from non-infected and
GFP-infected DT explants extend freely through the border (36%
of total axons) (Fig. 5A, top two panels; quantified in B). After
infection with Zic2 virus, axons from VT retina continue to avoid
the ephrinB2 border, with only 4% of total axons crossing the
ephrinB2 border (Fig. 5A, middle row, right panel). Remarkably,
axons from DT retina infected with Zic2 virus changed their
behavior from crossing into the border to avoidance of the eph-
rinB2 borders, with only 8% of their axons projecting into the
ephrinB2 zone (Fig. 5A, middle row, left panel). This demon-
strates that ectopic expression of Zic2 not only leads to the up-
regulation of functional EphB1 receptor protein in DT retinal
axons but also changes the behavior of DT axons from extension
into ephrinB2 regions to the VT or ipsilateral response of repul-
sion away from its endogenous inhibitory midline cue, ephrinB2
(Fig. 5B).

To confirm that Zic2 acts via regulation of the EphB1 gene,
retinal explants from EphB1�/� E14.5 embryos were infected
with either GFP or Zic2 virus. Thirty-three percent of DT neurites
from Zic2-infected explants extended across the ephrinB2 sub-
strate border (Fig. 5A, bottom left) compared with 36% of DT
axons infected with GFP virus. Twenty-four percent of EphB1�/�

VT axons infected with Zic2 virus projected into the ephrinB2
zone, similar to the percentage of GFP-infected VT axons from
wild-type retina that enter the ephrinB2 zone (25%). As observed
in Figure 2, a small percentage of VT axons from EphB1�/� retina
exhibit avoidance of ephrinB2 compared with DT neurites from
EphB1�/� retina. These data demonstrate that Zic2 controls re-
pulsion of the ipsilateral projection primarily through EphB1
expression, because ectopic Zic2 delivery in the absence of the
EphB1 gene does not induce increased avoidance to ephrinB2
borders.

To confirm that EphB1 protein is upregulated on the growth
cones of Zic2-infected DT explants, we examined these growth
cones at higher magnification as they avoid ephrinB2 borders.
EphB1 protein is expressed on DT growth cones after Zic2 virus
infection as they encounter and avoid ephrinB2 regions (two
representative growth cones in supplemental Fig. 2A, available at
www.jneurosci.org as supplemental material). EphB1 growth
cone staining disappears when the EphB1 antibody was preab-
sorbed with EphB1–Fc (supplemental Fig. 2B, available at ww-
w.jneurosci.org as supplemental material), confirming that

Figure 3. Ectopic expression of Zic2 in vitro induces EphB1 mRNA. A, RT-PCR of DT or VT
explants taken from E14.5 wild-type embryos and infected with EGFP (GFP virus) or Zic2–IRES–
EGFP Sindbis virus (Zic virus). EphB1 mRNA is detected in GFP virus-infected VT explants but not
in DT explants, as in uninfected conditions. After infection of DT explants with Zic2 virus, there is
an upregulation of EphB1 mRNA. Infection of EphB1�/� retina with Zic2 virus does not induce
EphB1 mRNA expression. � lanes indicate negative controls performed in parallel omitting
reverse transcriptase. As a negative control, water was used as template (W). As a positive
control, a plasmid bearing the EphB1 coding sequence was used as template (B1). A nanodrop
spectrometer was used to measure both RNA and cDNA starting material levels, and actin was
amplified as an additional confirmation of equal starting material of samples. B, RT-PCR to
detect EphB1 mRNA in cell body compartments (CB) compared with axonal compartments (A)
of DT or VT explants taken from E14.5 wild-type embryos infected with GFP virus or Zic2 virus.
Explants were grown for 30 h, and axons extending in scratched lanes were isolated separately
from cell bodies. As in A, EphB1 mRNA is not detected in GFP-virus infected DT explants, in either
cell bodies or axonal compartments, but EphB1 mRNA is detected in axons from VT explants as
well as VT cell bodies after GFP virus infection. After infection with Zic2 virus, EphB1 mRNA is
upregulated in DT cell bodies and in axons. Water (W) was used as a negative control and (S)
standard molecular weight marker.
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EphB1 protein is specifically upregulated in
these growth cones. In contrast, DT growth
cones infected with GFP did not express
EphB1 as they approached an ephrinB2 bor-
der (red in supplemental Fig. 2C, available
at www.jneurosci.org as supplemental
material).

In conclusion, these results together
demonstrate that the inhibitory effect of
ephrinB2 on VT RGC axons is mediated by
EphB1 receptor protein localized on growth
cones. Moreover, Zic2 is capable of upregu-
lating EphB1 expression in retinal regions
that do not endogenously express EphB1,
and Zic2 is sufficient to switch the behavior
of RGC axons from indifference to avoid-
ance of the midline cue ephrinB2.

Discussion
At the optic chiasm midline, EphB1-
expressing axons from VT retina turn away
from ephrinB2-expressing radial glial cells
to form the ipsilateral optic tract. Significant
progress has been made in identifying guid-
ance molecules that mediate laterality at the
CNS midline (Tessier-Lavigne and Good-
man, 1996; Williams et al., 2004; Dickson
and Gilestro, 2006). However, the intrinsic
mechanisms that control the coordinated
expression of extracellular guidance mole-
cules on the long trajectory from origin
through intermediate and then to final tar-
gets is not well understood. Transcription
factors are thought to modulate the responses
of navigating axons, through regulating the
expression of extracellular guidance receptors
(Butler and Tear, 2007; Polleux et al., 2007).
Our results show that the transcription factor
Zic2 can drive the expression of the guidance
receptor EphB1, both mRNA and protein,
and that EphB1 expression on retinal axon
growth cones mediates avoidance of the mid-
line cue ephrinB2.

Transcriptional regulation of EphB1 by
Zic2 mediates repulsion at the
chiasm midline
A number of transcription factors have been
linked to the regulation of axon guidance de-
cisions in the retina (Schulte and Cepko, 2000;
Herrera et al., 2003, 2004; Pak et al., 2004).
This regulation is thought to occur by tran-
scriptional activation or inhibition of axon
guidance molecules, but whether there is a di-
rect link between a transcription factor and
the expression of a single or multiple guidance
molecule(s) is being investigated. Two exam-
ples of such a link are found in motoneurons,
in which Lim1 controls dorsoventral projec-
tions to the limb by inducing the expression of EphA4 (Kania and
Jessell, 2003). In Drosophila, Even-skipped (Eve) controls the bal-
ance of the different netrin receptors Unc-5 and DCC in dorsal ver-
sus ventral motoneuron trajectories (Labrador et al., 2005). Also in

Drosophila the transcription factor Lola, which has no homolog in
vertebrates, controls the expression of both the midline repellant Slit
and its axonal receptor Robo (Crowner et al., 2002).

Based on spatiotemporal expression patterns and loss-of-

Figure 4. Ectopic Zic2 induces expression of EphB1 protein. A, Western blot analysis of 30 �g lysates taken from DT and VT
explants grown in culture and infected with Zic2 virus or GFP virus. EphB1 protein is upregulated in DT explants after ectopic
infection with Zic2 virus (lane 2) but not in DT explants infected with GFP virus (lane 4). EphB1 is detected in VT explants infected
with Zic2 (lane 1) or GFP virus (lane 3). �-Tubulin was used as a loading control, as well as optical density measurements
(Bio-Rad). B, Immunohistochemistry of growth cones from DT or VT explants infected with GFP (a, a�, a�, b, b�, b�) or Zic2 virus
(c, c�, c�, d, d�, d�, e, e�, e�, f, f�, f�) and double stained with GAP-43 (green), to visualize growth cones, and with anti-EphB1
antibody (red). EphB1 protein is detected in the growth cones of VT explants infected with GFP virus (b�) but not in the growth
cones of DT explants infected with GFP (a�), as seen in uninfected conditions (Fig. 1 A). After Zic2 virus infection, EphB1 receptor
protein is expressed in both DT (c�) and VT (d�) growth cones. In growth cones imaged from EphB1�/� animals, EphB1 protein
is not detected (e�, f�). Scale bar, 10 �m. C, Quantitative data based on fluorescence levels on growth cones from experiments
shown in A confirm that EphB1 protein is significantly upregulated in growth cones of axons from DT explants after ectopic
expression of Zic2 compared with DT explants infected with GFP virus; these levels are similar to EphB1 protein levels in VT
growth cones. EphB1 protein is barely detected in growth cones from EphB1�/� retinal axons. EphB1 fluorescent puncta in
growth cones was measured over total growth cone fluorescence, as quantified by GAP-43 staining. MetaMorph analysis of n �
58 growth cones, from 6 wells per condition, 3 independent experiments. Error bar indicates SEM. *p � 0.005.
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function experiments in vivo (Herrera et
al., 2003; Williams et al., 2003), we focused
on Zic2 as a candidate transcriptional reg-
ulator of the EphB1 receptor at a midline
intermediate target, the optic chiasm. Our
data demonstrates that Zic2 drives the ex-
pression of EphB1 on ipsilaterally project-
ing growth cones, because both mRNA in
explants, axons, and growth cones and pro-
tein localized to growth cones is upregu-
lated after ectopic Zic2 delivery. This acti-
vation is sufficient to change the behavior
of retinal axons when confronting the mid-
line cue ephrinB2. Furthermore, Zic2 in-
duces repulsion by acting on the EphB1
gene, as proven by analysis of the EphB1�/�

retina, in which there is no enhancement of
avoidance to ephrinB2 after Zic2 ectopic
expression. This result indicates tight tran-
scriptional control over the expression of a
guidance receptor important for decisions
at the vertebrate midline.

Whether Zic2 functions strictly through
a direct pathway leading to EphB1 expres-
sion or whether Zic2 interacts with other
transcription factors that direct crossing at
the chiasm midline is not understood. The
LIM homeodomain transcription factor Is-
let2 is a transcription factor that has been
implicated in mediating crossing decisions
at the midline (Pak et al., 2004). Islet2 is
expressed in RGCs from non-VT retina
throughout RGC axonogenesis and in late-
born VT RGCs (E17.5 to postnatal day 0),
all of which cross the midline (Williams et
al., 2006). Interestingly, Islet2�/� mice ex-
hibit an increase in the number of ipsilat-
eral axons originating only from the VT
retina, with a concomitant increase in Zic2
and EphB1 expression in VT retina (Pak et
al., 2004). Islet2 has therefore been sug-
gested to repress the guidance program for
uncrossed RGCs that involves the regula-
tion of Zic2 and/or EphB1 but exclusively
in VT retina. It will be of interest to deter-

Figure 5. Ectopic expression of Zic2 in retinal explants alters the behavior of RGC axons in response to ephrinB2. A, In vitro
assays of E14.5 retinal explants stained with GAP-43 (red) plated along ephrinB2 borders (green). Top row shows DT and VT
explants infected with GFP virus, middle row shows wild-type explants infected with Zic2 GFP virus, and bottom row shows
EphB1�/�explants infected with Zic2 GFP virus. In GFP virus-infected DT explants, DT axons cross into the ephrinB2 border (top
left), identical to the uninfected condition (Fig. 2 A), whereas VT axons infected with GFP virus are inhibited by the border (top
right), similar to uninfected explants (Fig. 2 A). After infection with Zic2 virus, DT axons avoid entering ephrinB2 regions (middle
left). DT EphB1�/� axons grow into ephrinB2 border regions, whereas VT EphB1�/� axons exhibit some avoidance to ephrinB2

4

(bottom row). Scale bar, 500 �m. B, Quantification of the av-
erage area of RGC axons that enter the border region from
pooled retinal explant experiments, as calculated in Figure 2
(for details, see supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). In DT explants,
�36% of total axons project into the ephrinB2 border,
whereas �5% of VT axons enter the border. After Zic2 virus
infection, DT axons avoid ephrinB2 borders with similar repul-
sion as VT axons, and only 5% enter ephrinB2 regions. DT
EphB1�/� axons grow into the border region, in both GFP and
Zic2 infected conditions, with no additional avoidance after
Zic2 ectopic delivery. Of note, there is a small increase in avoid-
ance in EphB1�/� VT axons (�24% of axons project into bor-
ders) compared with EphB1�/� DT axons (�34% axons en-
ter border) and is statistically significant ( p � 0.005). n � 18
explants in each condition, 5 independent experiments. Error
bars indicate SEM. *p � 0.0005.
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mine whether Islet2 can repress expression of EphB1 protein
through its interaction on Zic2 and to dissect whether Zic2 reg-
ulates factors mediating midline crossing (Williams et a., 2006).

Zic2 may be involved in the regulation of other target genes
Although our results demonstrate that EphB1 is one target of
Zic2, we do not know whether Zic2 binds directly to 5� upstream
regions of the EphB1 gene or whether Zic2 has other target genes.
Our results do not address whether Zic2 directly activates the
EphB1 gene. The molecular mechanisms of Zic2 action during
development remain unclear. Only a handful of direct targets for
Zic2 have been identified (Yang et al., 2000; Salero et al., 2001;
Sakurada et al., 2005), and an “optimal” consensus target binding
sequence for Zic2 proteins is unknown. It has been suggested that
its activation of target genes may be by unconventional means,
such as recruitment of a DNA/RNA helicase, RHA (Ishiguro et
al., 2007; Ishiguro and Aruga, 2008).

It is possible that Zic2 controls the expression of other guid-
ance molecules, because it can regulate a broad range of target
genes in other tissues (Nagai et al., 2000; Aruga et al., 2002a,b) as
a result of its involvement in multiple phases of neural develop-
ment (Aruga, 2004; Merzdorf, 2007). In fact, during develop-
ment, the expression of Zic2 and EphB1 does not overlap exclu-
sively and the expression of Zic2 has been found in areas of the
brain lacking EphB1 expression, and EphB1 is expressed in re-
gions that do not express Zic2 (Garcı́a-Frigola et al., 2008) (R.
Lee, A. Rebsam, and C. Mason, unpublished observations). Fur-
thermore, in utero electroporation of Zic2 into E13 retina in vivo
induces a strong ipsilateral projection compared with the in-
crease in the ipsilateral projection after electroporation of EphB1
(Garcı́a-Frigola et al., 2008) (T. Petros and C. Mason, unpub-
lished results), supporting the view that Zic2 may regulate target
genes in addition to EphB1, either other transcriptional regula-
tors or guidance factors that mediate pathfinding decisions at the
midline.

Thus, a complete understanding of transcriptional control
over guidance factors will rely on unraveling their specific rela-
tionship and function, at each intermediate and final target, for
there is likely a unique set of directives for each locus. Neverthe-
less, our data in vitro and data from gain-of-function in vivo
(Garcı́a-Frigola et al., 2008) highlight one example of this rela-
tionship, whereby expression of the guidance receptor EphB1 can
be controlled at an intermediate target by a single transcription
factor, Zic2, to function in midline avoidance.

EphB1 may be regulated by additional mechanisms for the
expression of functional protein in growth cones
In this study, we have demonstrated that EphB1 protein is ex-
pressed and localized to VT growth cones and is absent from
growth cones in EphB1�/� VT explants. The presence or absence
of EphB1 protein mediates the repulsive behavior of growth
cones encountering the midline cue ephrinB2. This finding is
significant because previous reports have focused only on the
expression of EphB1 mRNA, which is not equivalent to the pres-
ence or functional role of a protein.

Although our in vitro assay is a simplified, reductionist model,
it allows examination of a single receptor–ligand pair, as growth
cones make a binary decision to cross into or avoid ephrinB2
regions. In addition, exogenous genes can be delivered to speci-
fied retinal segments, in which the expression of other Ephs and
ephrins are known (Luo and Flanagan, 2007).

Of note, when retinal explants from EphB1�/� animals are
grown along borders of ephrinB2 regions, most DT and VT axons

cross the border, but some VT axons from EphB1�/� animals
continue to avoid the border. This is similar to the scenario in
EphB1�/� animals in vivo, in which a small ipsilateral projection
remains (Williams et al., 2003). One possibility is that EphB2,
capable of binding ephrinB2 and expressed in a high ventral–low-
dorsal gradient during this developmental period in retina
(Flanagan and Vanderhaeghen, 1998; McLaughlin and O’Leary,
2005; Flanagan, 2006), can compensate for EphB1 in EphB1�/�

ventral explants in vitro, contributing to repulsion. Central re-
gions of wild-type and EphB1�/� retina plated along ephrinB2
borders also display some degree of repulsion, likely attributable
to EphB2 expressed in the central region (R. Lee and T. Petros,
unpublished data). However, the contribution of EphB2 in vivo is
uncertain because EphB1�/�/EphB2�/� mice do not display an
additional decrease in ipsilateral projection compared with
EphB1�/� alone (Williams et al., 2003). These observations also
concur with in vivo data demonstrating that Zic2 may be able to
induce avoidance to the midline by means independent of EphB1
(Garcı́a-Frigola et al., 2008). Thus, the source of this partial re-
pulsion in EphB1�/� mice remains unknown.

Along with the specific transcriptional activation of EphB1
that we have defined, EphB1 may also be regulated by posttran-
scriptional steps that occur locally at growth cones, to dynami-
cally alter constituent surface membrane proteins in response to
changing environmental signals far from the cell bodies of the
RGC axons responding to the cues. This may be particularly rel-
evant for the Eph/ephrin family, because members are expressed
in similar neural regions and exhibit promiscuous binding to the
same ligand (Davis et al., 1994; Himanen et al., 2004; Pasquale,
2005). By mechanisms such as local translation, trafficking into
the membrane or reorganization into surface microdomains to
mediate distinct signaling pathways, Ephs could coexist in the
same growth cone, either as mRNA or protein contained in sep-
arate microdomains to selectively control their functional avail-
ability (Castellani et al., 2000; Brittis et al., 2002; Zimmer et al.,
2003; Marquardt et al., 2005; Wu et al., 2005; Leung et al., 2006;
Yao et al., 2006; Lin and Holt, 2007).

Although our data suggests that Zic2 drives the expression of
EphB1 mRNA at the cell body level and these mRNAs are then
transported down the axon, it is not clear to what extent encoun-
ter with ligand modulates translation locally or whether EphB1
protein is translated in cell bodies and transported to growth
cones. Experiments in progress will determine how translation is
controlled in the soma and growth cone and the contributions of
each, leading to repulsion of RGC growth cones by ephrinB2 at
the optic chiasm midline.
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