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Topographic Mapping in Dorsoventral Axis
of the Xenopus Retinotectal System Depends
on Signaling through Ephrin-B Ligands

of A-P labels. So far, the most promising candidates for
receptors and ligands in the D-V axis of the type Sperry
proposed are the B-type Eph receptors and their li-
gands.

In chick and mouse, EphB receptors and ephrin-Bs
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Cambridge CB2 3DY are expressed in opposite gradients across the retina,

with high levels of EphB receptors in ventral retina andUnited Kingdom
ephrin-B ligands abundant in dorsal retina (Holash and
Pasquale, 1995; Marcus et al., 1996; Braisted et al., 1997;
Holash et al., 1997; Connor et al., 1998; Birgbauer etSummary
al., 2000). In chick retina, the expression of both EphB
receptors and ephrin-B ligands is under the control ofEphrin-B and EphB are distributed in matching dorso-
the transcription factors cVax and Tbx5, respectively,ventral gradients in the embryonic Xenopus visual sys-
which play a role in the early D-V patterning of the retinatem with retinal axons bearing high levels of ligand
(Schulte et al., 1999; Koshiba-Takeuchi et al., 2000).(dorsal) projecting to tectal regions with high receptor
Misexpression of both cVax2 and Tbx5 in chick retinaexpression (ventral). In vitro stripe assays show that
causes topographic targeting errors of RGC axons alongdorsal retinal axons prefer to grow on EphB receptor
the D-V axis of the tectum (Schulte et al., 1999; Koshiba-stripes supporting an attractive guidance mechanism.
Takeuchi et al., 2000), further suggesting a possible roleIn vivo disruption of EphB/ephrin-B function by appli-
of B-type Eph family molecules in D-V mapping.cation of exogenous EphB or expression of dominant-

negative ephrin-B ligand in dorsal retinal axons causes Unlike the A-P axis, in the D-V axis, RGC axons ex-
these axons to shift dorsally in the tectum, while mis- pressing the highest level of EphB receptors project to
expression of wild-type ephrin-B in ventral axons the area of the tectum with the highest ligand expres-
causes them to shift ventrally. These dorsoventral tar- sion. For example, in chick embryos, EphB2 is ex-
geting errors are consistent with the hypothesis that pressed on RGC axons from the ventral half of the retina
an attractive mechanism that requires ephrin-B cyto- (Holash and Pasquale, 1995); and a ligand for this recep-
plasmic domain is critical for retinotectal mapping in tor, ephrin-B1, is maximally expressed in the dorsal tec-
this axis. tum (Braisted et al., 1997). This suggests that ephrin-

Bs might be implicated in attractive rather than repulsive
Introduction guidance (Braisted et al., 1997; O’Leary and Wilkinson,

1999). However, other results show that ephrin-Bs can
The development of appropriate connections between act as repulsive guidance cues for EphB receptor-
neurons and target cells in the brain is of fundamental expressing neurons (Meima et al., 1997; Wang and An-
importance in the visual system, where retinal ganglion derson, 1997; Kullander et al., 2001a; Yokoyama et al.,
cell (RGC) axons project a topographic representation 2001). This is consistent with the finding that in the
of the visual world onto the brain. In the retinofugal Xenopus visual system expression of ephrin-B ligands
projection of lower vertebrates, the temporo-nasal axis in the optic chiasm repels EphB-expressing RGC axons
of the retina maps along the anterior-posterior axis of causing them to project ipsilaterally (Nakagawa et al.,
the tectum (the A-P axis), and the ventro-dorsal retinal 2000).
axis to the dorso-ventral tectal axis (the D-V axis). Sperry The possibility of “reverse” signaling through the
(1963) proposed that orthogonal matching gradients of ephrin ligands (i.e., upon activation by their cognate
ligands and receptors establish this topographic projec- Eph receptor, ephrin ligands transduce a signal into
tion. Recently it has become clear that gradients of the the ephrin-expressing cell) has been shown for both
A class of Eph tyrosine kinase receptors and their li- ephrin-A (Davy et al., 1999; Davy and Robbins, 2000;
gands, the ephrins, are particularly important in the map- Huai and Drescher, 2001; Knoll et al., 2001) and ephrin-B
ping of A-P axis (reviewed in Drescher et al., 1997; Flana- molecules (Henkemeyer et al., 1996; Jones et al., 1998;
gan and Vanderhaeghen, 1998; O’Leary and Wilkinson, Mellitzer et al., 1999; Xu et al., 1999; Adams et al., 2001).
1999; Wilkinson, 2000). The map along the A-P axis is Genetic analyses show that ephrin-Bs might function
thought to depend on the repulsive activity of ephrin-A as signaling receptors during axon pathfinding (Henke-
ligands on EphA-expressing axons. The molecular basis meyer et al., 1996; Orioli et al., 1996; Birgbauer et al.,
of D-V topography, however, remains unknown. In ze- 2000; Kullander et al., 2001b). In the eye of EphB2 and
brafish, mutations in single genes affect the D-V retino- EphB3 mutant mouse, dorsal RGC axons that normally
topic organization of the visual projection in the tectum express low levels of EphB show defects in guidance
(Baier et al., 1996; Trowe et al., 1996), but the identity to the optic disc (Birgbauer et al., 2000). This defect is
of these genes is not known. Retinotectal mapping along partially rescued in EphB3 mutant mice by expressing
the D-V axis is also affected in mouse mutant for the a truncated EphB2 receptor that lacks tyrosine kinase
ephrin-A2 and ephrin-A5 ligands (Feldheim et al., 2000). activity (Birgbauer et al., 2000). It is therefore likely that
However, these defects may be secondary to the loss the extracellular domain of EphB2, expressed on ventral

retinal cells, provides a signal that directly guides
ephrin-B-expressing RGC axons. Biochemical evidence1Correspondence: fm222@cam.ac.uk
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demonstrating that the extracellular domain of EphB2
can trigger tyrosine phosphorylation of the ephrin-B cy-
toplasmic domain also supports the idea of reverse sig-
naling (Holland et al., 1996; Bruckner et al., 1997). Recent
in vitro data shows that the extracellular domain of EphB
receptors applied to cultures of retinal explants can in-
duce growth cone collapse and neurite retraction (Birg-
bauer et al., 2001). It is therefore possible that signaling
through ephrin-B is involved in D-V axis formation in the
retinotectal map.

The present study investigates the function of B-type
Eph receptors and their ligands in patterning the D-V
axis of the visual projection in the vertebrate Xenopus.
Opposing D-V gradients of EphB (high ventral to low
dorsal) and ephrin-B (high dorsal to low ventral) are
found in both the retina and the tectum. In an in vitro
assay for axon growth, the extracellular domain of the
EphB receptor modulates the elongation rate of ephrin-
B-expressing retinal neurites, and a dominant-negative
ephrin-B ligand, lacking a cytoplasmic domain, abol-
ishes this effect when introduced into retinal cells. In an
in vitro stripe assay, dorsal retinal axons showed an
attractive guidance response to the EphB receptor. Fi-
nally, in vivo disruption of EphB/ephrin-B function in-
duces targeting errors of visual axons along the D-V axis
of the tectum that are consistent with a cell-autonomous
function of ephrin-Bs in topographic mapping.

Figure 1. Localization of EphB Receptors and Ephrin-Bs in Devel-
oping RetinaResults
Expression of EphB receptors and ephrin-Bs revealed by affinity
probe with ephrin-B2-AP and EphB4-AP probes.EphB Receptors and Ephrin-B Ligands Are Expressed
(A and B) Whole-mount dissected retina from stage 40 tadpoles,

in a Complementary Pattern in Xenopus showing the complementary expression of EphB receptors and
Retinal Cells and Axons ephrin-Bs along the dorso-ventral axis of the retina.
In Xenopus, the distribution of EphB receptors has been (C–F) Retinal neurites from 24 hr explant cultures. Virtually all neu-

rites from ventral retina (C and D) express EphB receptors, whereaspreviously examined using the extracellular domain of
those from dorsal retina (E and F) express ephrin-B ligands. In boththe zebrafish ephrin-B2a fused to alkaline phosphatase
cases, labeling is present in the growth cone and along the axon(ephrin-B2-AP), thought to bind all B-type Eph receptors
shaft. Scale bars: 50 �m, (A) and (B); 100 �m, (C)–(F)(Nakagawa et al., 2000). As development proceeds, the

probe labeled a small region in the ventralmost part of
the Xenopus retina. Figure 1A shows labeling at stage

of receptors and ligands are expressed in the Xenopus40, when retinotectal projections begin to branch in the
retina. This issue was addressed by in situ hybridizationtectum. The zebrafish EphB4b ectodomain fused to al-
on stage 39 embryos. At this stage, RGC axons have justkaline phosphatase (EphB4-AP) used as an affinity
begun to innervate the optic tectum. Xenopus cDNAs forprobe shows that ephrin-B ligands distribute in a high-
four B-class Eph receptors have been cloned, includingdorsal to low-ventral gradient in Xenopus retina from
EphB1 (Xek) (Jones et al., 1995; Scales et al., 1995;stage 28 (data not shown) to stage 40 (Figure 1B).
Smith et al., 1997), EphB2 (Tanaka et al., 1998), EphB3To examine the expression of ephrin-Bs and EphB
(TCK) (Scales et al., 1995), and EphB4 (G51) (Brandli andreceptors on axons and growth cones, we used AP-
Kirschner, 1995; Helbling et al., 1999). All four EphBtag probes on cultured explants isolated from the most
receptors are found in the developing retina. EphB1dorsal and ventral regions of the retina. Both axons and
mRNA is detected in the inner plexiform layer (IPL), ingrowth cones of ventral retinal neurons were found to
which RGC dendrites and amacrine cell axons run, andbind ephrin-B2-AP (Figure 1C) but not EphB4-AP (Figure
outer plexiform layer (OPL) (Figure 2A). As reported pre-1D), indicating that EphB receptors are expressed on the
viously (Jones et al., 1995), it appears uniformly distrib-surface of growing retinal fibers. In contrast, axons ex-
uted along the D-V axis of the retina. EphB2 mRNA istending from dorsal retinal explants expressed ephrin-B
expressed in all retinal layers with the highest level inligands as they were labeled with EphB4-AP (Figure 1F)
the IPL (Figure 2B) but is much stronger in ventral thanbut not ephrin-B2-AP (Figure 1E).
dorsal retina (Figure 2B). Expression of EphB3 and
EphB4 mRNAs is very low and is restricted to the IPLmRNA In Situ Reveals the Identity of Specific
(Figures 2C and 2D). In cross-sections through the opticTypes of EphB Receptors and Ephrin-B
nerve head of the retina, however, it is possible to detectLigands in the Developing Xenopus Retina
mRNAs for all EphB receptors. This indicates that tran-The AP-tag probes reveal the distribution of proteins,

but do not distinguish which members of the Eph family scripts are expressed in cells lining the optic nerve head,
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Figure 2. Expression of EphB Receptors and
Ephrin-B mRNAs in the Developing Retina

Transverse sections through the retina of
stage 39 embryos after RNA in situ hybridiza-
tion with EphB1 (A), EphB2 (B), EphB3 (C),
EphB4 (D), ephrin-B1 (E), ephrin-B2 (F), and
ephrin-B3 (G) antisense riboprobes. In (C) and
(D), the right panels show staining with EphB3
and EphB4 sense probes, respectively. In (A),
(B), and (E)–(G), the middle and right panels
are higher magnification views of dorsal (d)
and ventral (v) regions of the retina. EphB2
mRNA (B) is expressed at higher level in ven-
tral than dorsal retina. Ephrin-B2 (F) and
ephrin-B3 (G) mRNAs are expressed in an
opposite high-dorsal to low-ventral gradient.
The arrowheads indicate staining in the optic
nerve, and the asterisk shows the dorsal cili-
ary marginal zone. Abbreviations: rpe, retinal
pigmented epithelium; ls, lens; prl, photore-
ceptor layer; opl, outer plexiform layer; inl,
inner nuclear layer; ipl, inner plexiform layer;
and gcl, ganglion cell layer. Scale bars: 50
�m, (C), (D), and left panels in (A), (B), and
(E)–(G); 10 �m, middle and right panels in (A),
(B) and (E)–(G).

or alternatively, that axons exiting the eye transport the Distribution of EphB Receptors
and Transmembrane Ephrin-B Ligandsmessage (Figures 2A–2D).

Orthologs of the three ephrin-B ligands known in in the Optic Tectum
To examine the expression of EphB receptors in themammals and birds have been described in Xenopus

laevis: ephrin-B1 (Xlerk) (Jones et al., 1997), ephrin-B2 developing optic tectum, probes for EphB1, EphB2,
EphB3, and EphB4 were used for in situ hybridization on(Smith et al., 1997), and ephrin-B3 (Helbling et al., 1999).

All three are found in the Xenopus retina. Ephrin-B1 cross-sections through the brain of stage 39 embryos.
EphB1 transcripts are distributed in a high ventral tomRNA is expressed weakly in a high-dorsal to low-ven-

tral gradient in IPL, OPL, and inner nuclear layer (INL) low dorsal gradient in the optic tectum (Figures 3A and
3B). The EphB1 gradient covers the tectal neuropil, the(Figure 2E). Ephrin-B2 mRNA is strong in the RGC layer

and IPL, where it appears distributed in a high-dorsal region where early RGC axons project (Holt and Harris,
1983). All other EphB receptors are evenly expressedto low-ventral gradient (Figure 2F). Expression is also

evident in the dorsal but not ventral ciliary marginal zone. with respect to the D-V axis of the tectum, with EphB2
transcripts being higher than EphB3 and EphB4 tran-Finally, ephrin-B3 mRNA is expressed in most retinal

layers and again distributed in a high-dorsal to low- scripts (data not shown).
In situ hybridization on sections from stage 39 Xeno-ventral gradient (Figure 2G). An especially high level

of expression was observed in the IPL. Ephrin-B1 and pus embryo brains revealed an opposing gradient of
ephrin-Bs. Ephrin-B1 mRNA is in cells at the extremeephrin-B3 mRNAs, but not ephrin-B2 mRNA, are abun-

dant in the optic nerve head and optic nerve (Figures dorsal aspect of the optic tectum (Figure 3C), a region
normally devoid of visual afferents. Ephrin-B2 tran-2E and 2G).
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the tectum, where they widen and terminate (Figure 4A).
When exposed to 16 �g/ml of EphB2-Fc, retinal axons
pathfind correctly to the optic tectum. After entering
their target, however, fibers terminate more dorsally
than controls (Figure 4B). In fact, the EphB2-Fc-treated
fibers appear to map to just the top half of the tectum,
leaving the ventral tectum uninnervated. To quantify this
effect, the D-V positions of the dorsalmost and the ven-
tralmost optic terminals in the midbrain were measured
using a coordinate system (Chien et al., 1995) (see Figure
7A and Experimental Procedures). Results are pre-
sented in Figure 4D. In control brains (n � 10), retinotec-
tal fibers widen to span about 100 �m, covering a region
between 53.1 � 8.8 �m and 167.2 � 17.7 �m below the
dorsal midline. Optic projections exposed to 16 �g/ml
of EphB2-Fc fusion protein (n � 8) widen to a lesser
degree (about 70 �m). Treated axons also project signifi-
cantly more dorsally than in controls and terminate in
an area situated between 23.6 � 7.0 �m and 93.2 �
12.6 �m from the dorsal midline. Strikingly, the tectal
region that normally receives afferents from the ventral
half of the optic tract was found to be devoid of retinal
terminals. A dose-response curve showed that 8 �g/ml
EphB2-Fc (n � 8) was sufficient to induce a significant
dorsal shift of the optic terminals in the tectum. Lower

Figure 3. Expression of the EphB Receptor and Ephrin-B mRNAs
doses had no effect.in the Optic Tectum

To test the specificity of this effect, purified Fc frag-Transverse sections through the midbrain of stage 39 embryos after
ment alone (16 �g/ml, n � 7) was added to the bathingRNA in situ hybridisation with EphB1 (A and B), ephrin-B1 (C), and
medium. In this case, retinal axons terminate in the ap-ephrin-B2 (D) antisense riboprobes. EphB1 (A) mRNA shows a

graded expression along the D-V axis of the tectum. (B) Higher propriate region of the tectum (Figure 4D). Similarly,
magnification of the retinorecipient region, visualizing the high-ven- when the EphB2-Fc fusion protein was heat inactivated
tral to low-dorsal gradient of EphB1 transcript. Arrowheads indicate at 74�C before addition to the bathing medium (16 �g/ml,
the D-V borders of the region where RGC axons project. Dorsal

n � 7), no effect on retinal axon targeting could beRGC axons terminate in the tectal region with a high level of EphB1,
detected (Figures 4C and 4D). This result demonstrateswhereas ventral RGC axons project to the tectal region with a low
that the dorsal shift described above is specific to thelevel of EphB1. Ephrin-B1 (C) mRNA is expressed in the dorsal

midbrain, and ephrin-B2 (D) mRNA is restricted to cells at the dorsal active EphB2-Fc protein.
midline. The dashed line indicates the approximate ventral border Eph/ephrin interactions have been shown to be in-
of the optic tectum. Abbreviations: Tec, tectum; Np, neuropil; Di, volved in maintaining boundaries and tissue patterning
diencephalon; and V, ventricule. Scale bars: 50 �m, (A), (C), and (D);

(for review see Klein, 1999; Wilkinson, 2001). Thus one10 �m, (B).
possibility is that exogenous EphB2-Fc perturbs the cel-
lular organization of the tectum, and as a result, alters
the distribution of topographic cues along the dorso-

scripts are also restricted to visually uninnervated re- ventral axis. However, the graded expression of EphB1
gions at the dorsal midline of the tectum (Figure 3D). mRNA in the tectum of embryos treated with 16 �g/ml
Finally, expression of ephrin-B3 is high in the tectum of EphB2-Fc appeared normal and did not differ from the
but shows no D-V gradient (data not shown). pattern described in normal embryos (data not shown).

EphB Receptor Affects Neurite Outgrowth fromDisruption of Eph/Ephrin Interaction In Vivo
Perturbs D-V Axis Termination of Optic Projections Dorsal Retina but Not Ventral Retina in Cultures

We next examined whether EphB receptors could pro-To determine whether EphB/ephrin-B function is re-
quired for proper targeting of retinotectal projections, vide signals that modulate the outgrowth from Xenopus

dorsal eye explants. We produced mouse L cells ex-signaling was disrupted by applying exogenous soluble
EphB2 ectodomain (EphB2-Fc) to the optic tectum in pressing EphB4b full-length gene (L-EphB4 cells). Cell

surface expression of recombinant protein was con-an exposed brain preparation. In these experiments, the
brain was exposed at stage 35/36 when the first retinal firmed by AP-tag staining (Figure 5B). No endogenous

Eph receptors could be detected on control L cells usingaxons have reached the middiencephalon in the contra-
lateral side of the brain and run in a dorso-caudal direc- the same method (Figure 5A). Membrane particles were

purified from the clones showing the highest level oftion to enter the optic tectum �3 hr later (stage 37/38).
At stage 40, the entire projection was visualized with recombinant protein expression and were used as

growth substrates for retinal explants from stage 32the anterograde tracer HRP.
In control embryos, the whole HRP-filled projections Xenopus embryos. Figures 5C and 5D illustrate the

growth pattern of explants from the dorsal retina cul-look similar to those of nonexposed animals (data not
shown): retinal axons cross the anterior tectal border of tured for 40 hr on membranes from L-EphB4 cells and
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Figure 4. Exogenous EphB2-Fc Fusion Pro-
tein Causes RGC Axon Targeting Errors in the
Tectum

Lateral view of whole-mount brains after la-
beling the visual projections with HRP. Con-
trol retinotectal projections (A) and visual pro-
jections in brains exposed to 16 �g/ml
EphB2-Fc (B) or 16 �g/ml heat-inactivated
EphB2-Fc (C). The anterior and posterior bor-
ders of the tectum are marked with arrow-
heads. The dashed line shows the D-V axis
of the tectum and indicates the distance be-
tween the dorsal midline and the ventralmost
retinal fibres. In brains exposed to EphB2-
Fc fusion proteins (B), axons project more
dorsally in the tectum than control axons.
Projections treated with heat-inactivated
EphB2/Fc appear normal (C). (D) Histogram
showing the dorso-ventral position of visual
projection in the optic tectum of brains
treated with 4, 8, and 16 �g/ml EphB2-Fc or
16 �g/ml Fc fragment alone. Bars indicate the
position of retinal projection along the D-V
axis. The shaded area shows the average po-

sition of projection in control brains. Data are mean � SEM. Asterisks show significant differences by a two-tailed t-test: *p � 0.05; and **p �

0.01. Abbreviations: Tec, tectum; Hb, hindbrain; Di, diencephalon; Hy, hypothalamus; Tel, telencephalon; oc, optic chiasm; ot, optic tract; Hi,
heat inactivated. Scale bar: 100 �m.

parental L cells used as control. Axonal elongation was gation rate on control and EphB4 membranes. Dorsal
retinal axons expressing the full-length ephrin-B2areduced in the presence of EphB4 receptor compared

to control. Quantification of mean axon length confirmed (ephrin-B2WT) cDNA grew shorter on an EphB4 substrate
and showed a higher rate of growth reduction (31.0%)that dorsal retinal neurites grew shorter on L-EphB4

cell membranes than on control membranes (Figure 5E). than control axons. These results demonstrate that the
reduced growth response induced by EphB receptorExplants from the ventral aspect of the retina, however,

were not affected by the presence of EphB4 receptor requires ephrin-B cytoplasmic tail, and that ephrin-B2�C

is capable of inhibiting the function of endogenousand showed a similar extension rate on control and
EphB4 membranes (Figure 5E). These results indicate transmembrane ephrins in growing retinal axons.
that EphB4 selectively influences the outgrowth of
ephrin-B-expressing dorsal retinal axons. EphB1 Extracellular Domain Acts as an Attractive

Guidance Cue for Dorsal Retinal Axons
in a Stripe AssayThe EphB-Induced Reduction in Axon Length

Is Mediated by Ephrin-B Cytoplasmic Domain To test how the differential expression of the EphB re-
ceptor along the D-V tectal axis affects growth coneTo show that this effect is specifically mediated by

ephrin-Bs, cDNA encoding a truncated form of the ze- guidance, we examined the behavior of retinal axons
in a stripe assay with the EphB1 receptor extracellularbrafish ephrin-B2a ligand (ephrin-B2�C) was introduced

into retinal precursors. This mutant ligand lacks the domain (EphB1-Fc). Stripes of artificially clustered
EphB1-Fc were prepared on a polylysine and laminin-cytoplasmic domain. Therefore, it should be unable to

transduce reverse signaling. The binding promiscuity coated glass coverslip, onto which retinal explants from
the dorsal part of the eye were cultured. As shown inbetween Eph receptors and ligands means that overex-

pressed ephrin-B2�C may outcompete endogenous Figures 5G, 5H, and 5K, 66.5% � 5.8% of the explants
examined showed an attractive response to stripes ofephrin-Bs for binding to Eph receptors at the surface of

adjacent cells and thus act as a dominant negative. EphB1-Fc (only 1.4% � 1.4% of the explants showed
a repulsive response and 32.1% � 5.8% were apparentlyEphrin-B2�C cDNA was injected together with myc-

tagged green fluorescent protein (GFP-myc) into the two insensitive to EphB1-Fc). In the absence of clustered
EphB1-Fc, however, the majority of retinal explants didantero-dorsal blastomeres of four-cell stage Xenopus

embryos. Explants from the dorsal retina of GFP- not respond to the stripe substrate (attraction, 9.2% �
6.7%; repulsion, 3.0% � 3.0%; no response, 87.8% �expressing eyes were then cultured on membrane sub-

strates from L-EphB4 cells or control cells. Expressing 5.1%; Figures 5I and 5K). A certain degree of unspecific
guidance in this assay was previously described byneurites were immunostained with an anti-myc anti-

body, and the mean neurite length in each experimental Drescher and colleagues (Hornberger et al., 1999) and
might be explained by mechanical forces. Retinal axonscondition was measured. The results (summarized in

Figure 5F) indicate that wild-type fibers expressing GFP- exhibited a similar behavior to control axons when
EphB1-Fc was heat inactivated (attraction, 22.9% �myc alone were 21.2% shorter on EphB4 membranes

than on control membranes. In contrast, retinal cells 10.4%; repulsion, 3.1% � 3.1%; no response, 74.0% �
7.3%) or when the clustering antibody was used alonethat received ephrin-B2�C cDNA did not respond to the

presence of EphB receptor and exhibited a similar elon- (attraction, 19.2% � 5.9%; repulsion:, 5.5% � 5.6%; no
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Figure 5. EphB Receptors Regulate Dorsal Retinal Axon Growth through Ephrin-B Cytoplasmic Domain

(A and B) Photomicrographs of control L cells and L cells stably expressing the EphB4 receptor, as indicated by the binding of ephrin-B2-
AP probe.
(C and D) Typical examples of 40 hr retinal explant cultures on membrane carpet from L-EphB4 and control cells. Explants harvested from
the dorsal side of the retina extend shorter neurites in the presence than in the absence of EphB4 receptor.
(E) Quantitation of mean neurite length in cultures of dorsal and ventral eye explants on membrane substrates from L-EphB4 and control
cells.
(F) Histogram showing the mean length of axons from dorsal retinal explants isolated from embryos injected with ephrin-B2WT, ephrin-B2�C,
or GFP-myc alone. In (E) and (F), data are presented in percentage and normalized to 100% for values obtained on control membranes.
(G–J) Photomicrograph of dorsal retinal axons growing on alternative stripes prepared with clustered EphB1-Fc (EphB1-Fc � �-Fc), clustering
antibody alone (�-Fc) or PBS (control). Axons are labeled with Alexa594-conjugated phalloidin (red) and stripes are visualized with an Alexa488-
conjugated antibody (green). Dorsal retinal axons show an attractive response to clustered EphB1-Fc, whereas they show no preference for
control stripes.
(K) Quantitative analysis of axon guidance in stripe assay. Bars show the average percentage of explants showing a clear attractive response
to stripes prepared with PBS (control), clustered EphB1-Fc (EphB1-Fc � �-Fc), and clustering antibody alone (�-Fc). Statistical analysis using
a Mann-Whitney U test indicate that the percentage of explants showing an attractive response to EphB1-Fc is statistically different from the
percentage of explants in which axons show a preference for stripes coated with the clustering antibody (p � 0.05) and heat inactivated
EphB1-Fc (p � 0.05). Hi, heat inactivated. Bars indicate mean � SEM. Asterisks show significant differences from control: *p � 0.05; ***p �

0.001; n � total number of neuritis, (E) and (F); n � total number of explants (K). Scale bar: 100 �m, (A)–(D); 50 �m, (G)–(J).

response, 75.3% � 6.0%) (Figures 5J and 5K). These that gives rise to the dorsal retina. This approach has the
advantage that it specifically modifies the expression ofresults indicate that dorsal retinal axons showed an at-

tractive response to the EphB1 extracellular domain. surface ligands on RGCs without affecting the molecular
environment along the optic pathway or optic tectum.
RGC axons transfected with the wild-type and the domi-Expression of Truncated Ephrin-B Ligand in

Dorsal Retina Leads to In Vivo Targeting Errors of nant-negative ephrin-B2 ligands exhibited no gross de-
fects in their trajectory along the optic pathway andRGC Axons in the Optic Tectum

Are axonally expressed ephrin-Bs involved in D-V retino- successfully innervated their target (Figures 6B and 6C).
To analyze topography, embryos were allowed to sur-tectal mapping? We compared the D-V positioning of the

terminals of retinal fibers expressing wild-type (ephrin- vive for 2 days after lipofection and were then fixed at
stage 40. At this stage, the dorso-ventral order of visualB2WT) and dominant-negative (ephrin-B2�C) ligands in

vivo using the lipofection technique (Holt et al., 1990). projections is well established (Holt and Harris, 1983;
Chien et al., 1995). Individual transfected axons werecDNAs for these constructs were colipofected with GFP-

myc at stage 18–19 into the lateral part of the eye field detected with an anti-myc antibody, and the D-V posi-
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Figure 6. Expressing the Dominant-Negative
Ephrin-B in Dorsal Retinal Cells and the Wild-
Type Ephrin-B Ligand in Ventral Retinal Cells
Affects Dorso-Ventral Topography

(A–C) Lateral view of whole-mount stage 40
tectum, showing projections from dorsal
RGCs lipofected with GFP-myc alone or in
combination with ephrin-B2�C and ephrin-
B2WT. Caudal is left, dorsal is up, and the ap-
proximate location of the dorsal midline is
indicated by the dashed lines.
(D–I) Cross section through the tectum of
stage 40 embryos, showing projections from
dorsal (D–F) and ventral (G–I) RGCs lipofected
with GFP-myc alone or in combination with
ephrin-B2�C and ephrin-B2WT. The dotted line
between the two arrowheads indicates the
distance from the dorsal midline to the branch
tip, and the dashed line shows the approxi-
mate ventral border of the tectum. Inset in (D)
and (G) shows transfected retinal cells lo-
cated in the dorsal and ventral side of the eye
respectively. Dorsal RGC axons transfected
with ephrin-B2�C (B and E) project more dor-
sally than control axons (A and D), whereas
control and ephrin-B2�C-transfected ventral
RGC fibers terminate in the same tectal re-
gion (G and H). After lipofection of ephrin-
B2WT (C and F), the majority of dorsal retinal
projections terminate in their appropriate top-
ographic location. Some axons, however,
send branches that aberrantly grow ventrally
in the midbrain. In contrast, ephrin-B2WT-
expressing ventral RGC axons terminate
more ventrally than control axons (G and I).
(J and K) Expression of ET and Vax2 mRNAs
in stage 32 embryos is not affected by unilat-
eral injection of ephrin-B2�C cDNA. Asterisks
indicate the injected side. Abbreviations: Tec,
tectum; V, ventricle; ot, optic tract. Scale
bars: 30 �m, (A)–(C); 50 �m, (D)–(I); 100 �m,
(J) and (K).

tion of each terminal in the tectum was determined on ephrin-B interactions using exogenous EphB2-Fc. Quan-
titatively, however, expressing the dominant-negativewhole-mount brain preparations (see Figure 7A). To con-

trol the origin of the retinal fibers, we also analyzed the ephrin-B2�C construct in dorsal cells causes a smaller
change in D-V position than applying EphB2-Fc to thelocation of transfected cells in cross-sections through

the eye (see Figure 7B). We included only specimens in optic pathway.
In contrast to RGC axons expressing ephrin-B2�C, ax-which all labeled fibers came from RGCs whose location

in the dorsal part of the retina could be confirmed. ons transfected with the wild-type ephrin-B2WT showed
a tendency to project slightly more ventrally than controlDorsal retinal axons lipofected with the dominant-

negative ephrin-B2�C projected significantly more dor- fibers (Figures 6A, 6C, 6D, and 6F), about 10 �m below
their appropriate termination zone (	9.2 � 5.0 �m insally in the tectum than control axons lipofected with

GFP-myc (Figures 6A, 6B, 6D, and 6E). These ephrin- whole-mount brains, 	11.5 � 5.3 �m in sections; Fig-
ures 7E and 7F). However, this change is not statisticallyB2�C dorsal retinal axons project about 30 �m dorsal to

their normal position (�29.9 � 6.0 �m in whole-mount significant.
To confirm that introducing ephrin-B2�C in retinal pre-brains, �28.6 � 5.3 �m in sections; Figures 7C and 7D),

roughly 30% of the dorso-ventral extent of the tectal cursors does not change the identity of transfected cells,
we examined the expression pattern of markers for D-Vneuropil. Qualitatively, this result is similar to the dorsal

shift of retinal projections induced by disrupting EphB/ asymmetry in the retinas of embryos injected with



Neuron
468

Figure 7. Dorso-Ventral Topography of Dor-
sal and Ventral Retinal Axons Expressing a
Dominant-Negative and Full-Length Ephrin-
B2 Ligand

(A and B) Systems for quantification of the
D-V position of retinotectal terminals in
whole-mount brain (A) and on cross-section
through the optic tectum (B). (A) A reference
line was drawn from the anterior edge of the
chiasm (AC) to the posterior boundary of the
tectum (PT). D-V axis is placed at �70� to this
line (Chien et al., 1995). Terminations of retinal
axons were projected onto this D-V line and
the dorso-ventral positions were measured
from the dorsal midline of the tectum (M). To
standardize measurements, distances were
expressed as a fraction of the AC-PT dis-
tance. (B) For the analysis of dorso-ventral
topography on cross-sections, axon termina-
tions from RGCs located in either dorsal or
ventral retina were localized, and the dis-
tances from the dorsal midline (M) to the
branch tips were measured. To standardize
measurements between samples, distances
were expressed as a fraction of the width of
the tectum (TW).
(C–F) Histograms showing the D-V position
of dorsal and ventral RGC axons transfected
with ephrin-B2�C (C and D) and ephrin-B2WT

(E and F) compared to the average position of
control dorsal RGC axons (midpoint). Positive
values indicate more dorsal positions. The
shaded area labels the region between the

average position of ventral and dorsal RGC axons in control embryos. Data indicate mean � SEM. Asterisks show significant differences from
control projection by a two-tailed t test: ***p � 0.001; n � total number of embryos examined.

ephrin-B2�C cDNA at four-cell stage. At stage 32, the Discussion
transcription factors Vax 2 and ET are normally restricted
to the ventral and dorsal sides of the retina, respectively Our results show that EphB receptors and ephrin-B li-

gands play an important role in establishing dorsoven-(Li et al., 1997; Barbieri et al., 1999; Liu et al., 2001).
Overexpression of ephrin-B2�C throughout the eye from tral topography. Previously it has been proposed that

dorsoventral mapping is mediated via an attractiveearly stages did not induce the expression of the ventral
marker Vax2 in dorsal retina nor did it repress the dorsal forward signaling mechanism through EphB/ephrin-B

interactions based on the observations that EphB recep-marker ET (Figures 6J and 6K).
tors in the retina are expressed in a decreasing ventral-
to-dorsal gradient and ephrin-B ligand is expressed in anMisexpression of Ephrin-B Ligand in the Ventral

Retina Causes In Vivo Mapping Errors of RGC opposite dorsal-to-ventral gradient in the chick tectum
(Braisted et al., 1997). However, a separate study failedAxons in the Optic Tectum

GFP-myc and ephrin-B2�C cDNAs were lipofected at to detect a gradient of ephrin-B ligand in the chick tec-
tum (Holash et al., 1997), raising the question of whetherstage 15–16 near the midline of the separating single

eye field which gives rise to the ventral retina (Eagleson forward signaling can mediate topography. Our findings
support the idea of an attractive model via a mechanismet al., 1995), and the D-V position of transfected retino-

tectal axons was analyzed at stage 40 on section prepa- in which EphB receptors in the tectum provide topo-
graphic guidance cues for ephrin-B-expressing RGC ax-rations. In control embryos lipofected with GFP-myc

alone, axons from the ventral retina terminated in the ons. Our results also demonstrate that the intracellular
domain of ephrin-Bs in dorsal RGC axons is importantdorsal part of the tectum, about 60 �m above the axons

emanating from the dorsal retina (�60.5 � 2.3 �m, p � for appropriate D-V mapping. Consistent with this inter-
pretation, we found that misexpressing a full-length0.001; Figures 6D, 6G, 7D, and 7F). Ephrin-B2�C expres-

sion appeared not to alter the topographic termination ephrin-B ligand in ventral RGCs causes them to termi-
nate more ventrally in the tectum, whereas introducingof ventral retinal cells (	4.8 � 4.1 �m; Figures 6G, 6H,

and 7D). In contrast, ectopic expression of the ephrin- a truncated ephrin-B ligand—that lacks a cytoplasmic
domain—did not alter the appropriate D-V targeting ofB2WT ligand into the ventral retina caused aberrant pro-

jections of retinotectal fibers that projected about 38 ventral RGC axons.
The expression of ephrin-B2�C caused only a partial�m below their appropriate termination zone (	38.0 �

3.5 �m; Figures 6G, 6I, and 7F). Thus misexpression of shift of dorsal RGC terminals, about 30% of the D-V
extent of retinotectal termination zone. This suggeststhe full-length ephrin-B2 WT ligand was sufficient to cause

D-V topographic errors. that the dominant-negative ephrin-B2 only partially
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blocks the activity of the endogenous protein, or that
blocking ephrin-B signaling is not sufficient to make
dorsal retinal axons project to the extreme dorsal margin
of the tectum. Disruption of D-V targeting in whole brains
treated with soluble EphB2-Fc was more severe. This
difference is consistent with a model in which the appli-
cation of EphB2-Fc to the optic pathway, by affecting
both forward and reverse signaling, causes ventral RGC
axons to terminate further dorsally in the ephrin-B-
expressing dorsal zone of the midbrain (see below). As
a consequence, dorsal RGC axons can terminate further
dorsally in the region of the tectum vacated by the ven-
tral RGC axons. Single ephrin-B2�C-expressing dorsal
axons, however, must compete for dorsal targets with Figure 8. Proposed Model for Topographic Retinotectal Mapping
the population of normal ventral retinal axons, which along the D-V Tectal Axis
may have an advantage in terms of mass numbers and EphB receptors and ephrin-B ligands are expressed in opposite D-V
the expression of other ventral-specific factors involved gradients in the retina, with EphB2 high in ventral retina and ephrin-

B2 and ephrin-B3 abundant in dorsal retina. EphB1 is in a matchingin topographic guidance.
gradient in the tectum, and ephrin-B1 and ephrin-B2 are expressedBirgbauer et al. (2001) have shown that the extracellu-
most heavily in the region dorsal to that normally innervated bylar domains of EphB receptors induce growth cone col-
retinal axons. EphB1 expressed in the ventral tectum, by interacting

lapse of RGC axons. In the present study, we found that with ephrin-B ligands expressed on dorsal RGCs, attracts dorsal
dorsal retinal axons grow shorter on membrane particles RGC axons to their appropriate target region possibly through a
expressing the EphB4 receptor than on control mem- reverse signaling mechanism. Retinotectal fibers from the ventral

retina are restricted from growing too far dorsally by the expressionbranes. It remains unclear, however, if this effect is due
of ephrin-B1 and ephrin-B2 that act as “stop” signals through repul-to a repulsive/inhibitory activity of substrate-bound
sive forward signaling.EphB receptor or if it is the consequence of an increased

adhesion of growth cones to the substrate. There are
some indications that ephrin-B/EphB interactions can midbrain, the expression is largely restricted to the re-
mediate adhesive effects in vitro (Bohme et al., 1996; gion dorsal and medial to that normally innervated by
Holash et al., 1997; Stein et al., 1998). Dissociated cells retinal axons. It is unlikely, therefore, to act as a topo-
from dorsal retina that express high levels of ephrin-B graphic cue within the tectum. An alternative function
ligands adhere preferentially to a EphB2-Fc substrate of ephrin-Bs in the dorsal midbrain is that of a boundary
(Holash et al., 1997). In the present study, the EphB1- “stop signal.” Such a role would parallel that of ephrin-
Fc fusion protein elicited an attractive guidance activity B in the chiasm, where it prevents ipsilateral-projecting
on dorsal retinal neurites in the stripe assay. This effect axons from entering the contralateral optic tract (Naka-
could be due to adhesive interactions between ephrin-

gawa et al., 2000). In the present study we found that
B-expressing axons and the substrate-bound EphB re-

applying EphB2-Fc to the optic pathway resulted in mis-
ceptor. These distinct collapsing and adhesive/attrac-

targeting of the retinotectal projection, causing retinal
tive responses to the EphB extracellular domain may

axons to extend dorsally toward the dorsal midline. Thisreflect differences between transient versus persistent
result supports a possible role of ephrin-Bs in restrictingephrin-B activation, differences in concentration, spatial
the dorsal expansion of retinotectal axons (see Figuredistribution, or degree of clustering of EphB receptors.
8). The fact that these axons do not cross the dorsalWe also show that expression of truncated ephrin-
midline might indicate the presence of additional stopB2�C in retinal cells completely abolished the EphB4-
cues (Irie et al., 2001).induced reduction in overall outgrowth of dorsal retinal

In the Xenopus visual system, retinal axons express-explants, whereas overexpression of wild-type ephrin-B2
ing high amounts of ephrin-Bs project to regions of theligand rendered axons more sensitive to EphB4 activity.
tectum expressing high amounts of EphB receptors.These results suggest that the effect of EphB receptors
This, together with the observation that dorsal retinalis mediated by the cytoplasmic domain of ephrin-Bs
fibers grow preferentially on EphB1-Fc stripes, suggeststhat actively signal in growing RGC axons, as the model
that RGC axons from the dorsal retina are guided to theof “reverse” signaling would predict. However, we can
ventral tectum by an attractive mechanism (Figure 8).not rule out the possibility that the effects seen in this
This situation is similar to the mouse olfactory systemstudy are independent of ephrin-B reverse signaling, as
where vomeronasal axons that express high levels ofthe cytoplasmic tail of ephrin-B ligands could perhaps
ephrin-A5 ligand project to regions of the accessorybe needed for cell-cell adhesion mediated directly by
olfactory bulb that express high levels of EphA6 receptorEph/ephrin binding.
(Knoll et al., 2001). Another recent study of EphA4	/	In this paper, we do not directly address the role of
mice suggests that EphA4 is an attractive/adhesive sig-forward signaling. Our expression results indicate that
nal for ephrin-expressing cortical axons that form theat least one EphB receptor, EphB2, is expressed in RGC
anterior commissure (Kullander et al., 2001b).axons from the ventral retina, and ephrin-B1 and ephrin-

In the mouse retina, removal of EphB2 and EphB3B2 are found in the dorsal tectum, suggesting that for-
causes pathfinding errors of some dorsal RGC axonsward signaling could play an important role in retino-
that fail to exit the eye and instead extend aberrantlytectal targeting in vivo. Although ephrin-B1 shows a

high-dorsal to low-ventral gradient distribution in the into the ventral retina (Birgbauer et al., 2000). The model
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ephrin-B3 (Helbling et al., 1999), EphB1 (Smith et al., 1997), EphB2proposed to explain this phenotype is that in wild-type
(Tanaka et al., 1998), EphB3 (TCK) (Scales et al., 1995), EphB4 (Hel-retina, dorsal RGC axons navigating to the optic disc
bling et al., 1999), Vax2 (Barbieri et al., 1999; Liu et al., 2001), andencounter an increasing gradient of EphB receptors that
ET (Li et al., 1997). Xenopus embryos were fixed in 4% PFA and

serve as repulsive guidance cues to prevent axons from processed for cryostat section as previously described (Riehl et al.,
extending into the opposite ventral half of the retina 1996). In situ hybridization was made according to Shimamura et

al. (1994). Sections were viewed using an Axioplan compound micro-(Birgbauer et al., 2001). Such repulsive interactions be-
scope (Zeiss) and photographed using a Coolpix 990 digital cameratween ephrin-B- and EphB-expressing axons may also
(Nikon). No staining was obtained when the sense probes wereplay an important role in sorting dorsal from ventral
used.RGC axons in the optic tract. It is possible that EphB

receptors induce opposite responses in different parts
Expression of Recombinant Receptor and Ligand in L Cells

of the optic pathway, where different molecular contexts and Membrane Preparation
might regulate ephrin-B function. Indeed, growth cone The full-length zebrafish EphB4b gene (formerly EphB-rtk8 [Durbin

et al., 1998]), cloned into the pCS2� plasmid, was cotransfectedresponses to EphB1-Fc in vitro were found to critically
with a pGK-Neomycin plasmid into L cells with Lipofectaminedepend on the nature of the growth substratum: dorsal
(GIBCO-BRL, UK) according to the manufacturer’s instructions.retinal axons showed an attractive response to EphB1-
Cells were grown in DMEM/F12 (1:1), 10% FBS, 100 U/ml penicillin,Fc in the presence of a low concentration of laminin (1
and 100 �g/ml streptomycin in the presence of 0.2 mg/ml G418

�g/ml), whereas no guidance effect was observed on (GIBCO), and G418-resistant colonies were then screened for
fibronectin or on high laminin concentration (10 �g/ml) EphB4b expression using AP-tag ligand probe as described above.

Cell membranes were purified as previously described (Mann et al.,(F.M. and C.E.H., unpublished data). Alternatively, it is
1998) using transfected cell lines that exhibited high levels of AP-possible that ephrin-B does not directly control growth
tag fusion protein binding.cone guidance, but rather, acts to regulate other guid-

ance cues. Recently, ephrin-B was found to bind consti-
In Vivo cDNA Injection and Lipofectiontutively to a PDZ binding protein, PDZ-RGS3, which
cDNA constructs encoding one of the wild-type zebrafish ephrin-

regulates heteromeric G protein receptors through its B2a (ephrinB2WT) and a truncated ephrin-B2a ligand which lacks the
RGS domain (Lu et al., 2001). In cultures of cerebellar cytoplasmic domain (ephrinB2�C) were cloned into pCS2� and used

for in vivo expression studies (Durbin et al., 1998). Ephrin-B2WT andgranule cells, ephrin-B activation by soluble EphB2-Fc
ephrinB2�C cDNAs were mixed with GFP-myc cDNA at a ratio ofwas found to activate PDZ-RGC3 and to silence the
1:1 for visualization of expressing cells. For culture experiments, acytokine SDF-1 chemotropic attraction (Lu et al., 2001).
borosilicate glass needle was used to inject 250 pg of cDNA intoA similar mechanism could act in dorsal RGC axons to
the two antero-dorsal blastomeres at the four-cell stage using a

silence a chemotropic signal that attracts visual axons Picospritzer (General Valve Corporation, Fairfield, NJ). For analysis
toward the dorsal tectum. Finally, activation of ephrin-A of dorso-ventral topography in vivo, cDNA were introduced in retinal

precursor cells by lipofection using previously published methodsligands by EphAs has been shown to result in a 
1-
(Holt et al., 1990).integrin-dependant increase in adhesion of ephrin-A-

expressing cells (Davy and Robbins, 2000; Huai and
Exposed Brain PreparationDrescher, 2001), whereas activation of both EphA and
The exposed brain preparation was performed as described (ChienEphB receptors leads to inhibition of integrin function
et al., 1993), with slight modification. Briefly, stage 35/36 embryos

and reduced cell substrate adhesion (Huynh-Do et al., were anaesthetized with 0.4 g/l MS222 in 1� MBS, and the skin and
1999; Zou et al., 1999; Becker et al., 2000; Miao et al., eye over the left side of the brain were removed. Embryos were

transferred in experimental or control solutions and allowed to de-2000). It will be interesting to investigate whether activa-
velop for 24 hr until stage 40. Control solution consists of 1� MBStion of ephrin-B ligands up-regulates the function of cell
supplemented with 0.1 g/l MS222, 100 U/ml penicillin, and 100 �g/mladhesion molecules that may account for the “attrac-
streptomycin. For experimental solutions, purified EphB2-Fc fusiontive” effect of EphB receptors in retinotectal mapping.
protein (R&D Systems, UK) or purified Fc fragment alone (R&D Sys-
tems) were added to the control solution. EphB2-Fc protein was

Experimental Procedures used at concentrations of 4, 8, and 16 �g/ml without clustering by
antibodies. In some experiments, EphB2-Fc was heat inactivated

Animals at 74�C for 20 min (Birgbauer et al., 2001). To visualize retinal projec-
Embryos came from in vitro fertilization of eggs obtained from adult tions, RGC axons from the remaining eye were labeled with horse-
female Xenopus laevis injected with human chorionic gonadotropin radish peroxidase (HRP; Sigma) using previously published methods
hormone (Sigma, UK). Embryos were dejellied in 2% cysteine (pH (Cornel and Holt, 1992). After fixation in 1% PFA and 0.5% glutaral-
8.0) and reared in 0.1� Modified Barth’s Saline (MBS). Stages were dehyde (1 hr at RT), brains were dissected out, reacted with diamino-
determined according to Nieuwkoop and Faber (1967). benzidine (DAB, Sigma), and mounted in PBS.

Whole-Mount and Cell Culture Staining with Receptor/ Retinal Explant Cultures
Ligand Affinity Probes Glass coverslips were coated with 10 �g/ml of laminin and 20 �g/ml
In situ staining using the zebrafish ephrin-B2a and EphB4b ectodo- of poly-L-lysine in PBS (1 hr at 37�C), washed with PBS, and then
mains fused to alkaline phosphatase (ephrin-B2-AP and EphB4- incubated with 50 �g/ml of membrane suspension purified from L
AP respectively [Durbin et al., 1998]) was performed as previously cells (2 hr at 37�C). Coated coverslips were placed in a Nunc 4-well
described (Nakagawa et al., 2000). In zebrafish, some genes have plate in 500 �l of culture medium (60% L15 media, 40% H2O, supple-
been duplicated: ephrin-B2a and ephrin-B2b, or EphB4a and mented with 0.1% BSA, 0.4%–0.2% methylcellulose, 100 U/ml peni-
EphB4b are paralogs of mammalian ephrin-B2 and EphB4, respec- cillin, and 100 �g/ml streptomycin). Explants from either dorsal or
tively. For staining retina, eyes were dissected out and the pig- ventral retina were dissected from stage 28–32 embryos and pi-
mented epithelium was removed before processing. petted onto the membrane substrate. Cultures were fixed after 40

hr in vitro in 4% paraformaldehyde with 15% sucrose. Quantitation
of neurite outgrowth was done by measuring the length of retinalIn Situ Hybridization

Plasmids used for probe synthesis have been described previously: axons from the external border of the explant to the tip of their
growth cone using IPLab Spectrum P software. Statistical compari-ephrin-B1 (Xlerk) (Jones et al., 1997), ephrin-B2 (Smith et al., 1997),
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sons between average axonal lengths under different culture condi- for ephrin-B3 and EphB4 constructs; I. Daar for ephrin-B1; S. Haru-
hiko for EphB2; T. Sargent for EphB3; D. Wilkinson for ephrin-B2tions were determined using a two-tailed Student’s t test.

Stripe assay was performed using a special silicon matrix ob- and EphB1; and Giuseppe Lupo for Vax2 and ET in situ probes. We
thank all members of the Holt and Harris laboratories for helpfultained from Juergen Jung (Max Planck Institut, Tuebingen, Germany)

as previously described (Vielmetter et al., 1990). Briefly, a poly-L- discussions, Asha Dwivery for help with in situ hybridization, Louise
McKenna for technical assistance, and Dean Pask for frog care.lysine- (20 �g/ml) coated glass coverslip was placed onto the sili-

cone matrix. Purified EphB1-Fc (5–15 �g/ml; R&D Systems) was This work was supported by the Medical Research Council (C.E.H.,
W.A.H.), the French Ministry of Foreign affairs (F.M.), and the Humanpreclustered with an anti-Fc antibody (50–150 �g/ml; Jackson Im-

munoResearch, London, UK) for 1 hr at room temperature. To visual- Frontier Science Program Organization (F.M.).
ize the stripes, an Alexa488-conjugated antibody (Molecular Probe,
The Netherlands) was added to the mixture (1:500) as a fluorescent Received: November 8, 2001
marker. About 50 �l of the solution were injected into the silicone Revised: May 15, 2002
matrix channels and incubated 2 hr at 37�C. After three washes with
PBS, the glass coverslip was removed from the matrix, placed in a
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