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Summary

Ephrin-A5 (AL-1/RAGS), a ligand for Eph receptor tyro-
sine kinases, repels retinal axons in vitro and has a
graded expression in the superior colliculus (SC), the
major midbrain target of retinal ganglion cells. These
properties implicate ephrin-A5 in the formation of top-
ographic maps, a fundamental organizational feature
of the nervous system. To test this hypothesis, we
generated mice lacking ephrin-A5. The majority of
ephrin-A5~/~ mice develop to adulthood, are morpho-
logically intact, and have normal anterior—posterior
patterning of the midbrain. However, within the SC,
retinal axons establish and maintain dense arboriza-
tions at topographically incorrect sites that correlate
with locations of low expression of the related ligand
ephrin-A2. In addition, retinal axons transiently over-
shoot the SC and extend aberrantly into the inferior
colliculus (IC). This defect is consistent with the high
level of ephrin-A5 expression in the IC and the finding
that retinal axon growth on membranes from wild-type
IC is inhibited relative to that on membranes from
ephrin-A5~/~ IC. These findings show that ephrin-A5
is required for the proper guidance and mapping of
retinal axons in the mammalian midbrain.

Introduction

The Eph family of receptors, the largest subgroup of
receptor tyrosine kinases (Tuzi and Gullick, 1994; Bram-
billa and Klein, 1995), bind a family of cell surface pro-
teins known as ephrins (Eph Nomenclature Committee,
1997), which are anchored to the plasma membrane
either by a glycosyl phosphatidylinositol (GPI) linkage
(ephrins A1-A5) or by a single transmembrane domain
(ephrins B1-B3) (Pandey et al., 1995). With few excep-
tions, GPI-linked ephrins activate the subgroup A of
Eph receptors (EphA1-EphA8), whereas the transmem-
brane ephrins activate the subgroup B of Eph receptors
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(EphB1-EphB6) (Eph Nomenclature Committee, 1997;
Orioli and Klein, 1997).

Ephrins and their receptors are often expressed in
complementary and mutually exclusive patterns that de-
marcate boundaries between different structural re-
gions during development, suggesting a role in pat-
terning of the embryo (Friedman and O’Leary, 1996a;
Lumsden and Krumlauf, 1996; Gale et al., 1996). Func-
tional evidence has been recently obtained in Xenopus
and zebrafish embryos, in which ectopic expression of
truncated, dominant negative EphA4 results inimproper
regionalization of the developing hindbrain and fore-
brain (Xu et al., 1995, 1996). Additionally, ephrins and
their receptors have been implicated in axonal guidance
(Tessier-Lavigne, 1995; Tessier-Lavigne and Goodman,
1996). To date, an in vivo loss-of-function analysis for
ephrins has not been reported, although mice with tar-
geted deletions of Eph receptors have been studied.
Mice lacking EphB2 (Henkemeyer et al., 1996) and
EphB3 (Orioli et al., 1996) have defects in the develop-
ment of forebrain axonal commissures and a high inci-
dence of cleft palate. In addition, targeted deletion of
EphA8 results in abnormal axonal projections that origi-
nate in a subset of midbrain neurons that normally ex-
press this receptor (Park et al., 1997).

Ephrins may also have a role in the development of
topographic axonal projections (Friedman and O’Leary,
19964, Drescher et al., 1997). The preeminent model for
studies on the formation of topographic maps has been
the retinotectal projection (retinocollicular projection in
mammals), where retinal ganglion cell axons innervate
the tectum following a spatial order determined by their
respective positions in the retina. Sperry (1963) pro-
posed in his chemoaffinity hypothesis that graded distri-
butions of molecules in the tectum and in the retina
confer positional addresses and control the topographic
targeting of retinal axons. ephrin-A2 (Cheng and Flana-
gan, 1994) and ephrin-A5 (Drescher et al., 1995; Winslow
et al., 1995) are expressed in chicks in an increasing
rostral-caudal gradient in the tectum and their preferred
receptor, EphA3, in an increasing gradient from nasal
to temporal retina, consistent with a potential role for
ephrin-A2 and ephrin-A5 in providing positional informa-
tion for developing retinotectal axons (Cheng et al.,
1995; Drescher et al., 1995; Monschau et al., 1997). In
mice, ephrin-A2 (Zhang et al., 1996) and ephrin-A5 (Don-
oghue et al., 1996; Zhang et al., 1996) are expressed in
the embryonic superior colliculus (SC), with ephrin-A5
transcripts present in a low rostral to high caudal gradi-
ent (Donoghue et al., 1996), and ligand binding activity
indicates a high temporal to low nasal gradient of EphA
receptors (Marcus et al., 1996). In vitro, ephrin-A2 and
ephrin-A5 repel retinal axons and cause the collapse of
their growth cones (Drescher et al., 1995; Nakamoto
et al., 1996; Brennan et al., 1997; Meima et al., 1997;
Monschau etal., 1997). Moreover, temporal axons avoid
areas of ectopic expression of ephrin-A2 in the rostral
tectum of chickens infected with an ephrin-A2—-express-
ing retrovirus (Nakamoto et al., 1996). However, the func-
tional significance of ephrins and the consequence of
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Figure 1. Generation of ephrin-A5~'~ Mice

(A) Schematic diagram of the strategy used
H to target the ephrin-A5 gene. At the top is a

partial restriction map of 129/Sv genomic
DNA encompassing the targeted exon (stip-
pled box) (H, Hindlll; E, EcoRlI; B, BamH]). In
the center is the targeting vector, pJF7, which
contains the PGK-neo (open box, neo) and
PGK-thymidine kinase (open box, tk) cas-
settes. At the bottom is a schematic diagram
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(B) Southern blot analysis of the parental ES
cells (R1) and the two recombinant clones
(P7-313 and P7-3249) used to generate chi-
meric mice. Probes a and b are those de-
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also shown.

the loss of ephrin expression for retinal axon guidance
and topographic map formation remains unknown.

Results

Generation of ephrin-A5~/~ Mice

To test whether ephrin-A5 is required for the proper
development of the retinocollicular projection, we have
generated gene-targeted mice carrying a null mutation
in the gene encoding ephrin-A5 (Figure 1). The majority
of these mice reach adulthood, are fertile, and do not
display any overt morphological or behavioral defects.
However, a subpopulation of newborn ephrin-A5—/~
mice (17% [17 of 100 born]) display defects in the dorsal
midline of the head with various degrees of penetrance
(data not shown). The mildest cases display a hematoma
or a small aperture in the dorsal midline of the cranium
with a discrete protrusion of brain tissue covered by
meninges and skin. The more severely affected mice
have completely open craniums with cleft nose and
palate and absence of brain (anencephaly), pituitary
gland, and trigeminal ganglia. All anencephalic mice die
immediately after birth. Anaylses of retinal axon guid-
ance and topographic mapping were done in ephrin-
A5~'~ mice that had no obvious morphological defects
of the cranium or brain.

To rule out that an undetected defect compromises
the midbrain in the ephrin-A5~'~ mice, which in turn
might indirectly affect retinal axon patterning, we carried
out a more detailed assessment of the neuroanatomy

and gene expressionin these mice. Examination of post-
natal day 0-1 (PO-P1) brain sections indicated that all
of the major brain commissures, including the dorsal
midbrain commissures (habenular commissure, the pos-
terior commissure, and the commissures of the superior
and inferior colliculi), appear normal in ephrin-A5~"~
mice. In wild-type mice, ephrin-A5 is expressed in the
colliculi during the development of the retinocollicular
projection. ephrin-A5 has high expression in the inferior
colliculus (IC) and a decreasing gradient of expression
from caudal to rostral SC in embryonic (Donoghue et
al., 1996; Zhang et al., 1996) and neonatal (Figure 2A)
mice. In contrast, ephrin-A2 expression is not evident
in the IC in either embryonic (Zhang et al., 1996) or
neonatal (Figure 2B) mice but is relatively high through-
out much of the SC, with lower levels in rostral and
caudal-most SC. The pattern of ephrin-A2 expression
in the SC of PO ephrin-A5~'~ mice is indistinguishable
from that in wild-type mice (compare Figures 2B and
2C). In addition, the expression of the homeodomain
transcription factors En-1 (Figures 2D and 2E) and En-2
(data not shown), which regulate the anterior-posterior
polarity of the midbrain and of the retinotectal projec-
tion (Itasaki and Nakamura, 1992, 1996; Friedman and
O’Leary, 1996b), are similar in wild-type and ephrin-
A5~~ midbrain (compare Figures 2D and 2E). Taken
together, these findings indicate that the anatomical
integrity and the anterior—posterior polarity of the mid-
brain is unaffected in the ephrin-A5~/~ mice used for
the analyses of retinal axon targeting.
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Figure 2. Expression of Midbrain Markers in Wild-Type and ephrin-
A5~ Mice
Expression of ephrin-A5 (A), ephrin-A2 ([B] and [C]), and En-1 ([D]
and [E]) detected by in situ hybridization with digoxygenin-labeled
(A], [B], and [C]) or *S-labeled ([D] and [E]) antisense riboprobes
on 20 um sagittal cryosections of PO-P1 wild-type ([A], [B], and [D])
and ephrin-A5~"~ ([C]and [E]) mouse brain. Arrowheads approximate
the border between the superior colliculus (SC) and the inferior
colliculus (IC); the SC is rostral to the arrowhead (i.e., to the left),
and the IC is caudal to it (i.e., to the right). Cb, cerebellum.
(A) Expression of ephrin-A5 is highest in caudal IC and decreases
in a caudal to rostral gradient through the SC.
(B and C) ephrin-A2 has high expression through much of the SC,
with low or nondetectable expression in caudal-most and rostral
SC and in the IC. ephrin-A2 expression is similar in wild-type and
ephrin-A5~"~ mice.
(D and E) Expression of En-1 in wild-type mouse midbrain (D) is
similar to that in ephrin-A5~/- midbrain (E). Sections were exposed
to X-ray film for 4 days; images were photographed from the films.
No specific signal was detected when sections were hybridized with
sense probes (data not shown). Further, ephrin-A5 expression using
antisense digoxygenin riboprobes was not detected in sections from
ephrin-A5~"~ brains (data not shown). Scale bar, 500 pm.

Ephrin-A5 Is Required for Proper Topographic
Mapping of Retinal Axons in
the Superior Colliculus
Retinal axons first reach the contralateral SC on embry-
onic day 14 (E14). However, topographic order in the
retinocollicular projection emerges later, during the first
postnatal week, through remodeling of an initially diffuse
projection (Simon and O’Leary, 1992a, 1992b; Yates and
O’Leary, unpublished data). Therefore, we assessed the
requirement of ephrin-A5 for topographic mapping in
P11-P15 mice, many days after order is normally estab-
lished, using anterograde and retrograde tracing of reti-
nal axons. Anterograde analysis was done by making
small focal injections of Dil in temporal retina, which
expresses the highest levels of EphA receptors (Marcus
etal., 1996), and retrograde analysis with focal injections
of Dil in caudal SC, which expresses the highest levels
of ephrin-A5 (Donoghue et al., 1996). These complemen-
tary approaches reveal the distribution in the SC of ax-
ons arising from a specific site in the retina and the
distribution of retinal ganglion cells that send axons to
a specific site in the SC. Analyses were done on the SC
and retina contralateral to the injections.

In wild-type mice (n = 7), labeled temporal retinal

axons project exclusively to the topographically appro-
priate site in rostral SC where they densely arborize in
a focused termination zone (TZ) (Figure 3A). In ephrin-
A5~'~ mice (n = 16), labeled temporal axons arborize at
the topographically appropriate TZ in rostral SC; how-
ever, in half of these cases we also observe topographi-
cally aberrant projections (Figures 3B and 3C). In each of
these cases (n = 8), a proportion of the labeled temporal
axons continue caudally across the SC and arborize in
a dense, well-focused ectopic TZ in the caudal-most
SC near its border with the IC. In addition, aberrant
arborizations are observed elsewhere in the SC, most
typically in rostral SC (Figures 3B and 3C). Aberrant
arborizations are infrequently observed in mid-caudal
SC, and when present they are much less dense than
those found at other sites. Thus, temporal retinal axons
map to both appropriate and inappropriate sites in the
SC of ephrin-A5~/~ mice. The pattern of aberrant arbori-
zations in the ephrin-A5-/~ SC has never been observed
in wild-type SC at any developmental stage (Simon and
O’Leary, 1992a, 1992b; Yates and O’Leary, unpublished
data). Therefore, the aberrant topographic map cannot
be due to arresting a normal developmental process at
an immature stage.

Retrograde labeling from the SC confirms the topo-
graphic aberrancies shown by anterograde labeling. In
both wild-type (n = 6) and ephrin-A5~~ mice (n = 6),
Dil injections in the caudal-most SC retrogradely label
a focused cluster of ganglion cells in the topographically
correct location in peripheral nasal retina (Figures 3D
and 3E). However, in every ephrin-A5~'~ case, a sizable
number of labeled ganglion cells is also scattered across
the retina (Figure 3E). Counts of labeled ganglion cells
in the topographically inappropriate temporal retina re-
veal a significant 20-fold increase in ephrin-A5~'~ mice
compared to wild-type mice (161 = 32 [SEM] versus 8 =
2 [SEM] per retina; p < 0.001). Therefore, all ephrin-
A5~/ mice likely have an aberrant topographic map,
even though we only observe aberrant retinal projec-
tions in half of the anterogradely labeled cases. In con-
trast to the aberrantdistribution of ganglion cells labeled
from the caudal-most SC, the distribution of ganglion
cells retrogradely labeled by Dil injected into mid-caudal
SC is similar in wild-type (n = 3) and ephrin-A5~/~ mice
(n = 2). Mid-caudal SC injections label a focused cluster
of ganglion cells at the topographically appropriate loca-
tion in nasal retina but very few cells elsewhere in the
retina (Figures 3F and 3G). This finding is consistent
with the paucity of aberrant arborizations in mid-caudal
SC in the anterograde labeling cases (Figures 3B and
3C). Taken together, these results indicate that ephrin-
A5 is required for the development of the normal topo-
graphic organization of the retinocollicular projection.

Early Retinal Axon Guidance Defects

in ephrin-A5~/~ Mice

The high level of ephrin-A5 expression in the IC relative
to the SC, along with in vitro data showing that ephrin-
A5 repels or collapses retinal axon growth cones (Dres-
cher et al., 1995; Meima et al., 1997; Monschau et al.,
1997), suggests that it may have a role in restricting
retinal axons to their target, the SC, preventing them
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Figure 3. Aberrant Topographic Mapping of Retinal Axons in the Superior Colliculus (SC) of ephrin-A5~/~ Mice

Anterograde ([A] through [C]) and retrograde ([D] through [G]) Dil labeling of retinal ganglion cell axons in wild-type ([A], [D], and [F]) and
ephrin-A5-/~ ([B], [C], [E], and [G]) mice.

(A-C) Anterograde Dil labeling of retinal axons from temporal retina at P15 ([A] and [C]) and P11 (B). Rostral SC is to the bottom and arrowheads
mark its border.

(A and B) Dorsal views of whole mounts of the SC and inferior colliculus (IC); midline is to the right and the dashed line indicates the caudal
SC border.

(A) In wild-type mice, the labeled temporal retinal axons end and arborize in a densely labeled termination zone (TZ) in rostral SC. The retinal
projection to an optic tract nucleus is also evident (OT).

(B) In ephrin-A5~"~ mice, labeled temporal retinal axons also end and arborize in a densely labeled TZ at the topographically appropriate site
in rostral SC, but in addition labeled axons project to and arborize at topographically inappropriate sites located in caudal-most SC (el) and
in rostral SC (e2).

(C) A 100 um sagittal section through the SC of another ephrin-A5~- case also showing a normal TZ in addition to topographically aberrant
arborizations in rostral (e2) and caudal-most (e1) SC; the border between the SC and IC is marked with an arrowhead.

(D-G) Retrograde labeling in the retina at P13 following Dil injections at P12 into the SC.

(D and E) Injections into caudal-most SC retrogradely labeled a dense cluster of ganglion cells in peripheral nasal retina (arrows) in both wild-
type (D) and ephrin-A5~'~ (E) mice. In wild-type retina, few labeled cells are present outside of the dense cluster. However, in the ephrin-A5~/~
retina, a substantial number of labeled cells are present across much of the retina.

(F and G) Injections into mid-caudal SC retrogradely labeled a dense cluster of ganglion cells in mid-nasal retina (arrows) in both wild-type
(F) and ephrin-A5~'~ (G) mice. Only a few scattered cells are seen in temporal retina. |, inferior; S, superior; N, nasal; T, temporal. Scale bars:

(A-C) 200 pm, (E) 500 pwm. Scale bar in (E) is the same for (D) through (G).

from overshooting into the IC. To address this hypothe-
sis, we examined the targeting of temporal retinal axons
in P1-P2 mice using anterograde and retrograde axon
labeling. In wild-type mice (n = 9), temporal retinal axons
extend across the entire rostral-caudal axis of the con-
tralateral SC, and only a small number continues cau-
dally into the IC (Figure 4A). In every ephrin-A5~/~ case
(n = 13), a substantially greater number of labeled axons
overshoot into the IC (Figure 4B). In both wild-type and
ephrin-A5~/~ mice, the overshooting axons are fascicu-
lated, remain at the surface, do not arborize, and con-
tinue into caudal-most IC (Figures 4C and 4D). However,
the fascicles of overshooting axons are substantially
thicker in the ephrin-A5~’~ mice than in wild-type lit-
termates. Examination of counterstained sections does
not reveal architectural differences between wild-type

and ephrin-A5~'~ mice at the border of the SC and IC
(data not shown). Dil injections into caudal IC retro-
gradely label significantly fewer ganglion cells in the
contralateral retina of wild-type mice (Figure 4E; n = 9;
176 = 56 [SEM] per retina) compared to the ephrin-
A5~'~ mice (Figure 4F; n = 13; 632 + 112 [SEM]; p <
0.005), confirming the anterograde findings. In wild-type
mice, the distribution of labeled ganglion cells is biased,
with a significantly greater number in nasal retina (138 =
45 [SEM]) compared to temporal retina (38 = 11 [SEM];
p < 0.05). In contrast, in the ephrin-A5~~ mice, the
labeled ganglion cells are uniformly distributed across
the retina, with no significant difference in the number
labeled in nasal retina compared to temporal retina
(336 = 58 [SEM] versus 296 + 56 [SEM]; p = 0.62). These
findings demonstrate that in the absence of ephrin-A5,
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retinal axons are not restricted to their proper midbrain
target, the SC, and overshoot it aberrantly into the IC.

The aberrant retinal projection to the IC is not main-
tained. Anterograde Dil labeling from temporal retina in
P11-P15 mice does not reveal any axons extending into
the IC in wild-type or ephrin-A5~/~ mice (Figures 3A-3C).
In addition, in P13 mice, Dil injections into the IC label
few ganglion cells in either wild-type (n = 3; 9 * 2 [SEM])
or ephrin-A5~'~ retinas (n = 7; 24 + 5[SEM]). Thus, even
in the absence of ephrin-A5, the IC lacks the ability to
support retinal input.

The aberrant overshooting of retinal axons into the IC
of ephrin-A5~/~ mice, together with the high level of
ephrin-A5 expression in the IC in wild-type mice, sug-
gests that ephrin-A5 may act in part to restrict retinal
axons to the SC through growth cone repulsion or inhibi-
tion. To address this issue, we used an in vitro mem-
brane substrate assay (Walter et al., 1987) previously
used to demonstrate retinal axon responses to mem-
brane-associated molecules in the SC (Godement and
Bonhoeffer, 1989; Simon and O’Leary, 1992b; Roskies
and O’Leary, 1994). Retinal explants from E14-E16 wild-
type mice were grown on homogenous carpets of mem-
branes prepared from the SC or IC of PO-P2 wild-type
and ephrin-A5~'~ mice; neurite outgrowth was scored
on a 0-4 scale (see Experimental Procedures). There

Figure 4. Aberrant Growth of Retinal Axons
into the Inferior Colliculus (IC) in ephrin-A5 /"~
Mice

(A and B) Dorsal views of whole mounts of
the superior colliculus (SC) and IC from P2
wild-type (A) and ephrin-A5~'- (B) mice show-
ing Dil-labeled axons from temporal retina.
Arrowheads mark the rostral border of the SC
with the optic tract. Dashed lines outline the
IC. In contrast to the small number of labeled
retinal axons that extend into the IC in wild-
type mice (arrow in [A]), a substantial number
extend aberrantly into the IC in ephrin-A5~/~
mice (arrow in [B]). The bright labeling (arrow-
head at the top of [B]) is not a termination
zone but is an optical effect of retinal axons
following the curved surface of the IC.

(C and D) Sagittal sections (100 pwm) through
the caudal SC and the IC of P2 wild-type (C)
and ephrin-A5~'~ (D) mice shows that labeled
retinal axons that extend into the IC are fas-
ciculated and remain at the surface. The pan-
els are overlays of the Dil-labeled axons and
counterstaining with bisbenzimide. The ar-
rowhead approximates the border between
the SC and the IC.

(E and F) Retinal wholemounts from P2 wild-
type (E) and ephrin-A5~/~ (F) mice show the
distribution of ganglion cells retrogradely la-
beled with Dil injected into caudal IC at P1.
I, inferior; S, superior; N, nasal; T, temporal.
The number of retrogradely labeled cells is
dramatically increased in number and distri-
bution in the ephrin-A5~/~ mice compared to
wild-type. Scale bars: (A, B, C, and D) 200
pm, (E and F) 500 pm.

is no significant difference in retinal neurite outgrowth
between SC membranes from wild-type (Figure 5A; n =
14; 1.8 = 0.3 [SEM]) compared to ephrin-A5~/~ (Figure
5B; n = 7; 2.2 = 0.5 [SEM]; p > 0.4) mice, presumably
due to the presence of ephrin-A2 in the SC. In contrast,
retinal neurite outgrowth is significantly less on IC mem-
branes from wild-type (Figure 5C; n = 12; 1.0 = 0.4
[SEM]) compared to ephrin-A5~'~ (Figure 5D; n = 8;
2.4 = 0.4 [SEM]; p < 0.02) mice. These findings suggest
that ephrin-A5 in the IC inhibits retinal axon growth.

Discussion

Our analyses of morphologically normal ephrin-A5~/~
mice have revealed substantial aberrancies in the topo-
graphic organization of the retinocollicular projection
and, at earlier stages, defects in retinal axon guidance
within the midbrain. Two sets of findings render it un-
likely that these effects on retinal axon targeting are
due to a defect in anterior—posterior (i.e., rostral-caudal)
patterning of the midbrain other than the lack of ephrin-
A5. First, the dorsal midbrain is anatomically intact, in-
cluding midline structures such as axonal commissures,
the positioning and size of which would seemingly be
influenced by both anterior—-posteriorand dorsal-ventral
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Figure 5. Ephrin-A5 Inhibits Retinal Axon Growth In Vitro

Retinal explants from E14-E16 wild-type mice grown on homoge-
neous carpets of membranes from the caudal half of the superior
colliculus (SC) from P0-P2 wild-type (A) or ephrin-A5-/~ (B) mice or
from the inferior colliculus (IC) of PO-P2 wild-type (C) or ephrin-
A5~ (D) mice. Retinal neurites were labeled with the vital dye
carboxyfluoroscein. There was no significant difference in retinal
neurite outgrowth between membranes from wild-type (A) or ephrin-
A5~ (B) SC. In contrast, retinal axon outgrowth was significantly
poorer on membranes from wild-type IC (C) compared to mem-
branes from ephrin-A5~~ IC (D). The explants shown have neurite
outgrowth that approximates the mean score for each type of mem-
brane substrate (see Experimental Procedures). Scale bar, 200 pm.

patterning cues. Further, the anterior-posterior pat-
terning of the midbrain appears normal in ephrin-A5~/~
mice, as defined by the expression patterns of ephrin-
A2 and the engrailed genes En-1 and En-2, which confer
anterior—posterior polarity to the midbrain (Itasaki and
Nakamura, 1992, 1996; Friedman and O’Leary, 1996b)
and regulate the expression of ephrin-A5 and ephrin-
A2 (Logan et al., 1996; Shigetani et al., 1997). These
findings indicate that the defects in retinal axon pat-
terning in the midbrain of ephrin-A5~~ mice are the
direct consequence of the lack of ephrin-A5 and its
normal influence on retinal axon targeting.

Ephrin-A2 and ephrin-A5 have been hypothesized to
guide retinal axons to their correct topographic loca-
tions in the optic tectum through growth cone repulsion
or inhibition, based on their smooth, increasing rostral
to caudal graded distributions in the chick optic tectum
and their ability to differentially repel temporal and nasal
retinal axons in vitro (Nakamoto et al., 1996; Monschau
et al., 1997). Such a gradient model would predict sev-
eral possible organizations for the retinal projection in
the absence of ephrin-A5, including (1) a topographically
appropriate map if ephrin-A2 fully compensated for the
loss of ephrin-A5, (2) a topographic map that would
shift caudally in an orderly manner if ephrin-A2 partially
compensated for the loss of ephrin-A5, and (3) a projec-
tion that would have no topographic order along the
rostral-caudal axis if ephrin-A2 did not compensate at
all for the loss of ephrin-A5. Our findings do not fit with
these predictions. The first prediction is readily dis-
counted, since the topographic organization of the reti-
nocollicular projection is clearly aberrant in the ephrin-
A5/~ mice. The second prediction is inconsistent with

ourfinding that ganglion cells at the same retinal location
aberrantly project to multiple sites along the rostral-
caudal axis of the SC, rather than to a single location
thatis shifted caudally in the SC. Finally, the third predic-
tion is inconsistent with our finding of topographically
appropriate arborizations of temporal retinal axons in
rostral SC of ephrin-A5~/~ mice.

Although our findings are inconsistent with this gradi-
ent model, the distribution of the aberrant projections
that we observe in the ephrin-A5~/~ mice do appear to
relate to the expression pattern of ephrin-A5 relative to
ephrin-A2. During normal development of the rodent
retinocollicular projection, retinal axons grow well past
their topographically correct locations along the rostral—
caudal SC axis. Topographic order is established through
a bias in the branching of retinal axons at their topo-
graphically correct locations along the rostral-caudal
axis, followed by a remodeling phase during which ap-
propriately positioned branches form stable arbors and
inappropriate segments of retinal axons are eliminated
(Simon and O’Leary, 1992a, 1992b; Yates and O’Leary,
unpublished data). During normal development, a prom-
inent function of ephrin-A5 and ephrin-A2 may be to
prevent retinal axon branching and arborization at topo-
graphically inappropriate locations. This proposal is
supported by the in vitro demonstration that temporal
retinal axons show a strong preference to branch on
membrane preparations from topographically appro-
priate rostral SC, which contains low levels of ephrin-
A2 and ephrin-A5, and are inhibited from branching on
membranes from topographically inappropriate caudal
SC, which contain high levels of ephrin-A2 and ephrin-
A5. Removal of GPl-anchored molecules such as ephrin-
A2 and ephrin-A5 from the caudal membranes elimi-
nates the branching specificity of temporal axons for
rostral membranes (Roskies and O’Leary, 1994).

Inephrin-A5~/~ mice, temporal axons aberrantly arbo-
rize in caudal-most SC as well as at topographically
correct and incorrect locations in rostral SC. Aberrant
arborizations are infrequently found in mid-SC, where
ephrin-A2 is most highly expressed. Thus, in ephrin-
A5/~ mice, the aberrant arbors are most frequently
found in parts of the SC where ephrin-A5 would normally
be expressed and ephrin-A2 is expressed at low levels
(Figure 6). We suggest that in ephrin-A5~'~ mice, retinal
axons branch and arborize at reproducible but topo-
graphically inappropriate locations in the SC because
of the lack of the repellent activity of ephrin-A5, and
because the low level of ephrin-A2 repellent activity at
these locations is insufficient to compensate for the lack
of ephrin-A5. These in vivo findings in ephrin-A5~'~ mice
are consistent with in vitro findings that GPI-linked repel-
lent molecules regulate topographic specificity in retinal
axon branching and arborization by inhibiting their
formation and stabilization at inappropriate locations
(Roskies and O’Leary, 1994). The distribution of the ab-
errant arbors at multiple, widely separated sites along
the rostral-caudal SC axis in the ephrin-A5~/~ mice sug-
gests that ephrin-A2 by itself does not form a smooth
rostral to caudal gradient of repellent activity across the
entire SC. However, in the normal SC, ephrin-A2 and
ephrin-A5 together may form a smooth gradient of repel-
lent activity across the SC. These inferences drawn from
the topographic mapping of retinal axons in wild-type
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Figure 6. Relationship of Topographically Ab-
errant Retinal Projections in ephrin-A5~/~
Mice to Expression Domains of ephrin-A5
and ephrin-A2

In wild-type mice, focal injections of Dil into
temporal retina label a dense termination
zone in topographically appropriate rostral
superior colliculus (SC). The distinct expres-
sion patterns of ephrin-A5 and ephrin-A2 may
together form a smooth repellent gradient
across the colliculus and work in concert to
help establish the normal topographic map.
In ephrin-A5~"~ mice, injections of Dil into
temporal retina label termination zones at
both topographically appropriate and inap-
propriate locations in the SC. The pattern of
ectopic arbors relates to the expression pat-
tern of ephrin-A2. Ectopic arbors occur most
frequently in caudal-most and rostral SC,

where there is low ephrin-A2 expression, but are found rarely in mid-SC, where there is high ephrin-A2 expression. This reproducible distribution
suggests that in the absence of ephrin-A5, abberancies are present where the levels of repellent activity due to ephrin-A2 are too low to
prevent the stabilization of ectopic temporal arbors. C, caudal; |, inferior; L, lateral; M, medial; N, nasal; R, rostral; S, superior; T, temporal.

compared to ephrin-A5~'~ mice are consistent with the
differences in the distributions of ephrin-A5 and ephrin-
A2 transcripts in the SC (present study; Donoghue et
al., 1996; Zhang et al., 1996) and the high caudal to low
rostral graded binding of receptor-affinity probes, which
reveals the overall distribution of ephrin-A ligands in the
SC (Zhang et al., 1996). We propose that this gradient
of repellent activity mediated by ephrin-A ligands helps
control topographic specificity in retinal axon branching
and arborization rather than topographic specificity in
initial growth cone targeting.

In ephrin-A5~~ mice, we also observe a substantial
increase in the number of retinal axons that initially over-
shoot the SC and extend aberrantly into the IC. This
suggests that ephrin-A5 helps restrict retinal axons to
the SC, their principal midbrain target, and prevents
them from continuing their caudal extension into the
IC, a nonretinal target. In zebrafish, L4, the homolog of
ephrin-A5, is not expressed in the optic tectum but is
highly expressed in a band of tissue immediately caudal
to it and has been suggested to form a repellent barrier
that restricts retinal axons to the tectum (Brennan et al.,
1997). Although the expression of ephrin-A5 does not
form adistinct boundary between the SC and IC in mice,
since it is expressed in a graded manner that extends
through the IC and continues across the SC, retinal
axons do appear to respond to it as if it is a repellent
barrier. In vitro data indicates that, as a population, tem-
poral retinal axons elongating on smooth gradients of
membranes from caudal tectum, which contain ephrin-
A5, are stopped as a function of the steepness of the
gradient (Baier and Bonhoeffer, 1992). In addition, our
in vitro findings show that neurite outgrowth from wild-
type retinais increased on membrane carpets prepared
from the IC of ephrin-A5~'~ mice compared to wild-type
mice, which suggests that the level of ephrin-A5 present
in the IC inhibits the growth of retinal axons. Together,
these findings suggest that in wild-type mice, retinal
axons stop in caudal SC because they have reached a
point along the ephrin-A5 gradient that halts their
growth. This interpretation is further supported by our
finding that in wild-type mice, the small number of retinal
axons that overshoot into the IC mainly originate from

regions of retina that express low levels of EphA recep-
tors, whereas in ephrin-A5~'~ mice, the substantial in-
crease in the number of overshooting axons appears
to be independent of the level of expression of EphA
receptors. These results taken together indicate that
ephrin-A5 helps to restrict retinal axons to the SC and
also controls the topographic mapping of retinal axons
within the SC.

Experimental Procedures

Generation of ephrin-A5~/~ Mice

The 5’ arm of the targeting plasmid was generated by subcloning
a 4.5 kb EcoRI-BamHI genomic 129/Sv DNA fragment located up-
stream of a single ephrin-A5 exon present in our genomic clones
(amino acid residues 42-140) (Winslow et al., 1995) into the EcoRlI
and BamHI sites of the pPNT vector (Tybulewicz et al., 1991). The
resulting intermediate plasmid was then used to insert the 3" arm,
a 3.5 kb EcoRI-HindlIll DNA fragment containing the last 30 nucleo-
tides of the ephrin-A5 exon and ~3.5 kb of 3’ intronic sequences
(the Hindlll site was derived from the phage polylinker) (Figure 1A).
The resulting targeting plasmid, pJF7, lacks the 5’ acceptor splicing
site of the ephrin-A5 exon as well as the sequences encoding amino
acid residues 42-129, which were replaced by the PGK-neo cassette
of pPNT (Figure 1A). ES cells (R1 clone) were electroporated with
pJF7 DNA as previously described (Joyner, 1993). The resulting
G418R/GanR cloneswere submitted to Southern blot analysis, using
as probes a 0.4 kb Hindlll-EcoRI fragment (probe a) and a 1 kb
Kpnl-Hindlll fragment (probe b) derived from genomic 129/Sv DNA
sequences (Figures 1A and 1B). Chimeras derived from two indepen-
dent clones (P7-313 and P7-3249) transmitted the targeted allele
when bred to wild-type C57BI/6 mice. ephrin-A5~'~ mice generated
from the two different ES clones displayed the same phenotype.
Genotyping was performed by PCR using primers 1 (TCCAGCTGTG
CAGTTCTCCAAAACA) and 2 (ATTCCAGAGGGGTGACTACCACATT)
for amplification of wild-type sequences (397 bp) and primers 1
and 3 (AGCCCAGAAAGCGAAGGAGCAAAGC) for amplification of
sequences derived from the targeted allele (513 bp) (Figure 1C).

In Situ Hybridization

In situ hybridization for ephrin-A5 and ephrin-A2 was done with
digoxygenin-labeled antisense riboprobes on 20 wm thick cryostat
sections from fresh-frozen brain tissue as described by Friedman
and O’Leary (1996b). The ephrin-A5 probe corresponded to nucleo-
tides 464-713 (Winslow et al., 1995), and the ephrin-A2 probe (a gift
from Linda Erkman) corresponded to nucleotides 546-1095 (Cheng
and Flanagan, 1994). In situ detection of En-1 and En-2 was done
on 20 pm fresh-frozen sections according to Goulding et al. (1994),
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using *S-labeled antisense riboprobes corresponding to the se-
quences described by Davis and Joyner (1988).

Anterograde and Retrograde Axonal Labeling

Anterograde and retrograde labeling was done as previously de-
scribed (Simon and O’Leary, 1992a; Simon et al., 1994). Antero-
gradely labeled axons in the midbrain contralateral to the injected
eye were examined in whole mounts with rhodamine optics on a
standard fluorescence microscope or with a BioRad 1000 confocal
microscope. Montages were constructed using NIH image and
Adobe Photoshop software. The whole mounts were later sectioned
sagittally at 100-200 pm on a vibratome, counterstained with bis-
benzimide, mounted serially on glass slides, and reexamined as
above. For retrograde labeling, Dil was focally injected into the SC
or IC. The injected SC or IC and the contralateral retina were pre-
pared as whole mounts and examined as above. Counts of labeled
ganglion cells were done blind to genotype on high magnification
montages constructed with images collected on the confocal micro-
scope. Statistical significance of the data was determined using
Student’s unpaired t test.

In Vitro Membrane Carpet Assay

The membrane carpet assay was used as modified by Roskies and
O’Leary (Walter et al., 1987; Godement and Bonhoeffer, 1989;
Roskies and O’Leary, 1994). Membranes were prepared from the
IC or the caudal half of the SC from PO-P2 wild-type (ICR, Harlan
Sprague-Dawley) and ephrin-A5~'~ mice. Retinas were dissected
from E14-E16 wild-type mice (ICR) and placed ganglion cell-side
down on homogeneous membrane carpets and cultured for 48 hr.
Neurite outgrowth was labeled with carboxyfluorescein diacetate
and succinimidyl ester (a fluorescent vital dye; Molecular Probes)
and photographed under FITC illumination on an upright fluores-
cence microscope. Observers, blind to the source of membranes,
scored outgrowth for each explant on a graded 0-4 scale, in which
0 was no or very sparse outgrowth from a living explant and 4
was very robust growth. Statistical significance of the data was
determined using Student’s unpaired t test.
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