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Abstract
The Eph family of receptor tyrosine kinases and their ligands the ephrins play an essential role in
the targeting of retinal ganglion cell axons to topographically correct locations in the optic tectum
during visual system development. The African claw-toed frog Xenopus laevis is a popular animal
model for the study of retinotectal development because of its amenability to live imaging and
electrophysiology. Its visual system undergoes protracted growth continuing beyond
metamorphosis, yet little is known about ephrin and Eph expression patterns beyond stage 39
when retinal axons first arrive in the tectum. We used alkaline phosphatase fusion proteins of
EphA3, ephrin-A5, EphB2, and ephrin-B1 as affinity probes to reveal the expression patterns of
ephrin-As, EphAs, ephrin-Bs and EphBs, respectively. Analysis of brains from stage 39 to adult
frog revealed that ephrins and Eph receptors are expressed throughout development. As observed
in other species, staining for ephrin-As displayed a high caudal to low rostral expression pattern
across the tectum, roughly complementary to the expression of EphAs. In contrast with the current
model, EphBs were found to be expressed in the tectum in a high dorsal to low ventral gradient in
young animals. In animals with induced binocular tectal innervation, ocular dominance bands of
alternating input from the two eyes formed in the tectum; however, ephrin-A and EphA expression
patterns were unmodulated and similar to those in normal frogs, confirming that the segregation of
axons into eye-specific stripes is not the consequence of a respecification of molecular guidance
cues in the tectum.
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INTRODUCTION
The Eph family of receptor tyrosine kinases and their ligands the ephrins play an important
role in the targeting of retinal ganglion cell (RGC) axons within the optic tectum during
visual system development (Feldheim and O'Leary, 2010; McLaughlin and O'Leary, 2005).
The complementary gradients of Ephs and ephrins that exist in both the eye and the tectum
help guide the incoming axons to arborize at appropriate tectal locations, ensuring that the
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axes of the retina are represented in the tectum in a well-organized and topographic fashion
(O'Leary and McLaughlin, 2005).

Eph receptors and ephrin ligands are subdivided into A and B classes based both on
structural homology and binding affinity: EphAs preferentially bind ephrin-As, which are
GPI-anchored, while EphBs bind more strongly to transmembrane ephrin-Bs. Ephs and
ephrins will bind several different receptors/ligands within their class with different
affinities, although lower affinity cross-class binding has been reported in limited cases
(Flanagan and Vanderhaeghen, 1998; Gale et al., 1996; Himanen et al., 2004; Pasquale,
2004).

The interaction of Ephs and ephrins requires cell-to-cell contact due to their cell surface
expression (Flanagan and Vanderhaeghen, 1998). Following binding, Eph/ephrin activation
influences cell and/or axon motility and migration through regulation of cellular adhesion
and cytoskeletal dynamics. Activation of Rho family small GTPases, integrin-mediated
signalling, the Ras-MAP-kinase pathway, or interactions with SH2-domain-containing
adaptor proteins can occur in both the Eph-expressing cell (forward signalling) and the
ephrin-expressing cell (reverse signalling), resulting in attraction or repulsion depending on
the circumstance (Egea and Klein, 2007; Murai and Pasquale, 2003). In the retinotectal
system, Ephs and ephrins expressed on the same cell can also interact in cis, which results in
their inactivation, and this type of interaction has been proposed to heighten the steepness of
the gradient of receptor or ligand available for binding (Carvalho et al., 2006; Hornberger et
al., 1999; Yin et al., 2004).

The mapping of the rostrocaudal axis of the tectum is guided by EphAs and ephrin-As:
EphAs expressed in a high temporal, low nasal gradient on RGCs interact with ephrin-As
expressed in a high caudal to low rostral gradient in the tectum, activating forward signalling
and resulting in temporal RGC repulsion (McLaughlin and O'Leary, 2005). RGCs in mice
initially grow past their termination zones (TZs) in the superior colliculus (SC), and ephrin-
As expressed in the SC both inhibit RGCs from arborizing too caudally, and encourage
topographic branching along the axon shaft following overshoot (Yates et al., 2001). Tracing
the retinocollicular projection in mice lacking ephrin-As reveals the presence of TZs at
normal as well as ectopic locations, a phenotype which becomes more severe when
additional ephrin-A homologues are knocked out (Feldheim et al., 2000; Frisen et al., 1998).
In frogs, ephrin-As guide RGCs directly to their TZs, where an arbor forms through back-
branching behind the growth cone (Harris et al., 1987). Additional factors contributing to the
formation of an accurately patterned rostrocaudal tectal axis have been identified, including
Engrailed (Wizenmann et al., 2009), Repulsive Guidance Molecule (Monnier et al., 2002),
and the activation by tectal EphAs of retinal ephrin-As signalling through p75NTR (Lim et
al., 2008b; Rashid et al., 2005;).

It has been proposed that the dorsoventral axis of the tectal map is specified by gradients of
Ephs and ephrins of the B class, but the mechanism of action may differ in mice and
amphibians (Hindges et al., 2002; Mann et al., 2002). In frogs, RGCs express ephrin-Bs in a
high dorsal to low ventral gradient in the eye (Mann et al., 2002; Scalia et al., 2009). It has
been reported that EphB1 is expressed in Xenopus tectum in a high ventral to low dorsal
gradient, which has been suggested to attract dorsal retinal axons into ventral tectum through
activation of reverse signalling (Mann et al., 2002). EphB2-and EphB3-deficient mice
exhibit ectopic laterally-located TZs, indicating that dorsoventral patterning in mouse
appears to be mediated by forward rather than reverse signalling, with ephrin-B acting
bifunctionally as both an attractive and repellent cue depending on the levels of EphBs on
the axons (Hindges et al., 2002; McLaughlin et al 2003b). More recent evidence has put
forward several other candidates for dorsoventral guidance: Wnt3 expressed in optic tectum
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may repel Ryk-expressing RGCs from the midline (Schmitt et al., 2006) and Sema3D may
encourage RGCs to terminate dorsally in zebrafish tectum (Liu et al., 2004).

The formation of an accurate topographic map relies not only on guidance by molecular
cues, but also patterned activity. Patterned waves of spontaneous activity in mammalian
retina contribute to the formation of discrete TZs of retinocollicular axons, as revealed in ß2
nicotinic acetylcholine receptor knockout mice, in which RGCs exhibit abnormal
spontaneous activity lacking the normal structure of waves (McLaughlin et al., 2003a;
Stafford et al., 2009). The contribution of activity-dependent mechanisms to map formation
can also be studied in a frog in which two eyes have been surgically induced to innervate
one normally monocular tectal lobe (“binocular innervation”), a condition which induces the
formation of ectopic ocular dominance bands (Law and Constantine-Paton, 1980; Reh and
Constantine-Paton, 1985; Ruthazer et al., 2003; Straznicky and Glastonbury, 1979;
Straznicky et al., 1980). Blockade of activity or N-methyl-D-aspartate glutamate receptors
(NMDARs) inhibits eye-specific band formation and causes desegregation of existing bands,
indicating that activity is an instructive cue both in the formation and maintenance of the
amphibian visual map (Cline et al., 1987; Reh and Constantine-Paton, 1985; Ruthazer et al.,
2003). It has been assumed that binocular innervation does not alter the level of retinal
activity or the expression of molecular guidance cues; thus ODC segregation is instructed by
the low correlation of activity patterns of one eye compared to the other (Cline et al., 1987;
Ruthazer and Cline, 2004). Somewhat surprisingly, however, the patterns of expression of
the molecular guidance cues in this classic model of activity-dependent map instruction have
never been assessed.

Xenopus laevis is a popular model for studying retinotectal development because of its
amenability to live imaging and electrophysiology. Using alkaline phosphatase fusion
proteins and immunohistochemistry, we have characterized the expression patterns of Ephs
and ephrins in the visual system of Xenopus laevis throughout development. Additionally, to
investigate whether the maintenance of eye-specific segregation in binocularly-innervated
frogs relies on the respecification of molecular guidance cues, we compared the expression
pattern of ephrin-As and EphAs to the arrangement of ocular dominance bands in
binocularly-innervated animals.

METHODS
Animals

Tadpoles were produced from adult Xenopus laevis frogs primed with human chorionic
gonadotrophin (Sigma-Aldrich, Oakville, ON) and raised in Modified Barth's Solution with
Hepes (MBSH; 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 0.82 mM MgSO4×7H20, 0.33
mM Ca(NO3)2×4H20, 0.41 mM CaCl2, 10 mM HEPES, pH 7.4). Tadpoles (from stage 45 to
stage 66) were fed once daily on a finely ground mixture of distilled water and two parts
Frog Brittle (Nasco, Fort Atkinson, WI), one part Nutrafin goldfish pellets (Hagen,
Montreal, CA) and one part NU-Way trout ration (Unifeed, Edmonton, CA). Stage 66
froglets were maintained in dechlorinated water and fed Frog Brittle (Nasco, Fort Atkinson,
WI) once every two days. All animals were raised from embryos except for the fully-grown
adults, which were obtained from Nasco (Fort Atkinson, WI) and some stage 59 and 66
animals, which were purchased from Boreal Northwest (St. Catharines, ON). Staging was
according to Nieuwkoop and Faber (1967). All procedures were approved by the Animal
Care Committee of the Montreal Neurological Institute of McGill University under the
guidelines of the Canadian Council on Animal Care.
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Whole-mount staining
Fusion proteins of human placental heat-stable alkaline phosphatase (Flanagan et al., 2000)
linked to the extracellular region of chick EphB2, mouse ephrin-A5, mouse EphA3, or
human ephrin-B1 were used to assay the presence of ephrinBs, EphAs, ephrinAs, and EphBs
respectively, as previously described (Bach et al., 2003; Scalia and Feldheim, 2005, Scalia et
al., 2009). The pia mater was removed from brains stage 59 and older prior to incubation
with the fusion protein. Whole-mount brains were stained at several important
developmental timepoints: stages 45 and 48 (tadpole), 59 (during metamorphosis), 66 (early
postmetamorphic frog), and late postmetamorphic frog. To reveal patterns of expression
over a wide sensitivity range, several different concentrations of ephrin-B1-AP were tested
on brains from frogs at stage 45, 48, 59, and 66.

Labelling of retinal projection
To label the retinal innervation of the tectum (Figure 1), animals at stage 45 and 48 were
euthanized by immersion in 0.2% MS-222 followed by incubation overnight in 4%
paraformaldehyde (in 0.1 M phosphate buffer; Polysciences Inc., Warrington, PA). The left
eye of each tadpole was injected with 0.2% DiI (in ethanol; Invitrogen, Burlington, ON),
and the animals were incubated at room temperature to allow for transport (4 days for stage
45, 7 days for stage 48). Images were collected on a custom-built two-photon microscope at
710nm with an Olympus 20× (UIS2 UPlanFL N 0.5 NA) air objective. Autofluorescence
from the surrounding tissue allowed for visualization of the anatomy of the tectum, Images
were denoised in ImageJ (NIH, Bethesda, MD) using the Remove Outliers function
(threshold=50), and linearly corrected for contrast. The stage 48 image is a z-projection (Fig.
Civ), but because of the small size of the tectum at stage 45, a single optical section was
used (Fig. Biv).

The retinal innervation pattern in the brain of stage 59 and 66 animals (Fig. 1) was labelled
using fluorescently-tagged wheat germ agglutinin conjugated to Alexa Fluor 488 (2% in
PBS; Invitrogen, Burlington, ON) and imaged on an epifluorescence microscope. The
outline of the brain was captured using the autofluorescence signal.

To acquire an image of RGC axons in the living tadpole tectum (Figure 4), the eye was
electroporated with eGFP (Haas et al., 2002), and 48 hours later the ventricle was injected
with a counterstain (5 mM BODIPY TR Methyl Ester in DMSO; Invitrogen, Burlington,
ON). Images were collected on a two-photon microscope as above, at 910nm.

Staining of sections
The left eye of stage 34–38 tadpoles was iontophoresed with a 5% (in water) 10KD dextran
conjugated to Alexa Fluor 488 (Invitrogen, Burlington, ON) using 70V pulses at a frequency
of 200 Hz with 1ms duration. Positive current was passed through a glass micropipette filled
with the dextran solution, and a silver wire placed below the animal served as the cathode
(Ruthazer et al., 2005). The following day, at stage 40/41, the animals were anaesthetized in
0.2% MS-222 (Sigma-Aldrich, Oakville, ON) in MBSH, and incubated in 20% fish gelatin
with 15% sucrose (Norland Products, Cranbury, NJ) for 20 minutes. The tadpoles were then
immersed in Tissue-Tek O.C.T. Compound (Sakura Finetek, Torrance, CA) and flash frozen
without fixation using 2-methylbutane (Sigma-Aldrich, Oakville, ON) chilled with dry ice.
Coronal sections were cut at 30 μm, mounted onto gelatin-coated slides (LabScientific,
Livingston, NJ) and left overnight to dry. A mouse ephrin-B1-Fc chimera (1:100, R & D
Systems, Minneapolis, MN) and a goat anti-human Alexa Fluor 555 secondary antibody
(1:250, Invitrogen, Burlington, ON) were used to visualize EphBs in a standard
immunohistochemistry protocol. To amplify the Alexa Fluor 488 dextran signal, rabbit anti-
Alexa Fluor 488 primary (1:250) and goat anti-rabbit Alexa Fluor 488 (1:500) secondary
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antibodies were also applied (Invitrogen, Burlington, ON). Cell nuclei were stained with
DAPI. Sections were only analysed if a sequence of sections was intact showing retinal
axons coursing along the optic tract and arborizing in the optic tectum. The most caudal
section containing retinal axons was used for measurement of the EphB gradient.

Binocularly-innervated frogs
To induce binocular innervation, stage 44 Xenopus laevis tadpoles were first anaesthetized
using 0.02% MS-222, then the left tectal lobe was cut away from the brain with a 30 G 1/2
syringe tip (Becton Dickinson, Franklin Lakes, NJ) and aspirated out using a glass
micropipette. Once the animals grew to be stage 66, the eyes were injected with WGA 488
or 594. The animals were maintained for two days to allow for anterograde transport.
Following sacrifice, the brains which exhibited ocular dominance bands were imaged with
an Olympus 20× (UIS2 UPlanFL N 0.5NA) air objective on a custom-built two-photon
microscope at 880nm, and then processed as whole-mounts for visualization of ephrin-As or
EphAs as described above. It was decided that a respecification of Eph or ephrin expression
patterns following dual innervation would be most easily detectable in the case of EphA or
ephrin-A because they are normally expressed in a gradient that is offset from the
rostocaudally-oriented ocular dominance bands, whereas EphB is expressed uniformly in
metamorphic and post-metamorphic tecta, Following ephrin staining, the WGA labelling
was imaged again on an epifluorescence microscope, and the image was linearly adjusted
for contrast. Montages were made from the two-photon images using Adobe Photoshop, and
were linearly and uniformly adjusted for contrast.

Image Analysis
Images of whole-mount tissue were linearly corrected for contrast in Adobe Photoshop. For
coronal sections, the images were first processed with a Gaussian Blur (10 pixel radius) to
smooth sudden drops in intensity due to gaps in the tissue. Using ImageJ software (NIH,
Bethesda, MD), a line was drawn freehand along the surface of the neuropil (150 μm long,
38 μm wide), starting dorsally at the border between neuropil and cell body layer and
extending laterally and ventrally along the surface. The intensity of EphB signal was
measured along this line and normalized to the EphB staining value at the dorsal border
between the neuropil and cell body layer.

RESULTS
Ephrin-A Expression

Staining of stage 48 Xenopus brain tissue with a negative control AP tag vector (containing
no Eph or ephrin sequence) results in tissue with a uniform, faint pink color and no regions
of strong staining (Figs. 1Ai, Aii, n=10). In stage 45 and 48 tadpoles, ephrin-A staining is
strongest in the hypothalamus, tectal midline, and across the dorsal surface of the optic
tectum in a low rostral to high caudal gradient (Figs. 1Bi, Bii, Ci, Cii, stage 45, n=8; stage
48, n=8). From stage 59 onward, strong expression of ephrin-As persists along the midline
of the tectum, and the angle of the gradient of expression rotates slightly to become low
rostrolateral to high caudomedial (Figs. 1Di, Dii, Ei, Eii, stage 59, n=4; stage 66, n=3). The
older brains also show ephrin-A expression in the hypothalamus, preoptic area, implantation
cone of the olfactory bulb, accessory olfactory bulb, and a caudal region of the telecephalon.

Throughout development the tectal neuropil in which the retinal axons arborize is located
rostrolateral to the peak of ephrin-A expression but within its high caudal to low rostral
gradient (Fig. 1Biii, Biv, Ciii, Civ, Diii, Div, Eiii, Eiv). Caudal- and medial-most tectum
remains uninnervated in the Xenopus brain from stage 45–66.
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EphA Expression
In early development, EphA is expressed in the cerebral hemispheres, in several regions of
the diencephalon, and faintly in the anterior tectum (Figs. 2A,A', n=7). Starting at stage 59,
EphAs become much more strongly expressed in a tectal gradient that is high rostrolateral to
low caudomedial across the dorsal surface (Figs. 2B,B', n=6). EphAs can also be seen
expressed in the optic tract, striatum, pretectum, precommisural area, habenular nuclei,
habenular commissure, and cerebral hemispheres. As demonstrated in a composite image of
brains from stage 66 froglets, the expression pattern of EphAs (left) is largely
complementary to that of ephrin-As (right) in the optic tectum in these older animals (Fig.
2C, EphA, n=5; ephrin-A, n=7).

EphB Expression
In stage 45 and 48 brains reacted with undiluted ephrin-B1-AP reagent, staining for EphB
was present in the optic tract, and appeared to be uniformly strong across the tectal lobes,
with decreased staining at the midline (data not shown). Because of the intensity of staining
across the tectum, we suspected that an underlying gradient may have been saturated by our
staining conditions. We therefore reacted stage 45 and 48 brains with ephrin-B1-AP at half
concentration, which revealed that EphB is expressed in a high caudomedial to low
rostrolateral gradient in the tectum (Figs. 3A–B', Suppl. Fig. 1, stage 45, n=7; stage 48,
n=6). The orientation of this pattern shows slight variability, with some animals displaying a
high caudomedial to low rostrolateral gradient, and others showing a gradient oriented high
medially (dorsally) to low laterally (ventrally) (Fig. 3B). This gradient was similar to that
found in Rana pipiens (Suppl. Fig. 2), and the same range of orientations of the EphB
expression gradient was observed in early larval Rana pipens with further dilutions of the
fusion protein (Scalia et al., 2009). However, in marked variance with an earlier report in
Xenopus (Mann et al., 2002), in no case did we observe a high lateral (ventral) to low
medial (dorsal) gradient. At stage 59 and 66, the tectal lobes are intensely and uniformly
stained, with decreased staining at the tectal midline and the caudal edge of the tectal lobes
(Figs. 3C–D', stage 59, n=5; stage 66, n=2). EphB expression can also be seen in the central
anterolateral nucleus and outer margins of the optic tract. Application of ephrin-B1-AP at
half-concentration to stage 59 (n=6) and 66 (n=4) brains revealed no underlying gradient of
expression at these later stages.

To investigate whether the high caudomedial to low rostrolateral expression of EphBs seen
in whole-mount preparations of young Xenopus brain was present at the initial stages of
retinal axon ingrowth, we examined stage 40/41 tadpoles. Because the expression pattern of
EphBs within the retinorecipient region of tectal neuropil is most relevant to its putative role
in dorsoventral guidance of RGC afferents, we identified the precise location of the axon
terminals in the tectum by labelling RGC axons from the contralateral eye. In brief, Alexa
Fluor 488 dextran was iontophoresed into the retina to label RGCs; then the unfixed
tadpoles were flash frozen, cryosectioned at 30 μm thickness in the coronal plane and
labelled immunohistochemically for EphBs using an ephrinB1-Fc chimera and anti-human
Fc secondary antibody conjugated to Alexa Fluor 555.

A coronal section of the tadpole head anterior to the tectum shows high ventral to low dorsal
EphB staining in the eye (Fig. 4A), confirming previous reports of a retinal gradient of
EphBs in frogs (Mann et al., 2002; Scalia et al., 2009). In the brain, tectal tissue labels very
strongly for EphBs, with particularly high staining in the tissue surrounding the ventricle. In
a magnified region of the same section, several dextran-labeled RGC axons can be seen
crossing the optic chiasm (Fig 4A').
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Sequential coronal sections from rostral to caudal revealed a number of Alexa Fluor 488
dextran-labelled RGC axons (green) leaving the eye, crossing the chiasm, and progressing
superficially towards the dorsal surface, to finally terminate in the most dorsal part of the
tectal neuropil. In the most caudal of the sequence of sections containing RGC axons, EphBs
are clearly expressed in a high dorsal to low ventral gradient over the dorsal-most 150 μm of
tectal neuropil where RGC axons (white arrows) terminate (Fig. 4B', n=4). This gradient
was observed in the most caudal section that contained RGC axons, and in several cases in
the section immediately rostral to it (Fig. 4B). In the four animals in which EphBs were
expressed in a graded pattern, the gradients of EphB intensity have approximately the same
slope (Fig 4C). In an additional two animals, no gradient could be measured as EphBs
appeared to be expressed uniformly across the dorsoventral axis in retinorecipient tectum.
The zone of highest EphB expression (Fig. 4D) appears to fall at the medial or caudomedial
border of the retinorecipient area of tectum, illustrated in a stage 48 tadpole with GFP-
labelled RGC axons counterstained with BODIPY (Fig. 4D').

Ephrin-B Expression
Ephrin-B staining intensely labels the cerebral hemispheres and olfactory bulb in animals at
stage 48 (Fig 5A,A', n=8). In stage 59 brains, ephrin-Bs are expressed in the cerebral
hemispheres, olfactory bulb, accessory olfactory bulbs, hypothalamus, and at the tectal
midline (Fig 5B,B', n=4). Staining of the tectal lobes is not evident at any stage. A
composite image showing expression of EphBs (left) and ephrin-Bs (right) at stage 66
highlights the complementarity of the two patterns; very high EphB staining in the tectum
and diencephalon contrasts with high ephrin-B staining only in the cerebral hemispheres and
olfactory regions (Fig. 5C, ephrin-B, n=3; EphB, n=2).

Eph and Ephrin Expression Patterns in Adult Xenopus Brain
The graded expression patterns of EphAs and ephrin-As in the tectum are very striking
throughout development, consistent with protracted visual system development in this
species (Straznicky and Hiscock, 1984). However, staining for EphAs and ephrin-As in the
tecta of late postmetamorphic frogs several years old no longer revealed graded expression.
In contrast to early postmetamorphic (stage 66) brains (Fig 6A, left, n=7), ephrin-A staining
is very faint if not absent in the late postmetamorphic tectum (Fig 6A, right, n=1) and no
clear gradient can be detected. Staining for ephrin-As persists in the hypothalamus and
implantation cones of the olfactory bulb, however, indicating that the lack of tectal staining
for ephrin-As is not due to an inability to detect ephrin-As in more mature tissue (data not
shown).

Similarly, the high rostrolateral to low caudomedial gradient of EphAs seen in early
postmetamorphic brains (Fig 6B, left, n=5) is subtle if not absent in late postmetamorphic
tissue, where EphAs are highly and uniformly expressed across the tectum (Fig 6B, right,
n=1). The expression of EphAs in the optic tract at stage 59 (Fig. 2B') and 66 (Fig. 6C) is
also no longer present in the late postmetamorphic frog (Fig. 6D). The complementarity of
the gradients of EphAs and ephrin-As throughout development persists in the
postmetamorphic adult tectum, where EphA expression is high and uniform, and ephrin-A
expression is uniformly subtle.

In contrast, EphBs and ephrin-Bs show no change between early and late post-metamorphic
adults. Ephrin-B staining is not detected in the tectal lobes in early (Fig. 6E, left, n=3) or late
postmetamorphic animals (Fig. 6E, right, n=1). However, persistent staining in the cerebral
hemispheres, olfactory bulbs, and accessory olfactory bulbs serves as a positive control.
EphBs are persistently and uniformly expressed in the tectum in early (Fig. 6F, left, n=2)
and late postmetamorphic (Fig. 6F, right, n=1) brains, and are also present in the marginal
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zones of the optic tract at both stages (Fig 6G,H). At no point in development was ephrin-B
staining detected in the optic tract.

EphA and Ephrin-A Expression Pattern in Binocularly Innervated Xenopus Tectum
Although the retinotectal projection in Xenopus is normally entirely crossed, early
developmental ablation of one of the two tectal lobes results in a significant ectopic
projection from the ipsilateral eye (Ruthazer et al., 2003; Straznicky and Glastonbury,
1979). The afferents from the two eyes, now projecting to the same tectal lobe, segregate
into eye-specific ocular dominance bands. The dependence of ocular dominance band
formation and maintenance on patterned neural activity is well established, and activity
patterns and guidance cues appear to work in concert to drive the eye-specific segregation of
RGC axons (Cline, 2003; Constantine-Paton et al., 1990; Ruthazer and Cline, 2004).
However, it remains possible that altered activity patterns in a binocularly-innervated animal
could respecify tectal expression of one or more molecular guidance cues in a manner that
might guide axons to segregate into ocular dominance bands (Hanson and Landmesser 2004;
Nicol et al 2007). Alternatively, the axons of one eye may be repelled by high local levels of
ephrin-As expressed on a group of axons from the other eye, strengthening band formation
(Gallarda et al., 2008). In either of these scenarios, we might expect to see ephrins or Ephs
expressed in a banded pattern aligned with or offset to the bands of innervation. Because the
tectal gradients of EphAs and ephrin-As are oriented rostrolaterally/caudomedially in stage
66 animals, a banded EphA or ephrin-A pattern could potentially contribute to the formation
or maintenance of innervation bands that are typically aligned along the rostrocaudal axis
(Cline et al., 1987; Law and Constantine-Paton, 1980; Straznicky and Glastonbury, 1979).
We therefore examined the pattern of ephrin-A and EphA expression in the binocularly
innervated optic tectum.

Following the stage 44 removal of one tectal lobe and subsequent confirmation of binocular
innervation, the patterns of expression of ephrin-As (n=4) and EphAs (n=1) at stage 66
showed no evidence of adopting a banded pattern reflecting the pattern of eye-specific
innervation, but rather maintained a pattern similar to that in normal frogs. Injection of
wheat germ agglutinin-Alexa Fluor 488 conjugate (WGA 488) in the left eye and WGA 594
in the right eye of a binocularly innervated stage 66 animal indeed labelled stripes in the
tectum that were innervated alternately by one or the other eye (Fig. 7A–B'). The stripes
were aligned mostly longitudinally along the rostrocaudal axis, with a width of
approximately 100 μm, consistent with previous descriptions of ocular dominance bands
(Cline et al., 1987; Law and Constantine-Paton, 1980; Straznicky and Glastonbury, 1979).
Most regions of strong innervation by one eye were only very weakly innervated by the
other eye. Following staining for ephrin-As, WGA 488 and 594 labelling was still weakly
visible in the wholemounts (Fig. 7C, C'). Ephrin-As in the same brain were expressed in a
gradient that was strong caudomedial to weak rostrolateral, without evidence of banding
(Fig. 7D, D'). This pattern is similar to that in normal stage 66 animals. One feature
consistently observed in brains with only one tectal lobe was a point of very intense ephrin-
A staining at the caudomedial aspect of the binocularly-innervated tectum. This point may
correspond to the very high staining we see at the midline of normal stage 66 animals
stained for ephrin-As.

A two-photon montage image of the innervation pattern of another animal following
injection in the right eye with WGA 488 shows bright patches of innervation and dark
patches presumably innervated by the other eye (Fig. 7E). After the ephrin staining protocol,
a smooth, high caudomedial to low rostrolateral gradient of ephrin-A staining was observed
(Fig. 7G) that bore no correspondence to the WGA488-labeled ocular dominance bands
(Fig. 7F).
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Ocular dominance bands seem to be most evident in rostral tectum where ephrin-A levels
are low, therefore we also examined the pattern of EphA staining. The right eye of a
binocularly innervated animal was injected with WGA 488 and its tectal innervation pattern
was imaged on the two-photon microscope (Fig. 7H). The animal illustrated had undergone
metamorphosis approximately one year prior, so the borders of the stripes of innervation
were very well defined, and the widths of the stripes were between 100–250 μm. EphA
expression in the remaining tectal lobe of this animal was strong and uniform across the
tectal surface (Fig. 7I). Because of the age of the animal, the EphA staining pattern more
closely resembles that of an adult (Fig. 6B, right) than that of an immature froglet (Fig. 6B,
left). However, there is no indication that the pattern of ocular dominance bands is reflected
in the EphA expression pattern.

DISCUSSION
This study provides a description of the expression patterns of Ephs and ephrins throughout
the life of a classic model for the study of retinotectal development, Xenopus laevis. The
tectal gradient of ephrin-A expression (low rostral to high caudal), and the complementary
tectal gradient of EphAs (high rostral to low caudal) are robust until the end of
metamorphosis, but become more subtle in late postmetamorphic animals, after the rate of
cell addition in the retinotectal system declines. EphBs are expressed in a high caudomedial
(dorsal) to low rostrolateral (ventral) gradient in retinorecipient tectum early in
development, and are expressed uniformly across the tectal surface from metamorphosis on.
Ephrin-Bs are expressed at the tectal midline and in the telencephalon. We also report
normal graded ephrin-A and EphA expression patterns in binocularly-innervated animals
exhibiting ocular dominance bands, indicating that the presence of ocular dominance bands
is unlikely to be due to remapping of guidance cues.

The tectal gradient of ephrin-A protein responsible for rostrocaudal patterning that is seen
throughout development is more subtle, if not absent, in late postmetamorphic animals.
Likewise, in late postmetamorphic animals the optic tract did not have detectable levels of
EphAs, which during development are the retinally-expressed receptors through which
ephrin-As activate forward signalling and repulsion of RGC axons. The persistence of these
guidance molecules throughout metamorphosis, but not in fully mature animals, corresponds
well with the timeline of retinotectal development; new RGCs continue to send projections
to the tectum until several months after metamorphosis at which point retinal ganglion cell
proliferation declines to negligible levels (Grant and Keating, 1986; Straznicky and Gaze,
1971; Straznicky and Hiscock, 1984). In addition, the isthmotectal projection through which
tectal cells receive indirect binocular input starts to form around stage 53 and only remains
plastic until about 4 months post-metamorphosis (Udin and Grant, 1999). Although our
technique does not allow for quantification of absolute expression levels, it appears that the
gradients of expression of ephrin-As and EphAs that are necessary for development of the
Xenopus visual system may become more subtle when they are no longer necessary.

In contrast, the high dorsal to low ventral gradient of EphBs over the tectal neuropil
becomes high uniform staining during early metamorphosis, when retinotectal development
is ongoing. Ephrin-Bs were not detected in the tectal lobes at any timepoint we examined.
The lack of change in the expression pattern of EphBs or ephrin-Bs between development
and adulthood suggests that EphBs and ephrin-Bs may have roles in the tectum that are
independent of the timeline of retinal axon ingrowth.

Overall, the expression patterns of Ephs and ephrins that we report are similar to those
described in larger Ranid frogs (Bach et al., 2003; Scalia et al., 2009; Scalia and Feldheim,
2005; Yagita et al., 2005). The expression of ephrin-As in Xenopus and Rana is quite
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similar, although there is staining in some diencephalic nuclei in Rana (e.g., the lateral
geniculate nucleus) that we did not detect in Xenopus. We also see strong staining for
ephrin-As in a caudal region of the telencephalon in older stages which is not observed in
Rana. The patterns of EphA and ephrin-B staining are also generally comparable across frog
species. The rotation of the EphA and ephrin-A gradients from rostral/caudal to rostrolateral/
caudomedial with age is common between Xenopus and Rana. Furthermore, in both
Xenopus and Rana, EphBs are expressed tectally in a high caudomedial to low rostrolateral
gradient in young animals that becomes high uniform staining in adults (Scalia et al., 2009).
In contrast with the overall similarities of ephrin expression patterns in different species of
frog, in Rana the gradients of EphAs and ephrin-As appear to persist at low levels into
adulthood, which is not the case in Xenopus (Bach et al., 2003).

Additionally, ephrin-B has been reported to be expressed at the optic chiasm of Xenopus
frogs starting at metamorphosis as well as in embryonic mice, acting to repel EphB-
expressing axons from entering the contralateral optic tract, and resulting in an ipsilateral
projection (Nakagawa et al., 2000; Williams et al., 2003). Elevated ephrin-B staining was
not evident at the ventral surface of the optic chiasm in our whole-mount stage 59 or 66
preparations, which is likely due the fact that the ephrin-B2-expressing midline radial glia
are located directly dorsal to the optic chiasm, closer to the ventricle, and therefore less
readily revealed in whole-mount preparations than in tissue sections.

We were surprised to find that the conspicuous expression pattern of EphB protein that we
observed in the optic tectum was not consistent with that predicted by the prevailing model
for dorsoventral RGC axon guidance by ephrin-B/EphB attractive signaling. The
dorsoventral gradient of EphB protein that we report in young animals had the opposite
orientation to the graded expression of EphB1 mRNA described by Mann et al. (2002) in
stage 39 Xenopus larvae. The contrasting results could possibly be explained by differential
localization or regulation of EphB message and protein. Additionally, our ephrin-B1-Fc
probe is expected to bind to several EphB isoforms in the tissue, whereas the published in
situ assay (Mann et al., 2002) was specific for EphB1 (although EphB1 is the preferred
binding partner for ephrin-B1) (Flanagan and Vanderhaeghen, 1998). One other report also
claimed high ventral to low dorsal expression of EphB protein in Xenopus (Lim et al.,
2010). This study also examined coronal sections, but did not identify the zone of RGC axon
targeting in the tectal neuropil, and therefore may have mistaken the tegmentum, (a structure
immediately ventral to the tectum which stains intensely for EphBs; Fig. 3B', Suppl. Fig. 1)
for ventral tectal neuropil.

Furthermore, we also found that the early gradient of EphBs became uniform staining across
the tecta of late stage tadpoles. Both the high dorsal to low ventral gradient of EphBs that we
observed and the uniform EphB staining in older animals are inconsistent with dorsoventral
RGC axon guidance through an attractive interaction mediated by EphB/ephrin-B reverse
signalling.

In the present study, staining of whole-mount brains with EphB2-AP revealed only midline
staining for ephrin-Bs in the tectum, and did not detect ephrin-Bs in the optic tract. In
agreement with our data, Lim and coworkers reported uniform, low ephrin-B staining in the
stage 45 tectum using EphB2-Fc probes (Lim et al., 2010), and several papers have reported
a lack of staining for ephrin-B in the amphibian optic tract (Scalia and Feldheim 2005;
Scalia et al., 2009) despite detection of a high dorsal to low ventral gradient of ephrin-Bs in
the retina (Scalia et al., 2009). In contrast, Mann et al. (2002) reported staining for ephrin-Bs
on neurites from explants of dorsal but not ventral retina using affinity probes. It is possible
that ephrin-B is not expressed on RGC axons but rather on amacrine cells or ganglion cell
dendrites in the retinal inner plexiform layer (Braisted et al., 1997). Alternatively, this
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apparent discrepancy in expression patterns may be explained by the phenomenon of
“masking”, in which the Eph receptor-reporter fusion proteins are unable to displace existing
Eph/ephrin binding already present in the tissue, and therefore underreport absolute protein
levels (Sobieszczuk and Wilkinson, 1999). It should be noted that the binding of fusion
proteins would consequently be expected to report the amounts of protein available to
interact with newly ingrowing axons, which is presumably the parameter most relevant for
topographic axon guidance. It is therefore possible that ephrin-Bs are indeed expressed on
RGC axons, but at far lower levels than EphBs in the tectum. It may be possible to resolve
this issue through the use of immunohistochemistry, as specific antibodies against other
epitopes on Xenopus Ephs and ephrins become available, or by performing in situ
hybridization of tectal cells.

The presence of a gradient of available EphB protein in retinorecipient tectum in the
opposite orientation to that predicted by in situ hybridization calls for a reconsideration of
the prevailing model of dorsoventral mapping in Xenopus, in which ephrin-B-expressing
axons from dorsal retina (Mann et al., 2002) are directed to the hypothetical high levels of
EphBs in ventral tectum. EphB/ephrin-B forward signalling would be an alternative
candidate mechanism, given its implication in topographically-directed axonal branching in
murine retinocollicular development (Hindges et al., 2002; McLaughlin et al., 2003b).
However, fusion protein staining reveals very low levels of ephrin-Bs on the surface of
Xenopus tectum, and certainly no mediolateral gradient. These results suggest that the
primary function of EphB/ephrin-B interactions in the tectum may not be dorsoventral
mapping.

EphBs may perform a role independent of axon guidance in the tectum. One possibility is
suggested by the close relationship of the peak of EphB expression in the early larva to the
zone of transition between proliferation and differentiation during tectal cellular
development; an EphB isoform expressed on postmitotic cells could help guide them out of
the proliferative zone surrounding the ventricle to their destination below the pial surface
(Scalia et al., 2009). Our whole-mount experiments and others report ephrin-B expression
only at the tectal midline (Scalia et al., 2009; Scalia and Feldheim, 2005), but it is possible
that ephrin-Bs are expressed deeper within the tectum on glial fibres, at levels high near the
ventricle and low at the tectal surface.

Another possible role for the tectal EphB expression patterns may be in retinotectal synapse
formation and functioning, give the well-established role for EphBs in synaptogenesis
(Dalva et al., 2000; Kayser et al., 2006; Kayser et al., 2008). The neuropil region in early
stage tadpoles appears to roughly coincide with the region of graded EphB expression that
we see in early Xenopus development (Fig. 4D,D'). In addition, application of EphB2-Fc to
the Xenopus optic tectum has been reported to enhance the formation and efficacy of
presynaptic sites in RGC axon terminals, probably through reverse signaling (Lim et al.,
2008a). Tectal cell proliferation is complete at stage 58 (Straznicky and Gaze, 1972), around
the same time the tectal EphB gradient adopts a more homogeneous expression pattern. It is
possible that the gradient of EphB expression may reflect both synaptogenesis and synapse
maintenance roles, and the pattern of expression normalizes after the peak of synaptogenesis
is complete.

If EphB/ephrin-B signalling does not specify dorsoventral mapping in the retinotectal
projection of frogs, how is it achieved? Alternative candidates have recently been put
forward for regulation of dorsoventral retinotectal mapping. Wnt3 is expressed in a high
medial to low lateral gradient in chick tectum and mouse colliculus, and appears to have a
bifunctional mapping role: high concentrations of Wnt3 repel retinal axons away from the
zebrafish tectal midline through the high ventral to low dorsal retinal gradient of Ryk
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receptor, whereas low concentrations of Wnt3 attract dorsal RGC axons to the tectum
through a lower-affinity interaction with Frizzleds (Schmitt et al., 2006). It has also been
suggested that a high ventral to low dorsal gradient of semaphorin-3D may play a role in
dorsoventral mapping by repelling axons from ventral tectum, thereby ensuring that they
correctly innervate dorsal tectum (Liu et al., 2004). Furthermore, some degree of pretarget
sorting of RGC axons in the dorsoventral, but not nasotemporal, axis appears to take place in
the optic tract (Plas et al., 2005).

The second aim of this paper was to investigate whether a respecification of the normal
pattern of ephrins could contribute to the formation or maintenance of ocular dominance
bands in the experimentally-induced binocularly innervated tectum. To the contrary, we
found that the main guidance molecules involved in patterning the rostrocaudal axis, EphAs
and ephrin-As, were expressed in a relatively normal, unmodulated gradient in early
postmetamorphic brains from Xenopus with binocularly innervated tecta.

Binocular innervation of the tectum has been proposed to lead to a situation in which the
graded expression of guidance molecules should favor the contiguous and overlapping
retinotopic mapping of afferents from both eyes, while patterns of neural activity should
promote the organized aggregation of inputs from the same eye to the exclusion of axons
from the other eye (Ruthazer and Cline, 2004). Coincident spiking of neighboring RGCs in
one eye is detected by NMDA receptors on the postsynaptic tectal cells onto which they
converge (Cline et al., 1987). These synaptic contacts are stabilized (Rajan et al., 1999),
thereby encouraging coactive RGCs to remain neighbors, and branches projecting to
inappropriate (opposite-eye) locations are selectively withdrawn (Ruthazer et al., 2003). In a
tectal lobe innervated by axons from both eyes, the formation of ocular dominance columns
appears to be a compromise between guidance through molecular cues and eye-specific
correlated activity patterns, each of which favors a different innervation outcome (Cline et
al., 1987; Ruthazer and Cline, 2004).

The pattern of ephrin-A expression was assayed at stage 66 to ensure the animals had well-
established ocular dominance bands. However, by looking specifically at older stages we
may have missed an early developmental period during which the pattern of guidance cues
was altered by binocular innervation. This seems unlikely, as the maintenance of ocular
dominance bands even in postmetamorphic froglets requires ongoing retinal activity and
tectal NMDAR activation (Cline et al., 1987; Reh and Constantine-Paton, 1985). Thus our
data support the notion that the formation and maintenance of ocular dominance bands
reflect a instructive mechanism by which neural activity and correlated firing with
postsynaptic cells directly shapes axonal growth and branching, though the possibility
remains that other unexamined guidance molecules could have been respecified by binocular
innervation,

This study provides insight into how Eph and ephrin expression patterns change over the life
of Xenopus laevis. Our findings are consistent with models in which the graded expression
of ephrin-As and EphAs specifies mapping of the nasotemporal axis of the retina onto the
rostrocaudal axis of the tectum. However, the specific mechanisms by which ephrin-B/EphB
signaling contributes to dorsoventral retinotopic mapping in Xenopus require
reconsideration. Additionally, the presence of relatively normal expression patterns of Ephs
and ephrins in binocularly-innervated animals renews the question of what cues are
responsible for the retrograde signalling of correlations detected by the postsynaptic tectal
neuron back to its presynaptic RGC axonal partners.
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Table of Abbreviations

ot optic tract

tec tectum

aob accessory olfactory bulb

ob olfactory bulb

ch cerebral hemisphere

cal central anterolateral nucleus

ic implantation cones of the olfactory bulb

hb habenular nuclei

hc habenular commissure

tel telencephalon

di diencephalon

p precommissural area

po preoptic area

hyp hypothalamus

st striatum

mot marginal zone of the optic tract

on optic nerve

teg tegmentum

telc caudal region of the telencephalon
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Figure 1. Ephrin-A expression
(A) Dorsal (Ai) and side (Aii) views of a stage 48 whole-mount Xenopus brain reacted with
the negative control AP-only probe. The tissue is a pale uniform pink and has no discernible
staining pattern. Rostral (R), caudal (C), dorsal (D), and ventral (V) axes are labelled, and
this orientation is consistent in all other whole-mount images. (B–C) Patterns of ephrin-A
expression (EphA3-AP binding) in representative stage 45 (B) and 48 (C) brains (dorsal: Bi,
Ci, side: Bii, Cii). Additional examples of ephrin-A tectal expression patterns (Biii, Ciii) are
shown next to examples of the bulk DiI-labeled retinal projection (Biv, Civ) in animals of
the same ages (RGCs, green; autofluorescence, red). Two-photon optical section at stage 45
(Biv) and z-projection at stage 48 (Civ) highlight the relative location of retinorecipient
tectal neuropil. (D–E) Ephrin-A expression and retinal innervation pattern in stage 59 (D)
and 66 (E) brains; dorsal views are above (Di, Diii, Ei, Eiii), and side views are below (Dii,
Div, Eii, Eiv). Ephrin-As are intensely expressed at stage 45 and 48 in the hypothalamus and
in a very clear high caudal to low rostral gradient in the tectum. The gradient of tectal
ephrin-A expression shifts slightly in late developmental stages to a low rostrolateral to high
caudomedial gradient. Throughout development, retinorecipient tectal neuropil is located
rostrolateral to the caudal pole of the tectum and to the peak of ephrin-A expression, but
within the zone of graded ephrin-A expression. Paired dorsal and side view images are of
the same brains for A–E except Dii, for which a more representative side view image was
chosen. Scale bars: A–C=100 μm, D–E=500 μm.
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Figure 2. EphA expression
(A,B) Dorsal views of stage 48 (A) and stage 59 (B) brains showing EphA expression.
(A',B') Side views of the same brains. EphAs are highly expressed throughout development
in the cerebral hemispheres. In younger stages, EphAs are expressed in several regions of
the diencephalon and faintly in rostral tectum. From stage 59 onward, a strong high
rostrolateral to low caudomedial gradient is seen in the tectum. Staining is also present in
older stages in the pretectum, striatum, habenular commissure, habenular nuclei,
precommissural area, and the optic tract, although is notably absent in the olfactory regions.
(C) Composite image showing EphA expression (left) and ephrin-A expression (right) in the
stage 66 brain. The complementarity of the gradients of expression of EphAs and ephrin-As
in the tectal lobes is striking. Scale bars: A,A'=100 μm, B–C=500 μm.
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Figure 3. EphB expression
(A–D) Dorsal views of stage 45 (A), 48 (B), 59 (C), and 66 (D) brains stained for EphB
expression. (A'–D') Side views of brains at the same age. Dorsal and side views are of the
same brains, except at stage 45, where a more representative side view was chosen. At both
stage 45 and 48, EphBs are expressed in a high caudomedial to low rostrolateral gradient in
the tectum, and at stage 48 also in the tegmentum and optic tract. (C–D') At st 59 and 66,
EphBs are expressed uniformly across the surface of the tectum, as well as in the central
anterolateral nucleus and the outer margins of the optic tract. Scale bars: A–B'=100 μm, C–
D'=500 μm.
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Figure 4. Dorsoventral gradient of EphB expression in young tadpoles
(A,A') A coronal section of a stage 40/41 tadpole rostral to the tectum shows DAPI (blue),
Alexa Fluor 488 dextran iontophoresed into the eye (green), and a high ventral to low dorsal
gradient of EphBs in the eyes (red, ephrin-B1-Fc). The white box indicates the region
magnified in A'. (A') Several labelled retinal axons (green) can be seen traversing the optic
chiasm. (B) A coronal section of the brain of a stage 40–41 animal, showing Alexa Fluor
488 dextran (retinal axons, green), ephrin-B1-Fc (EphBs, red), and DAPI (cell bodies, blue).
Each channel is represented in a separate panel below the composite image, and the
terminations of RGC axons in the neuropil are indicated with white arrows. Dorsal (D),
ventral (V), medial (M), and lateral (L) axes are labelled. (B') One section caudal to B (B') is
the most caudal section containing retinal axons. A distinct high dorsal to low ventral
gradient of EphBs can be seen across the retinorecipient neuropil (indicated by the white
bracket). (C) A graph indicating the EphB reactivity (normalized to the dorsal-most value)
across the dorsal-most 150 μm of the retinorecipient neuropil as defined by the presence of
RGC axon terminals. The black line is the average intensity, and the red line indicates the
intensity of the image shown in B'. (D,D') The high caudomedial to low rostrolateral
gradient of EphBs across the dorsal surface of the tectum (D) outlines the region of tectal
innervation of retinal axons (D'), as seen in two different stage 48 brains. Scale bars: A=100
μm, A'=50 μm, B,B',D,D'=100 μm.
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Figure 5. Ephrin-B expression
(A,B) Dorsal views of stage 48 (A) and 59 (B) brains stained for ephrin-B expression.
(A',B') Side views of the same brains. Ephrin-Bs are expressed very strongly in the cerebral
hemispheres and olfactory regions at all stages. In older animals specifically, strong
expression can be seen in the olfactory bulb, accessory olfactory bulb, cerebral hemispheres,
and at the midline of the optic tectum, although staining is undetectable in the striatum and
the tectal lobes. (C) Composite image showing EphB (left) and ephrin-B (right) expression
in the stage 66 brain. The overall expression patterns of EphBs and ephrin-Bs are
complementary; the telencephalon stains for ephrin-Bs, while the diencephalon and optic
tectum show staining only for EphBs. Scale bars: A,A'=100 μm, B-C=500 μm.
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Figure 6. Expression of Ephs and ephrins in adult Xenopus
(A,B) A composite image of tectal lobes from early (stage 66, left) and late (right)
postmetamorphic animals stained for ephrin-A (A) and EphA (B) expression. The very
striking gradients present in early postmetamorphic animals are faint if not absent in the late
postmetamorphic brains stained either for EphAs or ephrin-As. (C,D) Side view of EphA
expression in an early (stage 66; C) and late postmetamorphic brain (D). EphAs appear to be
expressed in the optic tract at stage 66, but do not persist in the late postmetamorphic
animal. (E,F) Tectal lobes from early (stage 66, left) and late (right) postmetamorphic
animals stained for ephrin-B (E) and EphB (F) expression. The very low expression of
ephrin-Bs and very high expression of EphBs appear to continue unchanged into adulthood.
(G, H) The side view of an early (stage 66; G) and late (H) postmetamorphic brain stained
for expression of EphBs. EphBs are strongly expressed in the marginal zone of the optic
tract in both froglet and fully mature animal, but ephrin-Bs were not detected in the optic
tract at any time point. Scale bars = 500 μm.
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Figure 7. Ephrin-A and EphA expression patterns are unbanded in binocularly-innervated tecta
(A) A two-photon montage of an early postmetamorphic (stage 66) frog tectum following
left tectal lobe removal at a larval stage shows a binocular banded innervation pattern 48 hrs
after left eye wheat germ agglutinin Alexa 488 (WGA 488) injection and right eye WGA
594 injection. The arrows in A indicate bands of high intensity (strong innervation) from the
right eye. The smaller structure to the left is the remains of the left tectal lobe. (B,B') The
green channel (B) and red channel (B') of the two-photon image seen in A. The white arrows
refer to the same bands of WGA 594 maxima. (C,C') The WGA labelling persists faintly
following the ephrin staining protocol, as seen in an epifluorescence image of the entire
tectal lobe (green channel: C, red channel: C'). (D) The expression of ephrin-As in the same
tectum is strongest caudomedially and decreases in a gradient rostrolaterally, similar to the
expression of ephrin-As in normal adults. This pattern does not align with the pattern of
bands seen in the WGA labelling. (D') A thermal map of the image shown in D. The images
in B were collected at an angle to best visualize the banding, whereas the angle for
corresponding images in C and D was optimized for the ephrin-A gradient. (E) A two-
photon montage of another optic tectum following left tectal lobe removal and right eye
injection with WGA 488 shows patches of innervation as well as unlabeled patches
presumably innervated by the contralateral eye. (F,G) The bands of WGA 488 labelling
persist after the ephrin staining protocol (F) but do not align with the pattern of ephrin-A
expression (G). (H) A two-photon montage of the innervation pattern in a tectum following
left tectal lobe removal and right eye injection with WGA 488. (I) The EphA expression
pattern in the same tectum is strong, uniform, and unbanded. Scale bars: A–B'=300 μm, C–
D'=500 μm, E=300 μm, F,G=500 μm, H=400 μm, I=500 μm.
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