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Summary

During development of the retinocollicular projection
in mouse, retinal axons initially overshoot their future
termination zones (TZs) in the superior colliculus
(SC). The formation of TZs is initiated by interstitial
branching at topographically appropriate positions.
Ephrin-As are expressed in a decreasing posterior-
to-anterior gradient in the SC, and they suppress
branching posterior to future TZs. Here we investi-
gate the role of an EphA7 gradient in the SC, which
has the reverse orientation to the ephrin-A gradient.
We find that in EphA7 mutant mice the retinocollicular
map is disrupted, with nasal and temporal axons
forming additional or extended TZs, respectively. In
vitro, retinal axons are repelled from growing on
EphA7-containing stripes. Our data support the idea
that EphA7 is involved in suppressing branching an-
terior to future TZs. These findings suggest that op-
posing ephrin-A and EphA gradients are required for
the proper development of the retinocollicular pro-
jection.

Introduction

The retinocollicular/tectal projection represents a long-
standing model system in which to study the mecha-
nisms and molecules involved in controlling axon guid-
ance in the target area. Retinocollicular/tectal mapping
is topographically organized such that neighboring
cells in the projecting area are connected to neighbor-
ing cells in the target area. In the retinocollicular pro-
jection of rodents, nasal and temporal axons project
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to the posterior and anterior superior colliculus (SC),
respectively, while, in the perpendicular axis, dorsal
and ventral retinae are connected to the lateral and me-
dial SC.

Retinocollicular mapping is a multistep process of
interwoven activity-independent and -dependent pro-
cesses. It is believed that, initially, a coarse, activity-
independent map forms, driven by gradients of axon
guidance ligands in the SC and corresponding recep-
tors in the retina, which provide directional and posi-
tional information for ingrowing axons (Sperry, 1963).
While the involvement of guidance gradients is undis-
putable, there is an ongoing discussion about their pre-
cise role in forming topographic maps (for an overview,
see Loschinger et al., 2000). On the one side, two or
more gradients with opposing effects on retinal axons
have been proposed, with axons forming termination
zones (TZs) in that region of the SC where the com-
bined effects of these gradients lead to either a mini-
mum or maximum of a “guidance parameter” (Gierer,
1983; Yates et al., 2001). On the other side, it has been
argued that ingrowing axons themselves impose a to-
pographic map onto the target area, requiring target
gradients only to orient this map (Willshaw and von der
Malsburg, 1976).

Topographic mapping is a dynamic process in which
the relative expression levels of guidance receptor(s)
and the competition between axons play major roles
(Brown et al., 2000; Feldheim et al., 2004; Feldheim et
al., 2000; Goodhill, 2000; Goodhill and Richards, 1999;
Reber et al., 2004). Activity-dependent processes are
necessary to form the mature, precise map (for reviews,
see Debski and Cline, 2002; Katz and Shatz, 1996), and
inhibition of correlated activity-dependent processes in
the retina results in a less-sharp topographic projection
and less-dense TZs (McLaughlin et al., 2003a).

In mouse and chick embryos, in contrast to other
species, such as fish and frog, retinal axons grow into
the superior colliculus initially in a nontopographic
manner both anteroposteriorly and mediolaterally, sig-
nificantly overshooting their future TZs and eventually
approaching the posterior end of the SC at around the
time of birth (Figure 1A; Nakamura and O’Leary, 1989;
Simon and O’Leary, 1992). The development of a crude
topographic map is initiated through interstitial branch-
ing and arborization (Simon and O’Leary, 1992; Yates et
al., 2001), which are thought to be dependent on an
interplay between branch-promoting and branch-sup-
pressing activities (see, for example, Cohen-Cory, 1999;
Cohen-Cory and Fraser, 1995; O. Choi and D.D. O’Leary,
1999, Soc. Neurosci., abstract). Thus, after growing into
the SC between about E16 and P1, retinal axons send
out branches from the beginning preferentially at their
future TZs, with little branching occurring anterior or
posterior to it. Further branching and arborization con-
tribute to the formation of mature TZs over the follow-
ing days, while aberrant axon segments and branches
are eliminated. This process is completed at around P8
(Figure 1A; Simon and O’Leary, 1992).

Members of the Eph family of receptor tyrosine ki-
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Figure 1. Development of the Retinocollicular Projection in Mouse

(A) Retinal axons grow in a nontopographic manner into the SC:
individual axons substantially overshoot their future TZs and
eventually approach the posterior pole of the SC at about E18.
Subsequently, TZs develop through interstitial branching and ar-
borizations (McLaughlin et al. [2003b]). The model shown here pro-
poses that the position of a TZ is determined through an interplay
between a uniformly distributed branch-promoting activity (arrows)
and topographically expressed activities controlling branching an-
terior and posterior to the future TZ (shown in red and green on the
left side).

(B) In the retinocollicular projection, temporal and nasal axons pro-
ject onto the anterior and posterior SC, respectively. Expression
patterns of EphAs and ephrin-As in the retina and SC during devel-
opment of this projection are schematized. The expression pat-
terns of members of the EphB family are not shown; for details,
see McLaughlin et al. (2003b).

nases and their ephrin ligands play important roles in
the development of the retinotectal/collicular projection
(for review, see Wilkinson, 2000; McLaughlin et al.,
2003b). Crucial to an understanding of the functions of
the Eph family is their capacity for bidirectional signal-
ing, such that Ephs and ephrins can function both as
receptors and ligands (Kullander and Klein, 2002; Knoll
and Drescher, 2002).

In mouse, EphA5 and EphA6 are expressed more
strongly on temporal than on nasal axons, while ephrin-
A2 and ephrin-A5 are expressed at higher levels in the
posterior than in the anterior part of the SC (Feldheim
et al., 2000; Frisen et al., 1998; Reber et al., 2004). Due
to the repellent EphAr®ti"3/ephrin-ASC interactions, tem-
poral axons project onto the anterior SC as formation of
TZs in the posterior SC is suppressed by the posterior >
anterior expression of ephrin-As. Thus, the higher the
expression of EphAs is on retinal axons, the more the
formation of TZs is “pushed” toward the anterior SC. In
ephrin-A5-'~ and ephrin-A2~'-/ephrin-A5~'~ mice—and
similarly in EphA5'2°?/12°Z mijce (in which the kinase do-
main of EphA5 is replaced by lacZ)—additional TZs are
formed by temporal axons in more posterior regions of
the SC (Feldheim et al., 2004, 2000; Frisen et al., 1998).

This appears to be caused in ephrin-A2~'-/ephrin-
A5~- mice by a posterior SC that is less inhibitory for
branching, and in EphA5/2°%/12°Z mice by temporal ax-
ons that are less sensitive to the branch-suppressing
activity of ephrin-As (Feldheim et al., 2004, 2000). In the
stripe assay, temporal axons form more branches on
anterior than on posterior tectal membranes, an activity
which can be abolished by adding soluble EphA-Fc—
an indication of the involvement of the EphA system in
this process (Roskies and O’Leary, 1994; Yates et al.,
2001). Thus, gradients of EphAs in the retina and
ephrin-As in the SC (EphA™t"a ephrin-AS®) might sup-
press branching posterior to future TZs.

At the same time, these activities cannot account for
a control of branching anterior to the future TZ, leading
to the question of which factors might be involved in
this activity. Besides other possibilities, such a factor
could be a branch-suppressing activity expressed in a
countergradient to the ephrin-ASC gradient, or it could
be a branch-promoting activity expressed in a gradient
parallel to the ephrin-AS® gradient. With regard to the
latter possibility, it is also conceivable that the ephrin-
ASC gradient is being read by some other retinal EphAs,
which mediate a branch-promoting activity (see also
Yates et al., 2001; Hansen et al., 2004).

Interestingly, EphAs are also expressed in gradients
in the superior colliculus (anterior > posterior), and
ephrin-As are expressed in the retina (nasal > temporal)
(Figure 1B). Given the capacity for bidirectional signal-
ing within the EphA family, it is plausible that ephrin-As
might function as receptors on retinal axons (“reverse
signaling”) and EphAs as the corresponding ligands
in the SC. The orientation of these gradients makes
ephrin-As™t"3/EphAsSC good candidates for the pos-
tulated branch-suppressing activity anterior to TZs.

Here we set out to analyze the topographic projection
in mice mutant for EphA7, which shows the strongest
and most pronounced differential expression (anterior >
posterior) in the SC and which is not expressed in the
retina. Our data show that, in EphA7~/~ mice, topo-
graphic mapping of both temporal and nasal axons is
disturbed and that EphA7 is a repellent substrate for
retinal axon growth in vitro. This supports a model in
which the ephrin-Arti"a/EphASC pair is part of the
countergradient system to the EphAretin3/ephrin-ASC
system involved in controlling retinocollicular mapping.

Results

Expression Pattern of EphAs

in the Superior Colliculus

To investigate the function of EphAs in the SC, we first
analyzed their expression patterns during a critical
phase of development of the retinocollicular projection
by RNA in situ hybridization experiments. At P1, EphA3
and EphA7 exhibit anterior > posterior gradients in the
SC (Figures 2C and 2E). Compared to EphA7, EphA3
expression appears to be weaker and confined more to
the anterior SC. EphA4 is broadly expressed at high
levels and shows only a very shallow, if any, gradient
(Figure 2D), while EphA2, EphA5, and EphA6 are not, or
are only very weakly, expressed (data not shown).
EphA8 expression was reported only in a small con-
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Figure 2. RNA In Situ Hybridization Analysis of EphA Family Mem-
bers during Development of the Retinocollicular Projection

Expression at E16 of EphA7 (A) and ephrin-A5 (B) in sagittal sec-
tions of the midbrain. Expression of EphA3 (C), EphA4 (D), EphA7
(E), and ephrin-A5 (F) at P1 in sagittal sections of the SC. In (F), the
location of the SC, the inferior colliculus (IC), the pretectum (PT),
and the lateral geniculate gyrus (LGN) are indicated. In (E), the su-
perficial layers of the SC, which receive retinal input, are marked
with * (compare with Figures 3E and 3F). The various gradients of
EphA7 and ephrin-A5 are indicated in (E) and (F) by arrows. Expres-
sion of EphA7 (G) and ephrin-A5 (H) at P1 in sagittal sections of the
entire brain. Expression of EphA7 at P6 (l) and P11 (J and K) in
horizontal (J) and sagittal (K) sections. These data indicate that
EphA?7 is expressed in the SC in an anterior > posterior gradient
throughout the development of the retinocollicular projection, and
is strongly downregulated after its maturation. (L) P11 horizontal
sections from EphA7~/~ mice analyzed for EphA7-specific tran-
scripts. In (A)—(F) and (I)-(L), the SC is indicated by dashed lines.
PT, pretectum; LGN, lateral geniculate gyrus; SC, superior collicu-
lus; IC, inferior colliculus; CB, cerebellum; CX, cortex.

fined area approximately in the center of the SC (Park
et al., 1997), while EphA1 is not expressed in the brain
at all (Zhou, 1998). Thus, it appears that with regard to
EphA expression in the SC, EphA7 displays a particu-
larly interesting pattern. We have therefore analyzed its
expression pattern throughout the development of the

retinocollicular system and have compared it with
ephrin-A5, which is known to be expressed in a poste-
rior > anterior gradient in the SC (Figures 2B, 2F, and
2H) (Frisen et al., 1998).

At E16, when retinal axons have started to invade
the SC, EphA7 is expressed in an anterior > posterior
gradient stretching through the entire midbrain/SC (Fig-
ure 2A; Ciossek et al., 1995). This expression pattern
remains unchanged up to at least P6 (Figure 2I), with
EphA7 becoming barely detectable at P11 (Figures 2J
and 2K). Thus, EphA7 is expressed at critical times dur-
ing formation of the retinocollicular projection and is
subsequently downregulated. EphA7 is expressed in
the superficial layers of the SC (Figures 2E and 2I), i.e.,
the stratum griseum superficiale (SGS), and is therefore
in layers that are in contact with ingrowing retinal axons
and receive retinal input (see also Figures 3E and 3F).
These RNA data correlate well with EphA7 Western blot
analyses of SC and retinae from P1 mice (Figure 4D),
showing a clear differential expression of EphA7 protein
between the anterior and posterior SC, and no expres-
sion in the retina (Figure 4D; see also Ciossek et al.,
1995). Thus, EphA7 is expressed at the right time and
in the right place to play a role in guiding retinal axons
to their correct topographic position.

Interestingly, the countergradients of ephrin-As and
EphAs are not only seen in the SC, but also in other
target areas of retinal axons, such as the pretectum and
the lateral geniculate nucleus (LGN) (Figures 2E-2H, ar-
rows in Figures 2E and 2F; Feldheim et al., 1998; Marin
et al., 2001). The idea has been put forward that topo-
graphic guidance to different target fields might be un-
der the control of the same set of ephrin-A guidance
molecules (Feldheim et al., 1998; Marin et al., 2001).
Thus, in an extension, ephrin-A and EphA countergradi-
ents might play such a role in retinal target areas. An-
other striking set of countergradients is seen in the cor-
tical plate, where a bidirectional gradient of ephrin-A5
in the somatosensory cortex is juxtaposed to EphA7
gradients both anterior and posterior to it (Figures 2G
and 2H; Mackarehtschian et al., 1999; Yun et al., 2003).

Next we investigated the retinal expression of ephrin-
As by staining explants from E16.5 mouse retina with
EphA7-Fc (Figures 3A-3D). Here nasal axons showed a
stronger ephrin-A expression than temporal axons (Fig-
ures 3A and 3B; Hornberger et al., 1999). This differential
expression correlates well with data from staining flat
mounts of mouse retina (Marcus et al., 1996) and from
the functional characterization of retinal ephrin-A ex-
pression in ephrin-A2~'~, ephrin-A5~'~ mice (Feldheim
et al., 2000). Retinal axons from chick and zebrafish
show a similar differential expression of ephrin-As (data
not shown; Brennan et al.,, 1997; Connor et al., 1998;
Hornberger et al., 1999), underscoring the evolutionary
conservation of differential expression of ephrin-As in
the retina (Figure 1).

Generation and Characterisation of EphA7~- Mice

Based on these intriguing expression patterns, EphA7
appears to be a prime candidate to aid the investiga-
tion of the role of collicular expression of EphAs in reti-
nocollicular mapping. We have generated mice carrying
a null mutation in the gene encoding EphA7 by homolo-
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gous recombination in which the first exon containing
the start codon and signal peptide has been removed
(Figure 4A). Homologous recombination was verified by
Southern blot analysis (Figure 4B). EphA7~/~ mice were
also characterized by RT-PCR analysis of RNA from
brain of adult mice (Figure 4C), by RNA in situ hybridiza-
tion (Figure 2L), by Western blot analysis of immuno-
precipitates from retina, and SC using an EphA7-spe-
cific antibody (Figure 4D). These data show the lack of
EphA7-specific RNA and protein in these mice, indicat-
ing that the homologous recombination has led to the
complete abolishment of EphA7 expression. EphA7-/~
mice reach adulthood, are fertile, and show no gross
morphological or behavioral defects.

We addressed the question of whether abolishment
of EphA7 expression would have any gross effects on
the development of the SC. For this, we have compared
the mRNA expression pattern of EphAs and ephrin-As
in EphA7~/~ mice to that of wild-type mice (see Figure
S1 in the Supplemental Data online). These data show
that abolishment of EphA7 expression does not change
the expression pattern of other EphA family members,
from which we infer that the general patterning of the
SC is not disturbed in EphA7~/~ mutant mice. We have
also compared retinal axon tracts from wild-type and
EphA7-"- mutant mice by neurofilament immunostaining

Figure 3. Protein Expression Patterns of
EphA Family Members

(A-D) Staining of E16.5 nasal (A) and tempo-
ral (B) axons from mouse retinal explants for
ephrin-A expression using EphA7-Fc. Corre-
sponding bright-field pictures are shown in
(C) and (D). Ephrin-As are more strongly ex-
pressed on nasal than on temporal axons.
(E and F) Analysis of retinal axon tracts in
wild-type (E) and EphA7~/~ (F) mice by stain-
ing P1 sagittal sections with an anti-neurofil-
ament antibody (brown). Retinal axons grow
from the ventrally located chiasm along the
thalamus toward the SC and invade it from
the anterior pole, then growing toward its
posterior pole. Ingrowth of retinal axons into
the SC within the superficial layers is indistin-
guishable between wild-type and EphA7-/-
mice. Cell nuclei are visualized by staining
with haematoxylin (blue) to highlight the
overall structure and layering of the SC. An-
terior is to the left and dorsal to the top.
SGS, stratum griseum superficiale.

(G-1) Expression of EphA proteins analyzed
on parasagittal sections of the SC from
E15.5 mice as revealed by a staining proto-
col using ephrin-A5-Fc and AP-coupled anti-
Fc antibodies (Conover et al., 2000). (G)
Wild-type mice, (H) EphA7-/~ mice, (|) stain-
ing using Fc alone. Using ephrin-A5-Fc,
“free” EphAs available for interaction with
retinal ephrin-As can be identified. The ex-
tent of the SC is indicated by a dotted line.
Anterior is to the left and dorsal to the top.

temporal

of corresponding sections (Figures 3E and 3F). Here,
no abnormalities regarding, for example, pathfinding
errors, fasciculation defects, or premature termination
of axon growth were found.

We then investigated the EphA protein gradient by
using ephrin-A5-Fc as a probe. Our data show an ante-
rior > posterior gradient of EphAs in the SC of both
wild-type and EphA7~/~ mice (Figures 3G-3l). Use of
ephrin-A5-Fc uncovers the gradient of “free” EphAs,
which are accessible to interaction with ephrin-As on
retinal axons. Staining with ephrin-A-Fcs followed by
AP-coupled anti-Fc antibodies, however, did not allow
a thorough quantification of differences in EphA protein
amounts between wild-type and mutant mice. Never-
theless, it appears that the overall intensity of staining
was less strong in mutant than wild-type mice.

Analysis of Topographic Patterning in EphA7-/~

Mice by Anterograde Tracing

To investigate possible topographic mapping defects,
small focal injections of Dil were made at either the
ventronasal or dorsotemporal pole in the retina of wild-
type or EphA7~/~ mice, followed 24-48 hr later by ex-
amination of the contralateral SC (Figure 5). This time
interval is sufficient to allow transfer of Dil from the la-
beled cell bodies and axons in the retina along the fiber
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Figure 4. Targeted Disruption of the EphA7 Gene

(A) Partial map of the EphA7 genomic locus with the targeting con-
struct and the resulting targeted loci. The EphA7 targeting vector
was designed to replace exon | (1-330 bp of the EphA7 cDNA),
including part of the upstream sequence (-601 to -1), with a loxP-
flanked tk/neo selection cassette. For homologous recombination,
the 5’ EcoRI-Xhol 3 kb sequence and 3’ Notl-Sall 5.3 kb sequence
flanking this region were subcloned into pBluescript vector. Homol-
ogous recombination would delete the upstream sequence and
exon | coding for the signal sequence of EphA7, resulting in a null
allele. In order to remove the tk/neo selection cassette, positive ES
cells were transfected with an expression construct for Cre recom-
binase. The probe used for all Southern blot analyses was a 1.3 kb
genomic fragment containing exon Il (395-1063 bp). The marked
area (PCR’) denotes the amplified sequence used to verify the 5’
region of the targeted allele (3.6 kb). C, Clal; E, EcoRlI; N, Notl; S,
Sall; X, Xhol; neo, neomycin gene; tk, thymidine kinase gene.

(B) Genotype analysis of EphA7 homozygous (+/+) and heterozy-
gous (+/-) ES cells before (upper left panel) and after (upper right
panel) the transfection with the Cre recombinase expression plas-
mid. Genomic DNA was isolated, digested with EcoRl, and sub-
jected to Southern blot analysis using the 3’ external probe shown
in (A). Alleles bearing the EphA7 mutation show a 6.8 kb band,
whereas a 9.7 kb band is observed in the wild-type alleles. For PCR
analysis, primer pairs amplifying a 3.6 kb (lower left panel, see also
[A]) or a 0.5 kb (lower right panel) band in the case of successful
recombination were used.

(C) RT-PCR analysis of total RNA isolated from brains of adult ani-
mals of the indicated genotypes. Primers were chosen to amplify
part of exon | of EphA7 (314 bp). —, no template control.

(D) Expression of EphA7 protein in wild-type and EphA7~/- mice.
Same amounts of lysates from retina and anterior and posterior
halves of the SC from wild-type and EphA7-/~ mice were immuno-

tracts to the area of the SC where the TZs of these
cells/axons have developed. A comparison of the loca-
tion of Dil in the retina and the TZ in the SC allows a
judgement to be made about the formation of proper
topographic projections. These analyses were done on
P10-P14 mice, which is some number of days after
maturation of the retinocollicular projection at about P8
(Hindges et al., 2002; Simon and O’Leary, 1992), in or-
der to exclude the possibility that mapping defects are
due to a delayed maturation of the topographic map in
EphA7-'- mice.

In wild-type mice, nasal axons developed TZs only in
the medioposterior SC (Figure 5H; Table 1). In contrast,
we observed topographic targeting errors in EphA7-/~
mice (Figures 5 and 8; Table 1): in about 62% of these
mice, axons from the ventronasal retina formed—in ad-
dition to a TZ at the expected topographic location in
the medioposterior SC—ectopic TZs (eTZs) in the med-
ioanterior part of the SC (Figures 5B, 5C, 5E, and 5F;
Figure 8; Table 1). Ectopic TZs in EphA7~/~ mice were
found consistently in the medioanterior SC and were
less well developed than the TZs at the correct topo-
graphic position. The eTZs were found in the more an-
terior SC, but clearly within the SC and not directly at
its border. Closer inspection allowed us to trace axons
entering these eTZs and revealed a dense network of
arborizations (Figures 5C and 5F).

In these Dil tracing experiments, temporal axons in
EphA7~'~ mice did not show obvious alterations; thus,
axons from the dorsotemporal retina in wild-type and
EphA7-- mice map to the lateral-anterior SC (data not
shown; Table 1).

Analysis of Retinocollicular Mapping in EphA7-"~
Mice by Retrograde Tracing

The topographic targeting errors of nasal retinal axons
in EphA7-'~ mice were furthermore analyzed by retro-
grade tracing techniques (Figure 6). A single injection
of fluorescent latex microspheres was made into the
superficial layers of the anterior quarter of the SC of
P14-P18 wild-type and EphA7-- mutant mice. The
microspheres are retrogradely transported by RGC ax-
ons to their cell bodies in the retina. Twenty-four to 48
hr later, the positions of labeled RGCs in the retinae of
these animals were determined, while that of the injec-
tion site in the anterior SC was verified by sectioning of
the SC (Figure 6; for details, see Experimental Pro-
cedures). In wild-type mice we found the expected to-
pographic correlation: labeling of a small part of the
anterior SC resulted in a patch of labeled RGCs only in
the temporal retina (n = 7) (Figures 6A and 6B). Bigger

precipitated with an EphA7-specific monoclonal antibody using
standard protein-biochemistry protocols. Immunoprecipitates were
probed in a Western blot analysis for the presence of EphA7. In
agreement with RNA in situ expression data (Figure 2), in wild-type
mice, EphA7 protein is more strongly expressed in the anterior than
the posterior SC. No expression was detected in the retina of either
wild-type or EphA7~/~ mice. The same data as shown here were
obtained in three independently performed experiments.

Additional characterizations of EphA7~/~ mice are shown in Figure
2L (in situ RNA analysis at P11), Figure 3F (axon staining in the SGS
of SC), and Figures 3G-3l (expression of EphA proteins).
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Figure 5. Topographic Targeting Errors of Nasal Retinal Axons in
EphA7-/~ Mice

One day after a focal injection of Dil into the ventronasal part of
the retina of wild-type and EphA7-/~ mice, retina and SC were pre-
pared, and the location of Dil in the retina and of the TZs in the SC
were determined. (A) Schematic drawing of a flat-mounted retina
from an EphA7 mutant mouse. The location of Dil is indicated by a
dot. Nasal is to the right, dorsal to the top. (B) The SC contralateral
to this retina is shown in a dorsal view. A TZ in the medioposterior
part of the SC (arrow) is formed at the topographically appropriate
position. In addition, an eTZ in the medioanterior SC has formed.
(C) Enlargement of this eTZ. (D-F) Analysis of another EphA7~/~
mouse. Again, the locations of Dil in the retina (D) and of the normal
TZ (E) and the eTZ (E and F) are shown. (G and H) In wild-type
mice, Dil labeling of ventronasal axons (G) results in the formation
of only one TZ in the topographically correct location in the medio-
posterior part of the SC (H). The anterior border of the SC is out-
lined by a dotted line. A summary of all Dil experiments is shown
in Table 1. For retinae shown in (A), (D), and (G), nasal is to the right
and dorsal to the top; for the SC shown in (B), (C), (E), (F), and (H),
posterior is to the top and medial to the left. A, anterior; P, poste-
rior; M, medial; L, lateral.

Table 1. Disturbance of Retinocollicular Mapping in EphA7-/~ Mice
as Analyzed by Anterograde Tracing

EphA7-'- Wild-Type

Ventronasal axons

total number of mice analyzed 13 21

with eTZ 8 (62%) -
without eTZ 5 21
Dorsotemporal axons

total number of mice analyzed 6 8

with eTZ - -
without eTZ 6 8

injections did tend to result in a higher number of scat-
tered cells in nasal retina (e.g., Figure 6B). In contrast,
in EphA7~'~ mice we observed a disturbance of the reti-
nocollicular map (Figures 6C and 6D), in agreement
with the data obtained by anterograde tracing (see
above). Thus, in some of the EphA7 mutant mice (3 out
of 5), we found, in addition to a prominent label at the
topographically correct position in the temporal retina,
a distinct patch of labeled RGCs in the topographically
inappropriate nasal retina (Figures 6C and 6D). In both
cases, the nasal focus is clearly separate from the tem-
poral focus, even in Figure 6D, in which a larger injec-
tion site is associated with increased scatter of labeled
cells in temporal retina.

We quantified the distribution of labeled RGCs by
generating isodensity contours of the labeled RGCs
and measuring the area of the retina within the 5% or
20% contour line, which delineates those parts of the
retina having a density of labeled cells greater than 5%
or 20% of the maximum density of labeled cells. (Den-
sities reflect cell numbers per sample square at dif-
ferent sample grid locations, and the contour plots
were generated by using distance-weighted least-
squares smoothing, see Experimental Procedures. The
areas were not normalized for injection site size, see
below.) This method revealed ectopic foci in the 5%
contour lines in 3 out of 5 retinae from EphA7-/~ mice,
while no such 5% peak density lines other than the
main focus were identified in wild-type mice (Figure 6).

Intriguingly, a quantification of the label in temporal
retina (Figure 6) by measurement of the size of the area
enclosed by the 5% and 20% peak density lines
showed a statistically significant increase in the size of
the foci of temporal axons from EphA7~/~ mice com-
pared to that of wild-type mice. For the 5% peak den-
sity contour, the means were 6.2% + 1.0% of the total
retinal area of wild-type retinae (n = 7) and 14.0% =
2.5% for EphA7~'~ retinae (n = 5; two-tailed p < 0.01).
For the 20% contour, the respective means were
1.9% = 0.4% for wt (n = 7) and 6.6% =1.9% for EphA7-/~
(n = 5; p < 0.03). These differences between wild-type
and EphA7~/~ mice in the extent of retinal labeling could
not be explained by differences in the size of the SC
injection site (2.4% = 1.0% of the SC area for wild-type
mice versus 2.8% = 1.0% for EphA7~/~ mice). This indi-
cates that not only the projection pattern of nasal reti-
nal axons but also that of temporal axons is affected in
EphA7-'- mice. The increased foci seen in retrograde
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tracings suggest that temporal axons form more ex-
tended TZs in EphA7-/~ than in wild-type mice.

EphA7 Repels Retinal Axons in Stripe

Assay Experiments

The projection of nasal axons with a higher ephrin-A
expression onto the posterior SC with a lower EphA
expression, and vice versa, suggests a repellent func-
tion of EphA7 as the mechanism by which this “ligand”
contributes to the guidance of retinal axons in the SC.
To further approach this concept and to better under-
stand the mechanism(s) causing the formation of eTZs
in EphA7~/~ mice, we took advantage of the stripe as-
say technique (Hornberger et al., 1999; Kndll et al., 2001;
Vielmetter et al., 1990). Alternating lanes of EphA7-Fc
versus Fc were produced on plastic dishes and cov-
ered with laminin (see Experimental Procedures). Then
strips from mouse E15.5-16.5 or chick E7 retinae were
arranged perpendicular to these lanes, and the out-
growth preferences of retinal axons were scored 2 days

+/+

Figure 6. Topographic Targeting Errors in
EphA7-/- Mice Analyzed by Retrograde
Tracing

Fluorescent latex beads were injected into
the anterior quarter of the SC of P14-P18
wild-type and EphA7~/~ mice. One to two
days later, the contralateral retinae of these
mice were isolated and quantitatively ana-
lyzed for labeled RGCs ([A and B], wild-type;
[C and D], EphA7-'-; see Experimental Pro-
cedures). The location of individual labeled
cells was recorded, as shown in the smaller
retinal panels. The injection sites for (A) and
(C) were smaller (2.0% and 2.0% of SC, re-
spectively) than for (B) and (D) (4.5% and
3.1% of SC, respectively). The larger retinal
panels show the 5% and 20% peak density
contour lines delineating those parts of the
retina having a density of labeled cells
greater than 5% (or 20%) of the maximum
density of labeled cells. This analysis was
based on the numbers of cells recorded
within a sample box at different grid loca-
tions. Both the raw distributions and the iso-
density contours uncovered ectopic foci in
the nasal part of the retinae of EphA7~/~ mu-
tant mice (C and D), while none were found
in wild-type mice (A and B). In addition, in
EphA7~'~ mice, the 20% and 5% peak den-
sity contour lines of the foci of temporal ax-
ons were enlarged, indicating increased TZs
of temporal axons in EphA7~/~ mice. Corre-
sponding sections from the SC of wild-type
and EphA7-/- mice with their injection sites
in the anterior SC are shown in (E) and (F),
respectively. There are no obvious differ-
ences in the size of the SC of wild-type and
mutant mice. Anterior and posterior borders
of the SC are indicated by arrows. A, ante-
rior; D, dorsal; P, posterior; V, ventral.

later. Growth preferences were evaluated according to
the scoring system of Walter et al. (1987), with 3 indicat-
ing a very strong preference and 0 indicating no prefer-
ence at all. It was thought likely that chick retinal axons
would behave in a comparable way to mouse retinal
axons, since overall ephrin-A and EphA expression pat-
terns are conserved in the chick and mouse retinotec-
tal/collicular projection (Figure 1; data not shown; Con-
nor et al., 1998; Feldheim et al., 2000; Hornberger et al.,
1999; Marcus et al., 1996; Takahashi et al., 2003).
When given the choice of growing on alternating
EphA7-Fc- versus Fc-containing stripes, both chick
(mean score 1.5 + 0.11, n = 31) and mouse (mean score
2.2 = 0.22, n = 16) retinal axons showed a preference
for Fc stripes (Figures 7A and 7E), suggesting that reti-
nal axons were repelled from growing on EphA7-Fc
stripes. In control stripe assays with Fc/Fc lanes (Fig-
ures 7B and 7F), retinal axons essentially showed un-
patterned outgrowth (chick: mean score 0.27 + 0.09,
n = 29; mouse: 0.96 = 0.27, n = 9). Thus, although ex-
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Figure 7. Analysis of EphA7 “Ligand” Function in Stripe Assay Experiments

(A-D) Stripe assay data using E7 chick retinae; (E-G) stripe assay data using E15.5-E16.5 mouse retinae. (A and E) When grown on a substrate
of alternating lanes of EphA7-Fc and Fc, chick retinal axons showed a preference for Fc-containing lanes, indicating a repulsion from growing
on EphA7-Fc stripes. (B and F) On a control substrate of alternating Fc and Fc stripes, retinal axons did not show any, or only a slight
preference. (C) On a substrate of alternating lanes of ephrin-A5-Fc and Fc, retinal axons showed a preference for Fc stripes. (D and G)
Summary of four (chick) or two (mouse) independently performed experiments, with the total number of retinal strips analyzed (n) given below
the bars. Growth preferences were evaluated according to the scoring system of Walter et al. (1987), with 3 indicating a very strong preference
and 0 indicating no preference at all. Mouse retinal axons typically show a stronger level of fasciculation than chick retinal axons (see also
Feldheim et al., 2000). In all cases shown, nasal retina is to the left, temporal retina to the right. Additional control stripe assay experiments
performed in the presence of soluble EphA7-Fc are shown in Figure S2. After preparing the stripes, laminin was added to provide an
outgrowth-promoting substrate for retinal axons. Identification of the individual stripes was achieved by adding small amounts of Cy3-labeled
antibody to the stripes generated first (see Experimental Procedures). Thus, under TRITC illumination, as shown in the lower panels in (A)-
(C), first generated stripes can be discriminated from second generated stripes. (E) and (F) represent overlays of pictures taken from tubulin-

stained axons and the Cy3-labeled stripes. Bars shown in (A) and (E) correspond to 90 um. Error bars represent SEM.

pressing ephrin-As at different levels, nasal and tempo-
ral axons showed a preference for Fc stripes, possibly
relating to the amounts of EphA7-Fc used to generate
the stripes (see also Discussion).

To further investigate the role of EphA7-Fc in this
striped outgrowth pattern, we performed experiments
in which we added soluble, clustered EphA7-Fc at 1
ng/ml to the medium. Here the growth decision was
almost completely abolished, while incubation with
clustered Fc alone had no effect (see Figure S2). These
data indicate, first, that interfering specifically with
ephrin-A— EphA interactions results in an abolishment
of the patterned outgrowth of retinal axons, and, sec-
ond, that the striped outgrowth is due to a repulsion
of retinal axons from growing on EphA7-Fc-containing
lanes and not to an attractive effect of Fc-containing
lanes.

In an attempt to compare the strength of repulsion
mediated by EphA7-Fc (reverse signaling) to that of
ephrin-A5-Fc (forward signaling), stripe assay experi-
ments were performed using ephrin-A5-Fc versus Fc.
Due to technical reasons it is not possible to compare
directly the activities of ephrin-A5 and EphA?7, as during
set-up of such a striped substrate these Fc proteins
would bind and block each other.

In the experiments shown in Figures 7C and 7G,

ephrin-A5-Fc stripes led to a stronger repulsion of both
chick (2.0 £ 0.12, n = 29) and mouse (2.5 + 0.21, n = 9)
retinal axons compared to that on EphA7-Fc/Fc stripes
(Figures 7D and 7G). Further analysis of the growth
preference showed that the mean score for Fc/Fc con-
trol stripe assays was statistically significantly lower
than that for EphA7-Fc/Fc (p < 0.05; t test) and ephrin-
Ab5-Fc/Fc stripe assays (p < 0.05, t test). It appears
therefore that forward signaling has a stronger repellent
activity on retinal axons than reverse signaling. How-
ever, this finding cannot be generalized, given the
rather artificial conditions here in the stripe assay, such
as the use of Fc fusion proteins.

Discussion

Topographic Mapping by Interstitial Branching

In mouse (and chick), retinal axons grow into the SC in
a nontopographic manner and significantly overshoot
their future TZs (Simon and O’Leary, 1992; Yates et al.,
2001). In a subsequent step, branching and arboriza-
tion occurs ab initio with high topographic specificity,
which is further refined during later development (Yates
et al., 2001). Thus, it appears that the primary growth
cone is not directly involved in determining the correct
location of the future TZ, but is formed through intersti-
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tial branching from the axon shaft (Yates et al., 2001; as
a possible mechanism for branch induction, see Daven-
port et al., 1999).

Recent experiments by Yates et al. (2001) have pro-
vided evidence that suppression of branching posterior
to future TZs is controlled through the repellent activity
of ephrin-As acting on EphA receptor-expressing retinal
axons. However, as this EphA™ti"3/ephrinS¢ system can
control branching only on one side of a TZ, a counter-
gradient system appears to be necessary to regulate
branching anterior to future TZs in order to achieve a
confined branching zone (Figure 1A; Yates et al., 2004;
Yates et al., 2001).

The differential expression of ephrin-As on retinal ax-
ons and of EphA receptors in the SC in countergradi-
ents to the EphAretina/ephrin-ASC expression pattern
(Figure 1B) makes them good candidates for exerting
this activity. Thus, ephrin-As are expressed more strongly
on nasal than temporal axons (Figure 3; Hornberger et
al., 1999; Marcus et al., 1996), while the EphA7 receptor
shows an anterior > posterior expression in the superfi-
cial retinorecipient layers of the SC and is not ex-
pressed on retinal axons (Figures 2 and 4). This config-
uration of the gradients in particular would be well
suited to mediate branch suppression anterior to de-
veloping TZs. It would mean that the higher the expres-
sion of ephrin-As is on retinal axons, the further poste-
rior the TZ is formed. In consequence, in the absence
of EphA7, (additional) TZs would form in the more ante-
rior SC.

Topographic Mapping Defects in EphA7-~ Mice

In support of this model, we found—using anterograde
and retrograde tracing techniques—mapping defects
for both nasal and temporal axons.

On the one hand, nasal axons formed eTZs in the
anterior SC of EphA7-~ mice (Figures 5 and 8). The
penetrance of these mapping defects—about 60% in
both studies—is comparable to that of other EphA fam-
ily mutants (Feldheim et al., 2000; Frisen et al., 1998). It
is not clear at present why the eTZs from nasal axons
form in the more anterior part of the SC and not, as
possibly more expected, close(r) to the correct TZ in
the posterior SC. However, the eTZs are formed ante-
rior to the correct TZs, which correlates well with the
model described in Figure 1. Other EphA receptors
such as EphAS3, which also is expressed in a gradient
in the SC (Figure 2C), could be involved in the control
of mapping too. In addition, the generally moderate
penetrance of EphA family knockouts suggests the in-
volvement of additional guidance systems in the retino-
collicular projection beyond that provided by the Eph
family.

On the other hand, mapping errors were found also
for temporal axons. A quantification of data derived
from retrograde tracing experiments showed a larger
than normal area of labeled RGCs following the injec-
tion of fluorescent beads into the anterior quarter of the
SC from EphA7-- mice, indicating in turn more ex-
tended TZs of temporal axons (Figures 6 and 8). As
temporal (as well as nasal) retinal axons are repelled in
the stripe assay from growing on EphA7-Fc lanes (Fig-
ure 7; see below), it appears plausible to assume that

retina SC

nasal temporal anterior posterior

anterograde
tracing

ephA7-/

retrograde
tracing

Figure 8. Topographic Targeting Defects of Nasal Retinal Axons in
EphA7-- Mice

In wild-type mice, temporal and nasal axons project onto the ante-
rior and posterior SC, respectively. The gradients of ephrin-As and
EphAs in retina and SC, respectively, are indicated (see also Figure
1). EphA7-~ mice have been analyzed by both anterograde and
retrograde tracing techniques. Anterograde tracing showed a pro-
jection of temporal axons onto the anterior SC, while nasal axons
projected onto the posterior SC and aberrantly onto the anterior
SC. A disturbed projection pattern is seen also in retrograde tracing
experiments, in which injection of fluorescent microspheres into
the anterior SC resulted in the labeling of RGCs in both nasal and
temporal retina, indicating that temporal and aberrantly nasal ax-
ons project onto the anterior SC in EphA7~/~ mice. In addition, the
area of labeled RGCs in the temporal retina was significantly en-
larged in EphA7~~ mice, suggesting that temporal axons form
more extended TZs in the anterior SC.

this defect is a direct consequence of the lack of EphA7
in the SC of EphA7~/~ mice. A delay in the development
of the SC as a cause for this defect can be excluded, as
the experiments were performed at least 1 week after
maturation of the map. However, we cannot exclude
that (part of) the effects are due to an increased compe-
tition between temporal axons and aberrantly pro-
jecting nasal axons.

The enlarged foci in EphA7~/~ mice were not readily
apparent in anterograde tracings. In this type of experi-
ment it was more difficult, due to technical reasons, to
control the amount of Dil injected into the retinae,
which per se led to some variation in the size of TZs in
wild-type and mutant mice.

Interestingly, during development of, for example, the
zebrafish retinotectal projection, retinal axons are guided
directly to their TZs without a “branching intermediate”
(Stuermer, 1988). Nevertheless, countergradients of EphAs
and ephrin-As are present in the zebrafish tectum and
retina (e.g., Brennan et al., 1997). Thus, these gradients
may not be merely a reflection of necessities of a
branching mechanism, but may be required to provide
retinal axons in general with sufficient positional infor-
mation to find their target area, in agreement with the
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proposal originally formulated by Gierer (Gierer, 1983,
1988; see Introduction).

In direct support of our experimental data, a com-
putational model of map development has been de-
signed, which shows that countergradients of EphAs
and ephrin-As in both the retina and the SC, and bidi-
rectional repellent signaling between retinal axons and
SC cells, are sufficient to direct a topographic bias in
retinal axon branching (Yates et al., 2004).

Recently it has been shown that ephrin-As in their
ligand function do not only exert repellent, but also out-
growth promoting/attractant effects on retinal axons
(Hansen et al., 2004). These effects were concentration
dependent and were different for axons from different
retinal positions. These findings have led to a mapping
model in which ephrin-As act as topographic labels
that promote axon growth at lower concentrations
while suppressing growth at higher concentrations.
Similar principles might apply to the function of EphAs
in the SC uncovered in this investigation. Moreover,
such a dual function might hold true not only for pri-
mary growth cone behavior but also for branching pro-
cesses (see also below). Thus, the study by Hansen et
al. (2004) and data presented in this investigation do
support the same idea that the EphA/ephrin-A guid-
ance system provides a countergradient scheme as
proposed by Gierer (1983, 1988).

Stripe Assay Experiments

Stripe assay experiments were performed to obtain a
first idea of the mechanism(s) by which EphA7 might
exert its ligand function in the SC. We found in these
experiments that both chick and mouse retinal axons
were repelled from growing on EphA7-Fc-containing
stripes (Figure 7). The lack of an obvious differential
sensitivity of nasal versus temporal axons toward
EphA7 could be due to the fact that ephrin-As are in-
deed expressed on both classes of axons—though at
different levels. Thus, the elevated EphA7 concentra-
tions used in the stripe assay experiments possibly re-
sult in a significant activation of ephrin-As on both na-
sal and temporal axons and an avoidance to growing
on EphA7-containing stripes. Alternatively, the appear-
ance of a differential sensitivity of nasal versus tempo-
ral axons in this axon guidance assay might require ad-
ditional cofactors that are not present under these
conditions. However, these in vitro data are consistent
with our in vivo data, as the mapping of both nasal and
temporal axons was also affected here.

Recent analyses of the EphA™ti"2/ephrin-AS¢ module
indicate that in this case axon guidance and branching
are closely linked (see Introduction; Yates et al., 2001).
This appears to be true also for other axon guidance
families, such as Slit-2, a ligand for Robo axon guid-
ance receptors, which mediates both repulsion and
branching (Brose and Tessier-Lavigne, 2000; Wang et
al., 1999; see also Heffner et al., 1990; Ng et al., 2002;
Thies and Davenport, 2003). Thus, repulsion of retinal
axons from growing on EphA7-Fc-containing lanes
might well correspond to an EphA7-mediated suppres-
sion of branching of retinal axons in the SC. It would
then be expected that guidance and branching are sen-
sitive to different thresholds of EphA/ephrin-A activa-

tion. Thus, the primary growth cone would be less sen-
sitive to ephrin-As than the axon shaft and would
advance further ahead at concentrations of ephrin-As,
which would suppress branching.

Interestingly, retinal axons invade the SC from the
high end of the repellent EphA7 gradient, which is al-
ready present at the time of ingrowth of retinal axons
into the SC. Possibly, retinal axons are initially insensi-
tive to the repellent activity of EphA7 (perhaps because
ephrin-As are not exposed at the surface of retinal
growth cones) and turn sensitive only upon a particular
signal, the nature of which is not known at present.
Such a change in sensitivity might be developmentally
controlled and/or might be induced when retinal axons
approach the posterior end of the SC. In fact, earlier
investigations have shown that retinal axons can enter
the tectum at quite different positions—e.g., from the
posterior tectum—and still find their correct target area
(Fujisawa, 1981), suggesting that retinal axons are well
able to enter the target area from the high end of an
EphA/ephrin-A gradient, can grow “downhill” an ephrin-A
or an EphA gradient, and still finding their correct target.
Additionally, in vitro experiments have shown that reti-
nal axons can surmount a step gradient of repellent
material when confronted with it at a right angle to its
growth direction but are more likely deflected when hit-
ting the step gradient at a shallow angle (T.R. and U.D.,
unpublished data).

Previous Characterisations of Retinal

Ephrin-A Expression

It has been shown previously (Diitting et al., 1999;
Hornberger et al., 1999) that a modulation of the level
of retinal ephrin-A expression results in a change in the
sensitivity of these axons toward guidance cues in the
tectum. These data correlate well with the data derived
from the characterization of EphA7~/~ mice presented
here. One of the possible interpretations given earlier
to explain these data was that ephrin-As on retinal
axons could possibly modify the function of coex-
pressed EphA receptors, thus acting as an ephrin-
Aretina/EphAretina module (Hornberger et al., 1999; Mc-
Laughlin and O’Leary, 1999). In fact, one important
aspect of the complex EphA/ephrin-A interactions in
retinotectal/collicular mapping appears to be an un-
usual cis-interaction between EphAs and ephrin-As
within the same membrane (the EphAret"3/ephrin-Aretina
module), leading to a modulation of EphA receptor
function (R. Carvalho and U.D., unpublished data).
However, the analysis of EphA7~/~ mice presented here
now exposes an additional aspect controlling retinocol-
licular mapping, which is the involvement of an ephrin-
Aretina/EphASC module.

The ability to function as receptors (reverse signaling)
was recoghnized initially for the transmembrane-anchored
ephrin-Bs (Briickner et al., 1997; Holland et al., 1996),
while experimental evidence for such a function of the
GPI-anchored ephrin-As has emerged only later (Davy
et al, 1999; Davy and Robbins, 2000; Huai and
Drescher, 2001; Kndll et al., 2001).

In the vomeronasal system, for example, axonally ex-
pressed ephrin-As mediate an “attractive” function fit-
ting with their projection into a region of the AOB with
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high(er) EphA expression (Kndll et al., 2001). In the reti-
nocollicular projection, however, in vivo and in vitro
data suggest a repulsive interaction, which in turn cor-
relates well with their expression patterns, as nasal ax-
ons with a high(er) ephrin-A expression project onto the
area of the SC with a low(er) EphA expression (and vice
versa). There is at present no indication of which fac-
tors determine ephrin-A-mediated attraction versus re-
pulsion; however, it might be possible that different sig-
nal-transducing ephrin-A coreceptor(s) are expressed
on vomeronasal and retinal axons.

Experimental Procedures

In Situ Hybridization
Mouse ephrin-A and EphA probes used have been described pre-
viously (Knéll et al., 2001). In situ hybridization was performed ac-
cording to the protocol of Wilkinson and Nieto (1993) using digoxy-
genin-labeled probes.

Targeted Disruption of the EphA7 Gene
For homologous recombination, 5’ EcoRI-Xhol 3 kb sequence and
3’ Notl-Sall 5.3 kb sequence flanking exon | (1-330 bp of the EphA7
cDNA), including part of the upstream sequence (-601 to —-1), were
subcloned into pBluescript vector (Figure 4). A loxP-flanked tk/neo
selection cassette containing a neomycin-resistance gene (neo)
and the thymidine kinase gene, both with the phosphoglycerate
(ogk) promoter and pgk polyadenylation signal, was cloned be-
tween these genomic sequences. The R1 embryonic stem cell line
was electroporated with the linearized targeting construct and
selected with G418 for 10 days. A total of 360 surviving clones
were expanded, and homologous recombinants were identified by
Southern blot analysis of genomic DNA from single clones digested
with EcoRI. The 5’ end of the targeted allele was checked for integ-
rity using 5'-CTTGACAGCTAAATATCTGGATAAAGAGATC-3' sense
and 5'-CATTACACTTCCAGACCTGGGAC-3’ reverse primer gener-
ating a 3.6 kb band in case of correct homologous recombination.
From the 12 resulting positive clones, three were transfected with
expression plasmid plC-Cre coding for Cre recombinase in order
to remove the loxP-flanked tk/neo selection cassette. Clones were
counterselected with the thymidine kinase substrate gancyclovir
(2 pM). Surviving clones were expanded and tested with the ge-
nomic probe as described above. To prove the correct removal of
the loxP-flanked tk/neo selection cassette, genomic DNA was
tested in a PCR reaction using 5'-CTAAGGTCCTATTTTGCCTG-3’
sense primer and the reverse primer described above, leading to
the amplification of a 0.5 kb band from the targeted allele.
Chimeras were mated to C57BL/6 mice to produce heterozy-
gotes. Southern blot analysis and PCR analysis were used for gen-
otyping the offspring. Primers used in RT-PCR for demonstrating
the absence of the signal peptide of EphA7 in transgenic animals
were 5'-GTCTGCAGTCGGAGACTTGCAG-3' and 5'-CTTCGCAG
CCTGCGCCTC-3', amplifying a 314 bp band from the 5’ region of
the EphA7 mRNA.

Ephrin-A Staining on Mouse Retinal Axons

Nasal or temporal retinal explants taken from E14.5 mouse em-
bryos were grown in neurobasal medium plus B27 supplement for
2 days on poly-L-Lysine and Laminin-coated cover slips. Explants
were incubated with 5 ug/ml EphA7-Fc (R&D Systems) or Fc alone
(Calbiochem) in neurobasal medium for 30 min at 37°C. After wash-
ing with PBS, explants were fixed with 4% PFA/PBS for 15 min at
room temperature and washed again with PBS. Bound EphA7-Fc
or Fc protein was visualized with a goat anti-human Fc Cy3-conju-
gated antibody (Sigma, 1:200) for 1 hr in 2% BSA/PBS. Following
additional washing steps with PBS, explants were mounted in mo-
viol and analyzed using a Zeiss Axiovert M200 and a 40x objective.

In Vivo Analysis of Retinotopic Mapping

Anterograde Labeling

EphA7-/- mice and wild-type littermates were analyzed at P10-P14.
Mice were anesthetised with a combination of Hypnorm and Hyp-

novel, and anterograde tracing of retinal axons was performed by
focal injection of Dil (Molecular Probes, Eugene, OR) as a 10% so-
lution in either ethanol or dimethylformamide into the peripheral
region of dorsotemporal or ventronasal retina, following the proto-
col of Simon and O’Leary (1992). Briefly, Dil was pressure injected
with a Picospritzer Il (General Valve) through a glass micropipette
(internal diameter of tip ~50 wm). The Dil-labeled area usually cov-
ered less than 5% of the retina. About 24-48 hr later, the mice were
deeply anesthetized and perfused transcardially with 4% paraform-
aldehyde. Before its removal, incisions were made into the retina
to be able to determine later the topographic position of the Dil
spot. The SC and IC as well as the injected retinae were whole
mounted onto glass slides and examined under UV light. The injec-
tion sites of all retinae were verified by fluorescence imaging of
flat mounts. There was no difference in size or location of retinal
injections or general structure of the retina between wild-type and
mutant littermates that could be responsible for the altered projec-
tions observed in EphA7-- mice. TZs were verified by their
branched appearance at high magnification.

Retrograde Labeling

Under anesthesia, a small craniotomy was made in P14-P18 mice
over the right SC. Injection of 20 nl of red or green fluorescent latex
microspheres (Lumafluor Inc., FL), diluted 1 in 5 with distilled water,
was made in the superficial layers of the SC through a glass micro-
pipette (10-20 um tip diameter) using air pressure. Once recovered,
mice were returned to their mothers for 24-48 hr. Then animals
were terminally anesthetized with sodium pentobarbitone and per-
fused transcardially with PBS followed by 1% PFA in 0.1 M phos-
phate buffer (PB). The eyes were removed after making a knife
mark in the superior cornea to orient the eye, and perfusion was
continued with 4% PFA in PB. Retinae were dissected out of the
eyes, flat mounted on glass slides, and postfixed in 4% PFA over-
night before they were dried and cover slipped using Hydromount
(Natural Diagnostics Ltd, East Riding, UK). To check the injection
site, brains were postfixed in 4% PFA overnight, cryoprotected in
30% sucrose in PB, and then sectioned parasagittally at 50 pm
on a freezing microtome. One in two sections was mounted on
gelatinized slides and coverslipped with Hydromount for analysis
of the injection site. A second series was Nissl stained for identifi-
cation of anatomical structures.

Data Collection and Analysis

The retinal locations of RGCs containing fluorescent microspheres
were digitally recorded using a camera lucida setup and inhouse
software. The software recorded the retinal outline, the x, y location
of each cell, and also the number of cells within the sample square
at each grid location. The outline of the retina was plotted at low
magnification, and the location of labeled cells were recorded at
high magnification. In general, the whole retina was sampled in a
one in four series of 200 x 200 pm sample boxes in a 200 x 200
wm grid. In areas of higher numbers of labeled cells (temporal focus
and ectopic nasal foci), every grid point was sampled within the
focus. For determination of the size of foci, the data were analyzed
using SYSTAT Statistics software (Evanston, IL), which calculates
isodensity lines of labeling for each retina. Contour analysis was
done using the sample grid locations and the numbers of cells
in each sample square. Smoothing was done using distance-
weighted least-squares smoothing and employing the default ten-
sions in the program. The areas enclosed by the 20% and 5% con-
tour lines (representing densities at 20% or 5% of the peak density,
i.e., the maximum number of cells in a sample square) were ex-
pressed as a percentage of the total retinal area. The percentage
area of the SC covered by each injection site was calculated from
a series of parasagittal sections. The outline of the SC was deter-
mined from a Nissl-stained series of sections; the extent of the
injection site was measured under fluorescent illumination in the
Hydromount-covered sections. The relative injection site area was
calculated by measuring the rostrocaudal extent of the superior
colliculus and the spread of beads in every second 50 pum section
through the entire mediolateral extent of the right SC.

Stripe Assay
A modified version of the stripe assay (Vielmetter et al., 1990) was
performed using essentially the protocol described by Hornberger
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et al. (1999). However, here we used 30 ng/ml Fc, EphA7-Fc, or
ephrin-A5-Fc (all unclustered) for generation of the first stripe, and
also 30 p.g/ml Fc for generation of the second stripe. Laminin con-
centrations used were 20 p.g/ml. To allow a discrimination between
first and second stripe during subsequent analysis of retinal out-
growth preferences and to judge the quality of striped “carpets,”
proteins from the first stripe were mixed with 2 .g/ml Cy3-labeled
anti-human Fc antibody, while Fc protein was incubated with the
same concentration of the same, but unlabeled, anti human-Fc an-
tibody.

In total, four independent experiments were performed with
chick retinal axons, with in each case at least eight retinal stripes
for each condition (EphA7-Fc/Fc, ephrin-A5-Fc/Fc, or Fc/Fc). Simi-
larly, for mouse retinal axons, two independent experiments were
performed. In all experiments, EphA7-Fc/Fc and ephrin-A5-Fc/Fc
stripe assays were unambiguously discriminated from Fc/Fc stripe
assays.

Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/47/1/57/DC1/.
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