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Topographic representation of visual fields from the retina to the brain is a central feature of vision. The development of retinotopic maps
has been studied extensively in model organisms and is thought to be controlled in part by molecular labels, including ephrin/Eph axon
guidance molecules, displayed in complementary gradients across the retina and its targeting areas. The visual system in these organisms
is primarily monocular, with each retina mapping topographically to its contralateral target. In contrast, mechanisms of retinal mapping
in binocular species such as primates, characterized by the congruent, aligned mapping of both retinas onto the same brain target, remain
completely unknown. Here, we show that the distribution of ephrin/Eph genes in the human developing visual system is fundamentally
different from what is known in model organisms. In the human embryonic retina, EphA receptors are displayed along two gradients,
sloping down from the center of the retina to its periphery. The EphB1 receptor, which controls the ipsilateral routing of retinal axons in
the mouse, is expressed throughout the human temporal retina in coordination with the changes in EphA gene expression. In the dorsal
lateral geniculate nucleus, ephrin-A/EphAs are displayed along complementary retinotopic gradients. Our data point to an evolutionary
model in which the coordinated divergence of the distribution of the receptors controlling retinal guidance and retinal mapping enabled
the emergence of a fully binocular system. They also indicate that ephrin/Eph signaling plays a potentially major role in the development
of neuronal connectivity in humans.
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Introduction
Sperry (1963) was the first to propose that the generation of
topographic maps was controlled by molecular labels displayed
in complementary gradients across projecting and targeting ar-
eas. Since then, numerous studies centered on the mapping of
retinal projections onto the tectum have validated this hypothe-
sis. In particular, ephrin/Eph axon guidance factors were shown
to act as genuine mapping labels to control the topography of
retinal projections to the chick tectum or superior colliculus (SC)
in the mouse (for review, see Flanagan and Vanderhaeghen, 1998;
McLaughlin et al., 2003; Drescher, 2004). In this system, EphA
receptors are displayed in a high temporal to low nasal gradient in
the retina, whereas ephrin-As are displayed in a complementary,
low anterior to high posterior, gradient in the tectum and SC. In
addition ephrin-As in the retina and EphAs in the developing

tectum or SC are expressed in complementary gradients. Neu-
rons from the temporal retina project to the anterior tectum or
SC, whereas axons from the nasal retina project to the posterior
tectum, mainly through repulsive guidance effects of ephrin-As
on EphA-expressing axons, as well as axon–axon competition
(Frisen et al., 1998; Brown et al., 2000; Feldheim et al., 2000,
2004). Work in the mouse has shown that similar mechanisms
operate to map retinal axons onto the dorsal lateral geniculate
nucleus (dLGN) in the thalamus, the main retinal target in most
mammals (Feldheim et al., 1998) (see Fig. 1A).

In most model organisms, all axons from each retina project
to the contralateral part of the brain, except in Xenopus frog and
mouse, in which a small subset of ventral retinal axons project to
the ipsilateral brain (Jeffery, 2001; Williams et al., 2004). This
ipsilateral routing is mediated in part by EphB receptors, which
are selectively expressed on axons from this subquadrant and
render them sensitive to repulsive effects of ephrin-B2 expressed
in the optic chiasm (Nakagawa et al., 2000; Williams et al., 2003;
Klein, 2004) (see Fig. 1A).

However, several mammals, in particular primates, display an
entirely binocular organization of their retinal projections, in
which all axons from each nasal hemi-retina project to the con-
tralateral dLGN, whereas all axons from each temporal hemi-
retina project ipsilaterally (Guillery, 1996; Jeffery, 2001). Axons
from each hemi-retina segregate from each other within defined
domains corresponding to dLGN eye-specific layers, and each
hemi-retina is connected topographically to its corresponding
layers, thereby generating congruent retinotopic maps that are
aligned in alternating layers (see Fig. 1B).
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This anatomical divergence has important functional conse-
quences, because it constitutes the primary basis for binocular
stereoscopic vision. It also raises several developmental and evo-
lutionary issues on the roles of mapping labels including ephrin/
Eph genes in the emergence of binocular maps. Indeed, if ephrin/
Eph genes were to be involved in retinotopic mapping in
binocular species, they should be part of a distinct system of labels
to account for the congruent mapping of temporal and nasal
parts of each retina onto the dLGN (see Fig. 1). Alternatively, if
they retained the same nasal–temporal distribution in binocular
species, they could control other aspects of retinal projections,
such as the segregation of ipsilateral (temporal) and contralateral
(nasal) retinal fibers within distinct layers of the dLGN, which is
likely to depend on (yet uncharacterized) mapping labels as well
as on patterned neural activity (Katz and Shatz, 1996; Crowley
and Katz, 2000; Crair et al., 2001; Katz and Crowley, 2002; Cline,
2003; Huberman et al., 2003).

In addition to binocularity, the patterning of retinal projec-
tions displays other important divergent features in primates. In
particular, the development of primate retinal topography and
eye segregation, unlike in the cat or ferret for instance, seems to be
characterized by an early emergence of fiber ordering, with little
exuberance and pruning (Chalupa et al., 1996; Meissirel et al.,
1997; Snider et al., 1999; Wefers et al., 2000), raising further the
question of the evolutionary conservation of the mechanisms of
development of retinal projections.

To try to address these issues, we looked at the expression
patterns of ephrin/Eph genes in the human developing retino-
geniculate system and found that their distribution is fundamen-
tally divergent from what was previously described in model
organisms.

Materials and Methods
Cases studied. Expression patterns of ephrin/Eph genes in the eye were
studied in nine human fetuses obtained after voluntary pregnancy termi-
nation and evenly distributed between 40 and 56 postovulatory days and
in six human fetuses of 10, 10.5, 11, 19, 21, and 24 weeks gestational age
(GW). The expression profile in the LGN was studied in four fetuses of
11, 14, 17, and 19 GW. Fetuses with conditions leading to potential eye or
brain anomalies were excluded from the study. The study was approved
by the three relevant local Ethics Committees (Erasme Hospital, Univer-
sity of Brussels, and Belgian National Fund for Scientific Research) on
research involving human subjects. Written informed consent was given
by the parents in each case.

In situ RNA hybridization. Human probes for ephrin-A5 (correspond-
ing to nucleotides 332–1166; GenBank accession number NM001962),
EphA5 (nucleotides 850 –1692; accession number NM004439), EphA6
(nucleotides 945–1560; accession number XM114973), EphA7 (nucleo-
tides 1488 –2083; accession number NM004440), ephrin-B2 (nucleotides
460 –1208; accession number NM004093), and EphB1 (nucleotides
1327–2106; accession number NM004441) were obtained by subcloning
reverse transcription-PCR products amplified from human fetal brain
cDNA (primer sequences available on request). Heads or dissected brains
and eyes were frozen freshly in cooled (�70°C) isopentane. Cryosections
of 20 �m were obtained using a customized Leica (Nussloch, Germany)
CM3000 cryostat. In situ hybridization using digoxigenin-labeled RNA
probes was performed as described previously (Vanderhaeghen et al.,
2000). Four to 20 sections from each case were hybridized to each probe
described.

For semiquantitative analysis of ephrin/Eph gene expression patterns
in the retina, we used the following procedure: for each eye section, a
digitized image was taken (with the same exposition parameters), and for
each of these, the retina was divided into 19 equal quadrants. The mean
pixel intensity was then measured (using Photoshop) in each quadrant at
the level of the retinal ganglion cell layer. This measurement was done on
four different eyes (two to five sections for each eye and for each probe)
at 10 GW (two eyes) and 10.5 GW (two eyes).

Results
We focused on ephrin/Eph genes known to
be involved in retinal axon guidance and
mapping in model organisms (ephrin-A5,
ephrin-B2, EphA5, EphA6, EphA7, and
EphB1), at relevant stages in the human
developing primary visual system, corre-
sponding to the invasion of the dLGN by
retinal fibers (7 GW) until segregation of
ipsilateral and contralateral retinal fibers
(20 GW) (Hevner, 2000).

When looking at the pattern of expres-
sion of ephrin/Eph genes in the human de-
veloping retina, we found that their distri-
bution was fundamentally different from
what has been described in all model or-
ganisms, at all stages examined (see Fig. 2).
Both EphA5 and EphA6 were found to be
expressed in a bidirectional gradient, with
its peak located temporally close to the
central retina (corresponding to the pre-
sumptive fovea), sloping down toward the
nasal and temporal poles of the peripheral
retina (see Fig. 2A–E). Ephrin-A5 was ex-
pressed in a complementary manner, also
along two gradients, high peripheral to
low central (see Fig. 2B–E). A similar cen-
tral to peripheral pattern of expression
was observed throughout all stages exam-
ined, from 8 –9 GW to 19 –21 GW (see Fig.

Figure 1. Schematic model comparing visual mapping in the mouse and human. A, In the mouse, axons from each retina
project to the contralateral part of the brain, except a small contingent of axons from the ventrotemporal retina that project
ipsilaterally. EphA receptors (gray) are expressed in a high temporal to low nasal gradient in the retina, whereas EphB1 is restricted
to a small ventrotemporal crescent (black). Most axons cross the midline [with the exception of the small contingent of EphB1-
expressing axons that are repelled by ephrin-B2 in the optic chiasm (black triangle)] and map onto the dLGN where ephrin-As are
displayed in a single complementary gradient. B, In the human, retinal projections display a fully binocular organization, such that
all axons from each nasal hemi-retina (light gray) project to the contralateral dLGN, whereas all axons from each temporal
hemi-retina (black) project ipsilaterally. Axons from each hemi-retina segregate from each other within defined domains corre-
sponding to dLGN eye-specific layers (1– 6), and each hemi-retina is connected topographically to its corresponding layers,
thereby generating congruent retinotopic maps that are aligned in alternating layers.
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2B–E and data not shown). No expression
in the retina could be detected for EphA7
(data not shown).

Interestingly, the temporal and nasal
arms of the gradients appeared to be slightly
asymmetrical, with EphA receptors ex-
pressed at a higher level in the temporal ret-
ina and ephrin-A5 expressed at a higher level
in the nasal retina (see Fig. 2B–D).

EphB1 was found to be expressed dif-
ferently, at a high level throughout the
temporal retina, its level falling abruptly
on the nasal side of the retina (see Fig.
2C,D). Interestingly, the site of shift from
high to low EphB1 expression corre-
sponded to the location of the peak of ex-
pression of EphA receptors around the
center of the retina (see Fig. 2C,D). Be-
cause the pattern of expression of EphB1
matches the divergent pattern of projec-
tions found in primates, in which the en-
tire temporal retina projects ipsilaterally
(Fig. 1B), we also checked for the expres-
sion of ephrin-B2, which was found in the
developing optic chiasm (Fig. 2F), as de-
scribed previously in other vertebrates
(Fig. 1A) (Nakagawa et al., 2000; Williams
et al., 2003, 2004).

We next turned to the pattern of ex-
pression of the same genes in the dLGN. At
each stage examined, ephrin-A5 was ex-
pressed in a high lateroventral to low me-
diodorsal gradient, whereas EphA7 was
expressed in a mirror manner, higher dor-
sally and lower ventrally (Fig. 3). This dis-
tribution along a single gradient is similar
to the one described previously in the
mouse dLGN, which follows the lines of
retinotopy (from temporal to nasal) (Feld-
heim et al., 1998). The complementarity of
the ephrin-A5 and EphA7 patterns of ex-
pression is also strikingly reminiscent of
the patterns found in the mouse brain
(Yun et al., 2003; Depaepe et al., 2005).
Importantly the ephrin-A5/EphA7 gradi-
ents also follow the main axis of retinotopy
(from center to periphery) described in the
developing human and macaque (Rakic,
1977; Hitchcock and Hickey, 1980; Meis-
sirel et al., 1997; Snider et al., 1999;
Hevner, 2000). Similarly, when comparing
different anteroposterior levels of the
dLGN, ephrin-A5 was found to be ex-
pressed at the highest levels anteriorly,
whereas EphA7 was expressed at the high-
est levels posteriorly (data not shown).
Again, this topographic arrangement corresponds to the axes of
retinotopy (from center to periphery) described in the primate
dLGN (Connolly and Van Essen, 1984; Schneider et al., 2004).

Discussion
Here, we show that the distribution of ephrin-A/EphA genes in
the human developing retina is fundamentally different from

what has been described in all model organisms examined so far
(Fig. 4A), because they are displayed along two gradients, which
follow a center to periphery retinotopic arrangement. In contrast,
the distribution of ephrin/Eph genes in the dLGN looks quite
similar to the one described in the mouse (Feldheim et al., 1998)
and follows the lines of projection of retinotopy, from center to
periphery, described in developing and adult primates (Rakic,

Figure 2. Pattern of expression of ephrin/Eph genes in the human developing retina. A, Cresyl violet-stained horizontal section
of a 10 GW human fetal retina illustrating the basic topology of the eye, with the optic nerve (ON), the center of the retina, the nasal
peripheral retina, and the temporal peripheral retina. B, C, In situ hybridization on 9 GW (B) and 10 GW (C) human eye horizontal
sections (anterior is to the right, and medial is at the top). EphA5 and EphA6 are expressed along two gradients, high central to low
peripheral. Ephrin-A5 is expressed in a complementary manner along two gradients, high peripheral to low central. EphB1 is
expressed at the highest levels in a temporal crescent decreasing at around the same location as the central peak of expression of
EphA5– 6. D, Densitometric scans illustrating the expression pattern of the four genes in the retina. Each panel shows densitom-
etry of horizontal sections of four human eyes (for each probe, each colored curve represents the means of densitometric mea-
surements performed on 2–5 sections for each eye). The x-axis represents 19 quadrants of the retina from its nasal peripheral edge
to its temporal (Temp.) peripheral edge, and the y-axis represents relative RNA levels in arbitrary units. E, In situ hybridization on
a human eye horizontal section at 19 GW, illustrating the maintenance of the center to periphery gradients of ephrin-A5 and
EphA5/EphA6 at this later stage. F, In situ hybridization on an 11 GW human brain coronal section, illustrating selective expression
of ephrin-B2 at the level of the optic chiasm (arrow). Scale bars: A, C, F, 500 �m; B, E, 200 �m. C, Center of the retina; NP, nasal
peripheral retina; TP, temporal peripheral retina; A, anterior; M, medial.
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1977; Hitchcock and Hickey, 1980; Con-
nolly and Van Essen, 1984; Meissirel et al.,
1997; Snider et al., 1999; Hevner, 2000;
Schneider et al., 2004).

This distribution of ephrin/Eph genes
in the retina and dLGN, characterized by
complementary, center to periphery, gra-
dients is ideally suited to control the con-
gruent mapping of axons from each hemi-
retina onto the dLGN (Fig. 1B), thus
strongly suggesting their implication in
binocular retinotopic mapping, as sche-
matized in Figure 4B. Remarkably, a sim-
ilar center to periphery arrangement of
mapping labels in primates was already
hypothesized by Sperry (1963) to account
for the generation of congruent binocular
maps.

On the other hand, our data seem to
argue against a role for ephrin-As in the
segregation of retinal axons within eye-
specific layers, because ephrin-A/EphA
gradients in the dLGN essentially follow
the lines of projection of retinotopy, and
are thus parallel to the orientation of pre-
sumptive eye-specific layers (Rakic, 1977;
Hitchcock and Hickey, 1980; Hevner,
2000). However, the asymmetrical pattern
of expression of ephrin-A and EphA genes
observed within the nasal and temporal
peripheral retinas (Fig. 2B,C) could pro-
vide a substrate for axon–axon segregation
within the optic tract (Meissirel and Cha-
lupa, 1994) or in the dLGN, thereby con-
tributing to the formation or maintenance
of eye-specific layers. Indeed, axon–axon
interactions were proposed previously to
participate in retinotopic mapping in
monocular species, in which ephrin-As
and EphAs are also expressed in counter-
gradients within the retina (Hornberger et
al., 1999; Knoll and Drescher, 2002). It also
remains conceivable that ephrin/Eph genes
display a different pattern of expression
later in development that could account
for additional roles in the development or
plasticity of layering of retinal projections.
Notably, such a dual role for ephrin/Eph
genes in controlling sequential steps of
generation of connectivity was already
shown in the mouse thalamocortical sys-
tem (Dufour et al., 2003; Vanderhaeghen
and Polleux, 2004).

Another divergent feature of the hu-
man system is that EphB1 is expressed
throughout the temporal retina, in corre-
lation with the fact that the entire temporal
retina remains ipsilateral in the human
species (Fig. 4B). Together with our obser-
vation that ephrin-B2 is expressed at the
site of the developing optic chiasm, this
strongly suggests the crucial role of ephrin-
B/EphB genes in the differential control of

Figure 3. Patterns of expression of ephrin/Eph genes in the human developing dLGN. A–C, Coronal sections of 14 GW (A), 17
GW (B), and 19 GW (C) human fetal dorsal lateral geniculate nuclei (the location of the nucleus is delineated on low-magnification
views in the left panels and with black dashed lines on in situ hybridization panels) stained for cresyl violet (left) or hybridized to the
indicated probes (right). At each stage, ephrin-A5 is expressed in a high ventrolateral (black arrowhead) to low mediodorsal (gray
arrowhead) pattern, whereas EphA7 is expressed in a mirror manner, highest dorsomedially and lowest ventrolaterally. Dorsal (D)
is at the top, and lateral (L) is to the right. Scale bars: 500 �m; whole sections (extreme left), 5 mm.

Figure 4. Schematic model comparing visual mapping and ephrin/Eph gene distribution in the mouse and human. A, In the
mouse retina, EphA receptors (red) are expressed in a high temporal to low nasal gradient, whereas EphB1 is restricted to a small
ventrotemporal crescent (dark blue). Most axons cross the midline [with the exception of the small contingent of EphB1-
expressing axons that are repelled by ephrin-B2 in the optic chiasm (blue triangle)] and map onto the dLGN where ephrin-As are
displayed in a single complementary gradient. B, In the human retina, EphA receptors (red) are displayed in a bidirectional
gradient, from the presumptive foveal center (F) to the nasal and temporal periphery, whereas EphB1 is displayed at a high level
of expression throughout the temporal retina, which abruptly decreases from the foveal center to the nasal retina. Each temporal
and nasal hemi-retina reaches its contralateral and ipsilateral targets, in part through EphB1/ephrin-B2 interactions at the optic
chiasm. Within the dLGN, a single complementary gradient of ephrin-As controls the congruent mapping of retinal axons from
both eyes, which will become segregated into distinct layers (not yet visible at this stage of development) through as yet
unidentified mechanisms. C, Tentative evolutionary model explaining the coordination of changes in the patterning of the retina
after eye rotation in binocular species. A morphogenic center (dark point) located outside of the retina would signal to control the
expression of Eph genes in the temporal pole of the mouse retina. During the emergence of binocularity, the rotation of the eye
would change the spatial relationships between this “fixed” center and the retina, because it would now lie closer to the retinal
center, thereby changing accordingly the patterning of ephrin/Eph gene expression. Dorsal (D) is at the top, and medial (M) is to
the left. N, Nasal; A, anterior; T, temporal; P, posterior.
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ipsilateral routing of axons at the optic chiasm in the human, as
shown previously in model organisms (Williams et al., 2004). The
fact that EphB1 is expressed at a higher level throughout the
temporal half of the retina in the human raises the question of its
potential influence on the mechanisms controlling dorsoventral
mapping, which is thought to be controlled by ephrin-B/EphB in
the mouse and Xenopus (McLaughlin et al., 2003). This issue was
already brought up by studies in the mouse, in which EphB1 is
selectively expressed in axons from the ventrotemporal retina,
whereas ephrin-B1–2 and EphB2–3 are expressed along comple-
mentary dorsoventral gradients in the retina and tectum. Several
mechanisms have been proposed to explain this apparent dis-
crepancy, including differential posttranscriptional control or
modulation of EphB signaling by ephrin-B coexpression (Wil-
liams et al., 2003). In this context, it would be very interesting to
look in more detail at the distribution of ephrin-B/EphB genes in
the human, both at the RNA and protein levels, to test whether
dorsoventral mapping essentially follows the same rules as in less
binocular species, despite the divergence in expression of EphB1.

Strikingly, the peak of EphA expression in the center of the
retina matches the abrupt site of shift of expression of EphB1 (Fig.
2C,D). Such a coordinated change in the patterns of expression of
the genes controlling retinal axon crossing at the optic chiasm
and retinotopic mapping is likely to have provided the develop-
mental basis for the emergence of binocularity during evolution
(Fig. 4A,B). The coordinated evolution of the patterns of expres-
sion of ephrin/Eph genes observed in a binocular species raises the
question of the upstream mechanisms involved. A parsimonious
model would be that an organizing/morphogenetic center lo-
cated outside of the retina but close to its temporal pole would be
responsible for the control of EphA gradients and EphB1 expres-
sion in the temporal retina of monocular species (Fig. 4C). Dur-
ing the emergence of binocularity, the orientation of the devel-
oping eye would rotate (with its main axis, from the center of the
retina to the center of the lens, becoming more parallel to the
midline) with respect to this fixed extra-retinal center, so that it
would lie closer to the presumptive fovea of the retina and further
from the temporal pole (Fig. 4C). Thus, the rotation of the eye
(which per se constitutes the primary basis for binocular vision)
would be tightly coordinated with the changes of pattern of ex-
pression of EphB1 and EphA receptors necessary for the genera-
tion of a binocular system (Fig. 4C). In this context, it will be most
interesting to look in the human, and other species displaying
various degrees of binocularity, at the patterns of expression of
the transcription factors that were recently found to control ret-
inal projections and expression of ephrin/Eph genes in the mouse
and chick retina (Herrera et al., 2003; McLaughlin et al., 2003;
Pak et al., 2004; Williams et al., 2004).

Finally, this study constitutes the first demonstration that
ephrin/Eph axon guidance cues, previously known to be impor-
tant in the generation of neuronal connectivity in model organ-
isms, are also involved in the development of human brain net-
works. This may provide physiopathological insight on
neurological conditions characterized by impaired development
of sensory function: for instance, any developmental alteration of
the tight coordination between axon guidance at the chiasm and
retinal mapping, including disruption of ephrin/Eph pathways,
may result in impairment of visual processing (Williams et al.,
1994; Apkarian et al., 1995; Guillery, 1996).
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