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Abstract
The axonal connections between the retina and its midbrain target, the superior colliculus (SC), is
mapped topographically, such that the spatial relationships of cell bodies in the retina are
maintained when terminating in the SC. Topographic map development uses a Cartesian mapping
system such that each axis of the retina is mapped independently. Along the nasal-temporal
mapping axis, EphAs and ephrin-As, are graded molecular cues required for topographic mapping
while the dorsal-ventral axis is mapped in part via EphB and ephrin-Bs. Because both Ephs and
ephrins are cell surface molecules they can signal in the forward and reverse directions. Eph/
ephrin signaling leads to changes in cytoskeletal dynamics that lead to actin depolymerization and
endocytosis guiding an axons via attraction and repulsion.
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1. Introduction
Owing to its accessibility and amenability to experimental perturbation, the retina’s
projection to the superior colliculus (SC, or its lower vertebrate equivalent, the optic tectum,
OT) has served as a model for investigating guidance mechanisms that lead to ordered
connectivity. The retinocollicular projection, like many projections in the brain, is
topographically organized, such that neighbor-neighbor relationships of cell bodies in the
retina are maintained in their terminations in the SC. In this manner spatial relationships
within an image are preserved as it is relayed between visual processing centers. In the
retinocollicular projection, the dorsal-ventral (D-V) axis of the retina maps topographically
onto the medial-lateral (M-L) axis of the SC/OT, and the nasal-temporal (N-T) axis of the
retina maps topographically onto the anterior-posterior (A-P) axis (Figure 1) [1,2]. While
many molecular and activity-dependent cues have been implicated in mapping the
retinocollicular projection (see [3] for review), here, we focus on the roles and mechanisms
of action of the Eph and ephrin families of cell surface proteins in retinocollicular mapping.
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2. The Eph and ephrin families of cell surface signaling proteins
Ephs represent the largest family of receptor tyrosine kinases (RTKs) and have been shown
to play important roles in a wide variety of cellular activities, including cell proliferation,
survival, migration, and axon guidance [4]. There are 14 distinct Eph receptors in mammals
[5], characterized by an extracellular region with a unique cysteine rich motif extending over
the amino-terminal half, followed by two fibronectin repeats. The intracellular domain of
Ephs contains a juxtamembrane tyrosine-containing motif, a tyrosine kinase domain, and a
C-terminal SAM domain [6]. Based on sequence similarities, Eph receptors are subdivided
into A and B classes.

Ligands for these receptors, called ephrins, are also divided into A and B classes. There are
8 ephrins in mammals, which share a conserved extracellular sequence that includes 4
invariant cysteine residues. All ephrins are membrane anchored: ephrin-A’s are
glycosylphosphatidylinositiol (GPI) linked to the membrane, and ephrin B ligands have a
single transmembrane domain with C-terminal PDZ binding motifs. In vitro binding assays
suggest promiscuity in receptor-ligand interactions within each class. That is, each EphA
receptor can bind with high affinity to all ephrin-A’s, and each EphB can bind to each
ephrin-B, with very little cross talk between A and B families [7,8].

Among the major RTK/ligand families, Eph/ephrin signaling is distinctive in that both
ephrin “ligands” and Eph “receptors” are membrane bound, resulting in signals that are
localized to sites of cell-cell contact. Additionally, Eph/ephrin binding induces signaling in
both Eph- and ephrin-expressing cells [9]. Thus, Ephs and ephrins signal bidirectionally,
with signaling in the Eph-bearing cell termed “forward” and signaling in the ephrin-bearing
cell termed “reverse” signaling (Figure 3). Eph/ephrin signaling is dependent upon receptor/
ligand clustering, such that pre-clustering of ephrin ligands is required to induce Eph
phosphorylation in vitro, while unclustered ligands can act as functional antagonists to Eph
signaling [10].

3. Chemoaffinity: implication of molecular cues in retinocollicular mapping
Prior to the identification of Ephs and ephrins, a role for molecular cues in topographic map
formation was established using both in vivo manipulations and in vitro assays. In many
lower vertebrates such as frogs and fish, retinotectal axons were shown to regenerate after
optic nerve severing and maintain the same patterns of connections as they did during
development..If the eyes are rotated 180 degrees, axons regenerate and grow back to their
original destinations rather than reorienting to the rotated position, even though this led to
maladaptive behaviors in response to visual stimuli [11,12]. This work led to the idea that
each RGC contains specific “physio-chemical” properties that direct them to a particular
location in the tectum. These conclusions were expanded into the chemoaffinity hypothesis,
in which Sperry postulated that the presence of graded cues in both the retina and OT gave
each RGC axon a unique positional identity that could be used to establish topography [13].

Evidence that these cues were cell surface proteins was demonstrated by Bonhoeffer and
colleagues using an in vitro “stripe” assay that recapitulated some key aspects of retinal
tectal mapping along the nasotemporal retinal mapping axis. In this assay, temporal or nasal
retinal explants were presented with alternating lanes, or stripes, of membrane derived from
the anterior and posterior tectum [14]. They found that temporal axons avoided membranes
form the posterior OT, while nasal axons showed no preference for either substrate [15]. It
was later found that treatment of posterior membranes with either a protease or PI-
phospholipase C (PI-PLC) abolished the preference of temporal axons for anterior
membranes, while nasal axons still showed no preference [16]. This suggested that a GPI-
linked cell surface repellent molecule enriched in posterior OT was responsible for the
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choice of temporal axons in this assay. Taken together, these data set parameters for
potential molecular candidates hypothesized to mediate topographic mapping.

3.1 Identification of EphAs and ephrin-As in topographic mapping of the retinocollicular
projection

The first evidence of Eph/ephrin signaling being used in topographic mapping came from
experiments using two distinct approaches. In a molecular approach, Cheng and Flanagan
cloned the gene for ephrin-A2 (then called Eph Ligand Family-1 Elf-1) in their search for
ligands of orphan RTKs [17]. They used soluble, enzyme tagged, extracellular domains of
Mek4 and Sek (now, EphA3 and EphA4) as a probe to screen for cDNAs that allowed
binding of these receptors to tissue culture cells after transfection [17]. Subsequently, they
showed that the expression patterns of EphA3 and ephrin-A2 implicated them as being
candidates for the chemospecifity labels proposed by Sperry [18]. They found that ephrin-
A2 was expressed in a high posterior to low anterior gradient across the tectum while EphA3
was expressed in a high temporal to low nasal gradient in the ganglion cells of the retina.
These complementary patterns of graded expression fit well into the theoretical framework
established by Sperry in the chemoaffinity hypothesis [13,18].

In a separate biochemical approach, Drescher, Bonhoeffer and colleagues purified and
cloned a GPI-linked protein enriched in posterior tectum that had homology to Elf-1. This
protein, Repulsive Axon Guidance Signal (RAGS) (now called ephrin-A5) [19] was also
expressed in a high posterior to low anterior gradient in the OT, consistent with a role in
topographic mapping. Further, the membrane stripe assay confirmed that RAGS was capable
of repelling temporal RGC axons and inducing growth cone collapse in isolated RGCs [19].

3.2 Expression patterns of EphAs and ephrin-As in the developing retinocollicular
projection

Over the following years, it was found that of the vertebrates examined, all have multiple
EphA and ephrin-A family members expressed in complementary gradients along the nasal-
temporal axis of the retina and anterior-posterior axis in the SC/OT, though with slight
differences in the specific members expressed in each species (frog: [20], [21]; chick: [18],
[19], [22]; mouse: [23], [24], [25]; human: [26]). For example, in the chick, EphA3, -A5 and
-A6 are expressed in a high temporal to low nasal gradient in the retina, while EphA4 is
expressed uniformly across the T-N axis. In addition, gradients of ephrin-A2, -A5 and -A6
are found in a high nasal to low temporal counter-gradient. Correspondingly, in the OT,
ephrin-A2 and -A5 are expressed in a high posterior to low anterior gradient, while EphA3, -
A4, -A5, -A6 and -A7 are found in a high anterior to low posterior gradient. In the mouse, a
pattern of complementary counter-gradients exists, but with EphA5 and EphA6 expressed in
a high temporal to low nasal gradient in the retina, and ephrin-A3 expressed uniformly along
the A-P axis of the SC (Figure 1).

4. Mapping the anterior-posterior axis of the SC
Based on the graded expression patterns of EphAs in the retina, ephrin-As in the SC, and the
in vitro repellent activity of ephrin-As, a “mass action” model for topographic mapping was
developed in which axons would project to the SC based on their sensitivity to posteriorly
derived ephrin-As [18]. Thus, all axons end up with an equivalent amount of negative signal,
which counterbalances their tendency to grow toward posterior OT [27]. Temporal axons,
with high levels of receptor, terminate in anterior SC/tectum where ephrin-A levels are low,
and nasal axons, with low receptor levels, will terminate in posterior tectum where ephrin-A
levels are high.
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4.1 EphAs and ephrin-As are required for topographic mapping of the temporal-nasal axis
of the visual field

The mass action model was tested in both loss and gain of function experiments that
manipulated EphA or ephrin-A expression and asked how topographic mapping was
affected. Ectopic expression of ephrin-A2 in the chick tectum results in the avoidance of
these areas by temporal but not nasal axons [27], showing ephrin-A2 can act as a repellent
molecule in vivo. Loss of ephrin-A5 in the mouse results in topographic mapping errors of
temporal and nasal axons in the SC [23,28]; these errors are enhanced in ephrin-A2/A5
double knockout and ephrin-A2/A3/A5 triple knockout mice [28,29], suggesting some
redundancy in the roles of these molecules in topographic mapping. Importantly, these
anatomic effects lead to deficits in the functional topography in the SC, showing that ephrin-
As play a critical role in establishing the retinocollicular map [30](Figure 2).

Consistent with these experiments, manipulation of Eph receptor expression also causes
topographic mapping defects. Expression of a dominant negative version of EphA3 in
temporal axons of the chick retina or deletion of EphA5 in mice reduces RGC sensitivity to
ephrin-As in vitro and results in temporal axons terminating posterior to their
topographically appropriate location in vivo [31]. Alternatively, ectopic expression of
EphA6 in the mouse retina causes RGCs to become more sensitive to ephrin-As and map to
more anterior regions of the SC [32].

4.2 Relative not absolute levels of EphA receptors are used to sort RGC axons
topographically

An important insight into how EphA/ephrin-A gradients direct topographic mapping comes
from experiments by Lemke and colleagues that demonstrated that topography is established
through relative, as opposed to absolute levels of EphA signaling [33]. Taking advantage of
the fact that EphA3 is not expressed in the mouse retina, Brown et al. introduced EphA3 into
the 3’ untranslated region of the Islet-2 locus. Since Islet-2 is expressed in approximately
half of all RGCs distributed relatively evenly across the retina, two subpopulations of RGCs
existed: 1) Islet-2− cells, which express endogenous levels of EphA4, EphA5 and EphA6
based on their position along the T-N axis and 2) Islet2+ cells, which express endogenous
EphAs and exogenous EphA3 in high amounts. As a result, RGCs expressing EphA3 are
compressed into the anterior half of the SC, while the Islet-2− RGCs, which have wild type
levels of EphA, are restricted to the posterior half of the SC, which is reflected in the
functional responses [34](Figure 2). Thus, the mapping of RGCs is not determined by the
absolute level of EphAs, but by the relative difference in EphA signaling [33,35].

5. Models of nasal axon mapping
A number of models for topographic mapping have been derived that are consistent with the
observed topographic mapping phenotypes exhibited by RGCs in the in vivo gain and loss
of function experiments. Each model incorporates experimental evidence demonstrating that
a posterior > anterior gradient of ephrin-A repellent activity is differentially detected by
RGC axons. EphA receptors are expressed by RGCs in a low-nasal to high-temporal
gradient, which results in temporal axons being more easily repelled by ephrin-As than nasal
axons, thereby terminating in the anterior SC [24,27,36]. Where these models differ is in the
explanation of why nasal axons, which express low levels of EphA, terminate in the
posterior SC.

5.1 Reverse signaling through ephrin-As
In the ephrin-A reverse signaling model, nasal RGCs (that express high levels of ephrin-A)
are repelled by EphA receptors and project to the posterior SC because of the high anterior
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to low posterior gradient of EphA receptors in the SC. Several lines of evidence support this
hypothesis. First, Rashid et al. examined the retinocollicular projection in mice lacking
EphA7, which is expressed in a high anterior to low posterior gradient in the SC but not
expressed in the retina. In these mice, nasal RGCs have ectopic termination zones in the
anterior SC, consistent with the idea that SC-derived EphA normally repels nasal axons to
the posterior SC [37]. In addition, axons from nasal RGCs avoid EphA7 when presented on
surfaces in vitro [37]. Recent studies using in vivo retinal electroporation shed more light on
this subject. By co-expressing constitutively active EphA6 (EphA6EE) and GFP in central
retina, Carreras et al. found that the electroporated RGC axons terminated in the anterior SC.
When ephrin-A5 was co-expressed with EphA6EE the termination zones of central RGCs
were pushed back to the central and posterior SC, suggesting that ephrin-A5 mediates
signaling that counter-balances those of active EphA6 [32].

Because ephrin-A acts as a receptor, even though it has no intracellular domain, a co-
receptor is required to transduce the signal across the membrane. Two different neurotrophin
receptors, p75 and TrkB, have been proposed to play this role. p75 is expressed uniformly in
the retina, co-immunoprecipitates with ephrin-A5, and is required for EphA7-Fc-induced
tyrosine phosphorylation in stably transfected cells [38]. Furthermore, retinal axons derived
from p75 mutant mice are no longer repelled by EphA7 in vitro, suggesting that p75 is an
essential component of the reverse signaling repellent response [38]. To test the role of p75
in retinocollicular mapping, Lim et al. assayed retinocollicular topography in mice lacking
p75 in the retina. They found that nasal RGC termination zones shifted anteriorly, consistent
with a role for p75 acting as an ephrin-A5 coreceptor expressed on nasal axons that is
required to mediate EphA-induced repulsive signals.

A second proposed co-receptor for ephrin-A5 in RGCs is the high affinity neurotrophin
receptor TrkB. In co-expression studies, TrkB was shown to form a complex with ephrin-A5
via its CC2 domain [39]. Using in vitro branching assays, it was shown that an ephrin-A5/
TrkB complex promotes axon branching in a BDNF-dependent manner by activating the PI3
kinase pathway [39]. Upon EphA binding, PI3 kinase activity decreases and branching is
decreased. Thus, in this model, the role of ephrin-A5 reverse signaling is to regulate
branching via a BDNF/TrkB pathway [39]. Interestingly, the same group also examined the
effects of the p75 ligand, proBDNF, on axon branching and ephrin-A reverse signaling.
Treatment of cells co-expressing ephrin-A5 and p75 with proBDNF results in increased
interaction between these proteins, reduced sensitivity to EphA7 in the stripe assay and
inhibiting BDNF-induced branching [40]. Taken together, the authors propose a model in
which regulated cleavage of proBDNF to BDNF ensures that RGC branching is localized to
the topographically appropriate location.

5.2 Ephrin-As are bifunctional, acting as both repellents and attractants
Another model to explain nasal axons mapping to the posterior SC incorporates in vitro
experiments that showed that low to moderate levels of ephrin-A2 or ephrin-A5 can increase
outgrowth from nasal retinal explants [41]. The idea here is that ephrin-As expressed in the
SC are bifunctional, such that each RGC axon terminates where the ephrin-A attraction and
repellent activities balance out.

5.3 Competition can counterbalance the ephrin-A repellent gradient
A third model that explains nasal RGC mapping behavior hypothesizes that axon-axon
competition for a limited target-derived cue is used to counterbalance the ephrin-A repellent
signal. Since temporal axons express high levels of EphA they are restricted to the anterior
SC because of the repellent activity of SC-derived ephrin-As.. This forces nasal axons to
terminate more posteriorly in the SC where synaptic targets are unoccupied. In support of
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this, ablation studies performed in amphibian, fish, and rodents have shown that retinal
axons fill the available target space after partial ablation of the retina or tectum/SC while
maintaining topographic order. This result is taken to demonstrate that axons normally
compete for target space and sort based on their relative rather than absolute sensitivities to
guidance molecules. Regenerating axons in fish and frogs seem to create more ordered maps
after ablation than do those of rodents, suggesting that there may be differences in the
degree or range of competition used between cold and warm blooded species [42–45]. This
model is strengthened by the findings of Brown et. al that demonstrated that there is not a
strict gradient matching mechanism for topography [33]. On the other hand, a study in
zebrafish has challenged a requirement for competition in topographic mapping for some
features of the retinotectal projection [46]. In this study, RGC transplantation into a mutant
lacking RGCs was done to create a zebrafish with a single RGC that could innervate the
tectum. They found that distal tips of solitary axons project to the topographically correct
position in the absence of competition from other RGCs, suggesting a cell autonomous,
strict matching mechanism for establishing topography [46].

One mechanism by which nasal axons could tolerate the repulsive environment in the
posterior SC is through modulation of sensitivity to ephrin-As via cis interactions between
EphAs and ephrin-As on the axon [47]. In co-transfection studies, ephrin-A5 and EphA3
were shown to interact within the same cell, which reduced ephrin-A-induced EphA3
tyrosine phosphorylation [48]. Additionally, over-expression of ephrin-A5 in temporal
retinal explants reduced their sensitivity to ephrin-As in the membrane stripe assay [49],
while removal of ephrin-As via PI-PLC treatment or gene knockout increased the sensitivity
of nasal explants to ephrin-As [28,49]. These experiments suggest that ephrin-As can bind or
block EphA function when expressed in cis, which may be useful in modulating or
smoothening the EphA gradient in RGC axons.

6. Signaling events downstream of EphA activation
The above experiments show that the EphAs and ephrin-As are required for topographic
mapping, but do not shed light on the signaling mechanisms used to execute the EphA
repellent response. It is now known that EphA/ephrin-A interactions can trigger a number of
pathways that are important for the execution of axon repulsion: endocytosis of EphA/
ephrin-A complexes used to disassociate axons from a target cell, activation of small GTP
binding proteins that lead to destabilization of the actin cytoskeleton, and regulation of local
translation in the growth cone.

6.1 EphA forward signaling
EphA forward signaling seems to follow principles similar to those of other RTKs but rather
than acting in the nucleus, the responses are activated on and near the cell surface. Ephrin-A
binding leads to receptor dimerization; this in turn activates the kinase domain, which
autophosphoylates on specific tyrosine residues, generating SH2-binding sites for adaptor
proteins and kinases. One response to ephrin-A binding is growth cone collapse induced by
the activation of Rho family GTPases that trigger depolymerization of the actin cytoskeleton
[50]. A number of guanine nucleotide exchange factors (GEFs) are activated by EphA
forward signaling; these then regulate Rho family GTP binding proteins to change
cytoskeletal and membrane dynamics in growth cones. In retinal neurons, ephexin is a GEF
that, when bound to unoccupied EphAs, causes activation of Rho, Cdc42 and Rac1, which
lead to net growth cone extension. However, when EphAs are bound to ephrin-As, ephexin
changes its activity such that Rho activation is higher, while Cdc42 and Rac1 activation is
lowered to cause growth cone collapse [51](Figure 3). This is due to tyrosine
phosphorylation of ephexin-1 in response to EphA activation, which enhances its GEF
activity only towards RhoA [52]. Consistent with this model, ephexin-1 mutant RGCs do not
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display ephrin-A-dependent repulsion in vitro; however, no topographic mapping errors
were observed in ephexin-1 knockout mice, suggesting redundancy among the five ephexin
family members [52].

6.2 Regulation of translation
EphA forward signaling also interacts with the Tsc2-Rheb signaling pathway, which is
involved in regulating the translation of proteins in the growth cone. Protein synthesis in the
growth cone is needed for axon extension, while inhibition of protein synthesis promotes
growth cone collapse. In this pathway, EphA activation leads to inhibition of ERK activity,
which activates Tsc2, which in turn inactivates the GTP binding protein Rheb. mTOR, the
downstream target of Rheb, becomes less active and leads to a reduction in protein synthesis
in axons, thus leading to growth cone collapse [53] (Figure 3). Importantly, mutations in
Tsc2 cause RGC mapping defects in mice that are similar to those found in ephrin-A
mutants. This provides in vivo evidence for the Tsc-Rheb signaling pathway being involved
in ephrin-mediated axon guidance [53].

6.3 Terminating cell-cell contact to mediate repulsion
A paradox in the ephrin-A/EphA repulsion model arises when considering that cell-cell
contact is required for signaling to occur, but that contact must be terminated in order for the
EphA-bearing cell to be repelled from the ephrin-A bearing cell. Two mechanisms have
been shown to achieve this: cell-cell contacts can be terminated by cleavage of the
extracellular domain of either protein, and receptor-ligand complexes can be endocytosed
into either cell. Experiments in transfected cells showed that the metalloproteinase
Kuzbanian/ADAM10 forms a complex with ephrin-A2 and cleaves it in a juxtamembrane
domain in response to treatment with clustered EphA3. If Kuzbanian activation is prevented,
growth cones become stuck on the ephrin-A bearing cell [54] (Figure 3). Other studies have
shown that ADAM10 forms a complex with EphA3 upon ligand binding and cleaves the
ephrin-A from the axon, resulting in internalization of ephrin-A into the EphA-bearing cell
[55].

An alternative cell-cell contact termination mechanism involves the endocytosis of the
receptor-ligand complex without cleavage. Recent studies have implicated this process as
necessary for topographic mapping. The fact that Eph/ephrin complexes can be endocytosed
first came from studies that demonstrated in tissue culture cells, EphB/ephrin-B complexes
can be endocytosed in both cis and trans, i.e. into the EphB or ephrin-B bearing cell,
respectively [56,57]. Endocytosis leads to cell-cell retraction in tissue culture cells and is
mediated via the small GTPase Rac, which also regulates cytoskeletal dynamics [56]. This
result is consistent with data demonstrating a requirement for the Rac GEF, Vav, in EphA
and EphB endocytosis [58] (Figure 3). Interestingly, Vav-deficient mice show errors in eye-
specific segregation in the dorsal lateral geniculate nucleus, suggesting an in vivo role for
endocytosis in axon guidance [58]. Clear evidence for endocytosis in topographic mapping
comes from recent work examining BAC transgenic mice expressing an endocytosis-
deficient version of EphA8, which prevents axon repulsion of RGC axons[59,60]. In these
mice, focal DiI tracing in nasal retina shows that preventing endocytosis results in ectopic
termination zones anterior to their topographically appropriate location, similar to the
phenotype observed in ephrin-A and EphA mutant mice [60]. A similar mapping defect was
seen in mice expressing a dominant-negative form of Rac, showing that Rac is needed to
execute endocytosis and retraction.

Triplett and Feldheim Page 7

Semin Cell Dev Biol. Author manuscript; available in PMC 2013 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



7. Mapping the medial-lateral axis of the SC
An important result from the gain and loss of function experiments that manipulate EphA
and ephrin-As is that the topographic mapping defects are predominantly restricted to the N-
T mapping axis, leaving the D-V mapping axis intact; this strongly indicates that each axis
uses independent mechanisms for mapping. Although details are not well understood, a
combination of pre-target sorting and graded signaling by EphB/ephrin-Bs and Wnts are
used to establish topography along the M-L axis.

7.1 Pre-target sorting
As RGC axons exit the optic disc, they fasciculate to form the optic nerve and defasiculate
prior to entering the SC. Experiments in which dorsal or ventral retina is labeled with DiI
reveal that D-V order is already established prior to axons entering the SC [61,62].
Mutations that affect D-V patterning in the retina also affect D-V sorting and D-V mapping
in the SC, suggesting that optic tract sorting is important for topographic mapping [63].
While the molecular mechanisms regulating RGC axon sorting are unknown, similar tract
organization in the olfactory system has recently been shown to rely on Sema3a and its
receptor, neuropilin-1 [64]. Interestingly, neuropilin-1 is expressed by RGCs, and RGC
growth cones are responsive to Sema3a in in vitro assays [65–67].

7.2 EphB/ephrin-B signaling in topographic mapping
Though RGCs enter the SC with some degree of topographic order along the M-L axis, it is
clear that RGC axons also refine their D-V position within the SC by interstitial branching
off of their primary axon toward their appropriate D-V position. These branches can form
either medial or lateral from the primary axon, suggesting that the exact entrance location of
the axon into the SC is not important. Based on expression patterns and functional analysis,
ephrin-B/EphB molecules are candidates for D-V mapping labels.

Like EphAs and ephrin-As, EphBs and ephrin-Bs are expressed in counter-gradients along
the D-V axis of the retina. Ephrin-Bs are expressed in a high dorsal to low ventral gradient,
while EphBs are expressed in the opposite,high ventral to low dorsal gradient [25,68–70].
However, the expression patterns of EphBs and ephrin-Bs are not as obviously graded in the
medial-lateral axis of the SC. In the mouse SC, mRNA in situ hybridization reveals ephrin-
B1 in a high medial to low lateral gradient restricted to the ventricular zone of the SC [71],
far from the superficial retinorecipient layers and in different cells than those that express
ephrin-As. A similar pattern of expression exists in the chick OT, where ephrin-B1 protein
expression is associated with radial glia that span the depth of the OT [70], suggesting
expression on these cells could guide incoming retinal axons. However, recent experiments
in frog did not detect significant ephrin-B expression in the OT, suggesting that the role of
ephrin-Bs in the SC in not conserved in vertebrates [20,21]. EphBs are widely expressed in
the vertebrate tectum, but not in an obvious medial-lateral gradient [20].

Evidence supporting a requirement for ephrin-B/EphB signaling in D-V mapping comes
from in vivo studies in which ephrin-Bs are over-expressed or EphBs have been removed. In
EphB2/B3 double knockout mice, DiI tracing of ventral RGCs reveals ectopic termination
zones in addition to a largely correct termination [71]. Interestingly, the ectopic termination
zones were always lateral to the topographically appropriate location, supporting a model in
which ephrin-Bs expressed high medially act as attractants for ventral RGCs that express
EphB receptors. Because a kinase dead version of EphB2 made similar topographic mapping
errors [71], it seems that forward rather than reverse signaling is used for D-V mapping. On
the other hand, experiments done in frogs have led to models whereby attractive ephrin-B
reverse signaling is used in D-V mapping. This is supported by data that show that dorsal
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RGC axons prefer EphB1 coated surfaces in vitro, and ectopic expression of a dominant-
negative ephrin-B2 in dorsal retina causes D-V mapping errors [68].

Like ephrin-As, ephrin-Bs can also act as both attractants and repellents. When ephrin-B1 is
ectopically expressed in the chick OT, RGC axons fail to form termination zones in these
patches, suggesting that ephrin-B1 acts as a repellent. However, interstitial branches formed
within an ephrin-B1 patch were consistently oriented laterally, regardless of the position of
the axon branch relative to the future termination zone [72]. These data were interpreted to
indicate that ephrin-B1 acts bifunctionally to direct interstitial branches depending on the
relative concentration level. However, the molecular mechanisms by which this
bifunctionality is manifested remain to be determined.

8. Ephrin-B/EphB signaling in synaptic development and plasticity
Another role for ephrin-B/EphB signaling in the developing nervous system is in the
maturation of synapes [73]. Recently, a role for ephrin-B reverse signaling in retinotectal
synaptic maturation was established. In these experiments, the authors infused clustered
EphB2-Fc fusion proteins into the ventricle and found increased synaptobrevin-positive
puncta, as well as increased mEPSP frequency and amplitude in the OT [74]. These data
suggest an important role specific to reverse signaling, as infusion of ephrin-B1-Fc had no
effect on any of these synaptic parameters [74]. This group went on to show an important
role for ephrin-B signaling in regulating visual receptive field development and plasticity
[75]. Using a conditioning stimulus known to result in receptive field shifts, the authors
found that plasticity was enhanced in the dorsal and ventral OT compared to cells in the
central regions. Expression of mutated ephrin-B1 in RGCs inhibited this enhanced plasticity,
while overexpression of wild type ephrin-B1 increased receptive field shifts [75]. The
authors also implicate Wnt signaling in this process, a molecular pathway previously
implicated in map development along the M-L axis [76]. Together, these data suggest that a
primary role for ephrin-Bs in retinocollicular map development may be to ensure precise
synaptic connectivity by modulating activity-dependent plasticity.

9. Concluding remarks
The retina’s projection to the SC/OT has served as a model to understand the mechanisms
used to establish ordered neuronal connections. The Eph family of RTKs and their binding
partners, ephrins, has been shown to play a crucial role in topographic mapping of this and
many other brain projections [77–79][80]. Despite this, several aspects of both retinotopic
mapping and the function of Eph/ephrins in this context remain unknown. For instance,
determining the mechanisms by which ephrin-A reverse signaling is transmitted across the
membrane to cytoskeletal machinery is a necessary step towards understanding how the
posterior portion of the SC/OT is organized. In addition, the molecular cues that regulate
pre-target sorting along the D-V/M-L axis within the optic tract are completely unknown.
Finally, how a molecular gradient is detected with such detailed precision remains a
mystery. Future studies taking advantage of the power of transgenic animals, single axon
tracing, high-resolution microscopy and in vitro techniques will answer these questions.

Highlights

Topographic maps are used in the visual system to relay spatial information of the visual
world.

Eph and ephrins are cell surface signaling proteins expressed in gradients along each axis
of the visual field

EphAs and ephrin-As are required for mapping of the nasal-temporal visual field
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The dorsal-ventral axis of the visual field is mapped using pre-target sorting and EphB/
ephrin-B signaling

Eph/ephrin signaling leads to changes in actin stabilization in the axon and endocytosis
of receptor/ligand complexes
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Figure 1. Expression patterns of Ephs and ephrins in the retinocollicular system
A) The temporal-nasal (T-N) axis of the retina maps along the anterior-posterior (A-P) axis
of the SC/OT. Graded expression of EphA and ephrin-A expression patterns in each
structure in the mouse are indicated by blue and red bars, respectively. EphAs are expressed
high temporally and anteriorly, while ephrin-As are expressed high nasally and posteriorly
in complentary gradients. B) The dorsal-ventral (D-V) axis of the retina maps along the
lateral-medial (L-M) axis of the SC/OT. Graded EphB and ephrin-B expression patterns in
each structure are indicated by blue and red bars, respectively. In the retina, EphBs are
expressed in a V > D gradient, while ephrin-Bs are expressed in a complementary D > V
gradient. In the SC, EphBs are expressed uniformly across the L-M axis, and ephrin-B1
expression is high at the midline, but is steeply reduced laterally.
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Figure 2. Structure of the retinocollicular map in EphA/ephrin-A knockout and transgenic mice
A–B) In wild type mice, the retina is mapped topographically onto the SC. Temporal RGCs
(blue dots) map to anterior SC, while nasal RGCs (red dots) project to posterior SC..
Intrinsic optical imaging reveals topography by measuring the visual responses in the SC to
a drifting bar along the N-T axis of the retina. Here depicted as a change in coloration as one
moves across the retina and SC (B). C–D) Genetic deletion of ephrin-As or EphAs results in
abberant topographic map formation. Anatomical tracing reveals multiple termination zones
along the A-P axis of the SC for both temporal and nasal RGCs (C). Functionally, this
results in areas of the SC with topographically inappropriate responses, with the general
polarity of the map intact (D). E–F) Relative levels of EphA expressed are used to map
along the A-P axis. In Islet2-EphA3 knock-in mice, half of retinal ganglion cells express
exogenous EphA3, resulting in neighboring cells with drastically different EphA expression
levels. This results in a duplicated retinocollicular map as assesed by anatomical tracing (E)
and functional imaging studies (F).
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Figure 3. Signaling pathways downstream of Eph/ephrin binding and termination of cell-cell
contact
A) Ephrin binding to Eph receptors initiates intracellular signaling events in both directions,
termed “forward” in the Eph containing cells and “reverse” in the ephrin-bearing cells.
Binding to EphA receptors (blue) results in activation of the RhoA GTPase via ephexin, a
guanine nucleotide exchange factor (GEF), ultimately resulting in growth cone collapse. In
addition, regulation of Tsc2, a GEF, and its downstream target, Rheb, results in decreased
translation, contributing to growth cone collapse. Reverse signaling through the GPI-linked
ephrin-As (red) is mediated by co-receptors, TrkB and p75NTR, which results in axonal
branching and axon repulsion, respectively. Forward signaling through EphB receptors
(cyan) results in growth cone attraction or repulsion, depending on cellular context. Reverse
signaling through ephrin-Bs (orange) is important for synapse maturation in the SC/OT. B &
C) Ephrin signaling and cell-cell contact is terminated in two possible ways. Endocytosis of
EphA receptors occurs in a Vav/Rac dependent manner (B). Termination of EphB/ephrin-B
receptors can occur in either cell, each dependent on Rac signaling (B). Cleavage of ephrin-
As by ADAM10 protease also results in signal termination and EphA receptor endocytosis
(C). ADAM10 can associate with either ephrin-As or EphAs.
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