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ABSTRACT

Sensory axons are targeted to modality-specific nuclei in the thalamus. Retinal ganglion cell
axons project retinotopically to their principal thalamic target, the dorsal lateral geniculate
nucleus (LGd), in a pattern likely dictated by the expression of molecular gradients in the LGd.
Deafferenting the auditory thalamus induces retinal axons to innervate the medial geniculate
nucleus (MGN). These retino-MGN projections also show retinotopic organization. Here we show
that ephrin-A2 and -A5, which are expressed in similar gradients in the MGN and LGd, can be
used to pattern novel retinal projections in the MGN. As in the LGd, retinal axons from each eye
terminate in discrete eye-specific zones in the MGN of rewired wild-type and ephrin-A2/A5
knockout mice. However, ipsilateral eye axons, which arise from retinal regions of high EphA5
receptor expression and represent central visual field, terminate in markedly different ways in
the two mice. In rewired wild-type mice, ipsilateral axons specifically avoid areas of high ephrin
expression in the MGN. In rewired ephrin knockout mice, ipsilateral projections shift in location
and spread more broadly, leading to an expanded representation of the ipsilateral eye in the
MGN. Similarly, ipsilateral projections to the LGd in ephrin knockout mice are shifted and are
more widespread than in the LGd of wild-type mice. In the MGN, as in the LGd, terminations
from the two eyes show little overlap even in the knockout mice, suggesting that local interocular
segregation occurs regardless of other patterning determinants. Our data demonstrate that
graded topographic labels, such as the ephrins, can serve to shape multiple related aspects of
afferent patterning, including topographic mapping and the extent and spread of eye-specific
projections. Furthermore, when mapping labels and other cues are expressed in multiple target
zones, novel projections are patterned according to rules that operate in their canonical targets.
J. Comp. Neurol. 488:140-151, 2005.  © 2005 Wiley-Liss, Inc.
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Under certain experimental conditions, inputs of one
modality can be induced to innervate thalamic nuclei of a
different modality. Comparisons of projections in normal
targets with those in novel targets should provide insight
on how afferent and target-derived factors influence the
development of modality-specific patterns. The lateral
geniculate nucleus (LGN, including its dorsal and ventral
divisions, LGd and LGv, respectively) is the primary tha-
lamic recipient of visual fibers from retinal ganglion cell-
axons, whereas the medial geniculate nucleus (MGN) is
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Fig. 1. Schematic representation of Eph/ephrin interactions in
shaping normal and novel retinal projections in wild-type (A,B) and
ephrin-A2/A5 knockout (C,D) mice. Contralateral projections are la-
beled in red; ipsilateral projections are labeled in green. Ephrin ex-
pression is represented by the blue gradient within the target nuclei,
whereas Eph receptor expression is depicted by the blue gradient
under each retina. A: In wild-type mice, ipsilateral axons arise from
the temporal retina and express high levels of EphA5 receptor. As a
result, these axons target regions of the dorsal lateral geniculate

the principal target of auditory fibers from the inferior
colliculus. Surgical deafferentation of the MGN in neona-
tal animals induces axons of retinal ganglion cells to in-
nervate this nucleus (Schneider, 1973; Sur et al., 1988;
Lyckman et al., 2001; Sur and Leamy, 2001). Similarly,
deafferentation of the ventrobasal nucleus (VB), which
normally receives somatosensory input, also induces ab-
errant visual innervation. Retino-MGN and retino-VB
projections have features that are characteristic of retino-
LGN projections, such as retinotopy and local eye-specific
segregation (Frost, 1981; Angelucci et al., 1997, 1998).
Auditory cortex that develops with visual input also has a
retinotopic map of visual space, as well as orientation-
selective cells and an orientation map (Roe et al., 1990;
Sharma et al., 2000; Sur, 2004).

In the visual system, retinotopic ordering of inputs to
visual targets depends on ephrin-Eph interactions
(O’Leary and McLaughlin, 2005). Rodent retinal gan-
glion cells show a graded pattern of expression for the
EphA5 receptor (Feldheim et al., 1998), whereas the
LGd and superior colliculus express a gradient of the
ligands ephrin-A2 and -A5. Repulsive interactions me-
diated by the EphA5 receptor on retinal ganglion cell
axons in the presence of these dual ephrin-A gradients
are essential to the development of retinotopic maps in
both visual targets (Cheng et al., 1995; Drescher et al.,
1995; Monschau et al., 1997; Feldheim et al., 1998,
2000, 2004; Frisen et al., 1998; Yates et al., 2001; Han-
sen et al., 2004; Reber et al., 2004; see also Monnier et
al., 2002). Several members of the ephrin family are
differentially expressed in the developing thalamus
(Feldheim et al., 1998; Vanderhaeghen et al., 2000;
Nakagawa et al., 2000; Lyckman et al., 2001; Williams
et al., 2003). We previously reported an ephrin A gra-
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nucleus (LGd) with low ephrin expression. B: A similar ephrin gradi-
ent is also apparent in the medial geniculate nucleus (MGN). As a
result of these parallel ephrin gradients, eye-specific projections are
similar in the LGN and rewired MGN: in rewired wild-type mice,
ipsilateral retino-MGN projections target regions of the MGN with
low ephrin expression. C,D: In ephrin knockout mice, ipsilateral ax-
ons still show high EphA5 receptor expression but target broader
regions of the LGN and MGN. Ipsilateral axons spread ventrally in
both the LGN (C) and the rewired MGN (D) of ephrin knockout mice.

dient in the MGN that is similar in orientation and
expression level to that in the LGd (Lyckman et al.,
2001). Here we asked whether ephrin-A gradients reg-
ulate the patterning of a surgically induced retino-MGN
projection, analogous to their function in normal visual
targets.

In rodents, ipsilateral axons (which represent central,
binocular visual field) arise from cells in the ventrotem-
poral retina, a region with high EphAb5 receptor expres-
sion. These axons may be especially sensitive to the
parallel ephrin gradients in the LGd and MGN, target-
ing cells with low ephrin expression in both nuclei
(Fig. 1A,B). If the ephrin gradient directly contributes
to retino-MGN organization, we would expect ipsilat-
eral patterning in the MGN to be different in wild-type
and ephrin knockout mice. Furthermore, we would ex-
pect that any differences we see between the mice
should be similar in the MGN and LGd (Fig. 1C,D). We
show here that ipsilateral retino-MGN projections pref-
erentially target areas of the MGN that show low ephrin
expression in normal mice, whereas in ephrin knockout
mice they are more extensive and have greater topo-
graphic spread than in wild-type mice. The changes in
the patterning of the retino-MGN projection are compa-
rable to those for the retino-LLGd projection. Despite
changes in the extent of eye-specific layers, the segre-
gation of eye-specific inputs is maintained in the knock-
out mice, in the LGd and rewired MGN. These data
suggest that guidance interactions mediated by rela-
tively few receptor-ligand systems have important con-
sequences for afferent patterning in multiple thalamic
nuclei, including normal and novel targets of retinal
axons.
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MATERIALS AND METHODS
Animals

Surgeries were performed on wild-type 129/SvEv mice
(Taconic Farms, Germantown, NY) and on ephrin-A2/A5
double knockout mice that were bred and maintained in
our in-house colony (Division of Comparative Medicine,
MIT). The ephrin-A2/A5 double knockout mouse (Feld-
heim et al., 2000) was generated by crossing a homozygous
ephrin-A2 knockout in a pure 129/SvEv background with
a homozygous ephrin-A5 knockout in a mixed Swiss-
Webster/C57BL/6 background (Frisen et al., 1998). Live
animal procedures were approved by the Committee on
Animal Care at MIT and conformed to National Institutes
of Health guidelines.

Rewiring surgery

129/SvEv and ephrin-A2/A5 knockout mice were anes-
thetized 1 day after birth by deep hypothermia. By using
high-temperature microcautery, we lesioned the left supe-
rior colliculus and the left inferior colliculus and severed
the left brachium of the inferior colliculus with an 18-
gauge needle. These combined procedures effectively deaf-
ferent the left MGN, by removing ipsilateral inputs that
arise in the inferior colliculus and ascend through the
brachium of the inferior colliculus, as well as contralateral
inputs that cross the midline at the level of the superior
colliculus (Angelucci et al., 1998; Lyckman et al., 2001).
Pups were revived under a heat lamp and were reared to
adulthood.

Ephrin-A and EphA expression

Expression patterns of ephrin-A proteins and EphA re-
ceptor tyrosine kinases were obtained by staining with
alkaline phosphatase (AP)-coupled affinity probes (Flana-
gan et al., 2000). For ephrin-A staining of the thalamus,
we used 100-pm vibrotome sections from PO mouse brains,
unperfused and fixed for 20 minutes in paraformaldehyde.
For Eph-A staining of the retina, we used 20-pm whole-
mount cryostat sections, fixed with paraformaldehyde for
15 seconds. Sections were incubated with ephrin-A5-
coupled AP or EphA3-coupled AP in HBAH buffer [Hanks
balanced salt solution, bovine serum albumin (0.5 mg/ml),
0.1% (w/v) NaN,, 20 mM HEPES, pH 7.0] for 90 minutes.
Endogenous phosphatase activity was quenched by incu-
bating the sections overnight at 65°C. AP activity was
detected by using nitroblue tetrazolium chloride (NBT)
and 5-bromo-4-choro-3indolyl-phosphate-p-toluidine salt
(BCIP). Probe intensity in the MGN and retina was quan-
tified on gray-scale images in Scion Image software. For
the MGN, a line was drawn along the descending ephrin
gradient from the ventral and lateral corner (in coronal
section) or anterior and lateral corner (in horizontal sec-
tion). For the retina, a line was drawn along the retinal
ganglion cell layer from nasal to temporal retina. Lumi-
nance values were measured, inverted, and scaled from 0
(light; low probe intensity) to 1 (dark; high probe inten-
sity).

Retrograde labeling of ipsilateral retinal
axons

With a picospritzer, we made five injections of Alexa
fluor-488-conjugated cholera toxin B subunit (CTB) into
the superficial layers of the left superior colliculus of a PO
mouse. A single injection delivered approximately 1 pl of
CTB. Pups were sacrificed 24 hours after injections. Whole
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heads were removed, frozen in isopentane, and sectioned
at 20 pm on a cryostat. Images of the ipsilateral retina
were taken with a Zeiss fluorescent microscope. Pixel in-
tensity values were calculated as described above, without
inversion.

Fluorescent tracing

Adult mice (>6 weeks) were anesthetized with Avertin
(320 mg/kg). We injected a saturating volume (2 pl) of 1%
CTB conjugated to either Alexa fluor-488 or -594 (Molec-
ular Probes, Eugene, OR) into the left and right eyes,
respectively. Thus, in the left, rewired, hemisphere, ipsi-
lateral eye projections were labeled green, whereas con-
tralateral eye projections were labeled red. Mice were
euthanized 2-3 days after injection by using sodium pen-
tobarbital (50 mg/kg) and were perfused sequentially with
phosphate-buffered saline and 4% paraformaldehyde.
Brains were removed from the skull, equilibrated in 30%
sucrose, and sectioned frozen in the coronal or horizontal
plane at 50 pm. Sections were imaged by confocal micros-
copy. The LGd and MGN were identified on representative
sections using Alexa-640/660 Nissl stain (Molecular
Probes).

Identification of retinal label in standard
sections

To compare the extent and location of retinal label in
matched locations within the MGN of wild-type and eph-
rin knockout mice, the LGd was used as a positional
reference to define the anterior, posterior, dorsal, and
ventral borders of the MGN. In the coronal plane, retinal
projections to the MGN were consistently observed in six
serial 50-pm sections (labeled “C1-C6,” as indicated on
the horizontal schematic shown in Fig. 2E). Section C1,
the most anterior section, was defined as the third section
rostral to the posterior boundary of the LGd (located at
approximately —2.8 bregma). This section and the next
(section C2) were used for measuring the amount and
extent of retinal label in “anterior” MGN sections. Sec-
tions C5 and C6 were used for measuring label in “poste-
rior” MGN sections. In the horizontal plane, rewired pro-
jections were consistently observed in at least eight
sections (labeled “H1-H8”). The lateral posterior nucleus
(LP) lies dorsal to the LGd and MGN and also receives
enhanced retinal projections after rewiring. We ensured
that projections into the LP were not included in the
calculations by conservatively including only six serial
sections in our data analysis (Fig. 2A). Section H1 was
defined as the most ventral section containing LGd. This
section was used for measurements in “ventral” MGN
sections. We designated the most dorsal section “H6”; this
section was used for measurements in “dorsal” sections.

Retinal labeling in the MGN

Sections were examined by confocal microscopy to pro-
duce eight-bit digital images of red and green fluores-
cence. Images were normalized to contain gray values of
0-255 for each channel. A region of interest (ROI) encom-
passing all label in the rewired MGN was defined in Adobe
Photoshop for each coronal or horizontal section. The LGd,
or in more posterior sections the optic tract, was used as
the lateral border for the MGN. The ROI never extended
past the medial border of the MGN as determined by Nissl
staining on representative sections. To quantify the de-
gree of retinal innervation from the ipsilateral and con-
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Fig. 2. Rewired projections in coronal (A-D) and horizontal
(E-H) sections. A,E: Schematic representation of rewired visual pro-
jections in coronal and horizontal sections, respectively. In unlesioned
animals, retinal axons innervate the dorsal lateral geniculate nucleus
(LGd; orange), whereas auditory input reaches the medial geniculate
nucleus (MGN; blue) from the inferior colliculus. In “rewired” ani-
mals, deafferention of the MGN induces retinal axons to innervate the
MGN. A: H1 (most ventral) and H6 (most dorsal) mark the approxi-
mate locations used for horizontal sections. E: C1 (most anterior) and
C6 (most posterior) mark the approximate locations used for coronal
sections. CO marks the approximate location of the LGd section shown
in Figure 6. B,C: Representative coronal sections (at level C1) in a

tralateral eyes in each ROI, we counted the total number
of red and green pixels in each ROI that exceeded a pixel
intensity threshold of 200. From these measurements we
determined the total number of pixels and the totals in
each channel for each ROI. The percentage of ipsilateral
pixels was defined as the number of green pixels in that
ROI divided by the total number of rewired pixels in the
same ROI.

Location and extent of ipsilateral
terminations

For analyzing the location and extent of ipsilateral pro-
jections in the LGd and MGN, we analyzed data from five
serial coronal sections each from the LGd and the rewired
MGN. The most anterior LGd section used in this analysis
was the fifth section caudal to the anterior end of LGd
(section CO in Fig. 2E). In some cases, we used the control
hemisphere of rewired mice for LGd data. Rewired MGN
data included coronal sections C1-C5 as defined above. In
NIH Imaged, a line 45° from horizontal was drawn on each
image from the most ventral to the most dorsal retinal
projection in the LGd or MGN (see Fig. 6). The smallest
region encompassing all green pixels (ipsilateral) was out-
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control, unlesioned mouse (B) and a rewired mouse (C). In the rewired
mouse, retinal axons can be seen overshooting the medial boundary of
the LGd and projecting into the MGN. Enhanced retinal projections
are also seen in the lateral posterior nucleus (LP). Retinal axons are
labeled with Alexa fluor-conjugated CTB. Contralateral projections
are labeled in red. Ipsilateral projections are labeled in green. Arrow-
heads mark the LGd/MGN boundary. D: Matched Alexa-640/660
Nissl-stained section, thickness 50 wm. E-H: Horizontal view and
sections. In horizontal sections (at level H6), retinal axons can be seen
overshooting the posterior boundary of the LGd. Details are the same
as for coronal sections. Scale bar = 0.1 mm in H (applies to B-D, F-H).

lined by hand. The centroid position of this region was
calculated in NIH ImagedJ and projected normally onto the
45° line. Relative centroid position was defined as the
distance of the centroid from the ventralmost retinal pro-
jection, divided by total line length. To measure the spread
of ipsilateral label, the most ventral and dorsal ipsilateral
label were projected normally onto the 45° line. The rela-
tive extent of ipsilateral label was defined as the distance
between these ventral and dorsal points divided by the
total line length.

RESULTS

Early in development, retinal fibers traverse the lateral
edge of the thalamus via the optic tract en route to the
superior colliculus. Subsequently, they branch into the
principal visual nucleus of the thalamus, the LGd. In
mice, early deafferentation of the MGN causes retinal
projections to overshoot the expected medial and posterior
boundaries of the LGN and project into this aberrant
target (Lyckman et al., 2001; Fig. 2). Coronal sections
through the posterior thalamus (Fig. 2A-D) show retinal
projections into the LGd in control, unlesioned mice (Fig.
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2B) and to the LGd and the MGN in rewired mice (Fig.
2C). Horizontal sections through the thalamus (Fig.
2E-H) show retinal projections to the LGd in unlesioned
mice (Fig. 2F) and additionally to the MGN in rewired
mice (Fig. 2G). Here, we sought to understand the pat-
terning of retinal projections in the MGN and whether
ephrin-A proteins contribute to the specification of this
patterning.

Ephrin expression in the mouse MGN

The mouse MGN shows graded expression of ephrin-A2
and ephrin-A5 mRNAs and ephrin-A proteins, with great-
est expression at the ventrolateral border of the MGN
(Lyckman et al., 2001). We have confirmed this ephrin-A
gradient in coronal sections, showing that it decreases
toward the dorsal and medial part of the MGN (Fig. 3A),
and have further characterized it in horizontal sections of
the MGN at PO. AP staining with an EphA3 affinity probe
revealed graded ephrin-A protein expression in horizontal
sections. In these sections, the highest ephrin-A expres-
sion level was seen at the anterolateral border of the
MGN. The expression then decreased posteriorly and me-
dially from this border (Fig. 3B). The high lateral ephrin-A
expression in the MGN, seen in both coronal and horizon-
tal sections, abuts either the medial edge of the LGd or, in
more posterior sections, the posterior LGd and optic tract.
The pattern of ephrin expression is similar in the LGd:
ephrin-A2 and -A5 mRNA expression is high at the lat-
eral, ventral, and anterior edge and decreases toward the
medial, dorsal, and posterior end (Feldheim et al., 1998).
This results in a head-to-tail organization pattern be-
tween these two nuclei; low ephrin expression in the LGN
abuts high ephrin expression in the MGN. The absence of
EphA3-AP staining in the thalamus of ephrin-A2/A5
knockout mice indicates that ephrin-A2 and -A5 account
for all the ephrin-A staining in these thalamic nuclei but
does not absolutely rule out the presence of other ephrin-A
ligands (Feldheim et al., 2000).

Retinal origin of ipsilateral axons

In wild-type mice, temporal retinal ganglion cell axons
express high levels of receptors for ephrin-A2 and
ephrin-A5 (EphA3 in chick: Cheng et al., 1995; EphA5 in
mice: Feldheim et al., 1998, 2000; Reber et al., 2004). By
using an ephrinA5-AP probe, we confirmed that the pat-
tern of receptor expression is the same in ephrin-A2/A5
knockout mice (Fig. 3C,E). We hypothesized that ipsilat-
eral axons, which arise from the temporal retina, would
have high levels of receptor expression. To examine this
hypothesis, we retrogradely labeled ipsilateral axons from
the superior colliculus of wild-type and ephrin-A2/A5
knockout mice (n = 2 animals each). Unilateral injections
of CTB in the superior colliculus labeled retinal ganglion
cells in the ventrotemporal retina of the same side (Fig.
3D). Comparisons of the receptor staining with corre-
sponding sections of back-labeled retinal neurons demon-
strated that ipsilateral projections indeed arose from re-
gions of the retina with high receptor expression. Notably,
there was no difference in ipsilaterally projecting retinal
ganglion cells between wild-type and ephrin knockout
mice (Fig. 3F). EphrinA5-AP probe staining of optic tract
axons in whole mounts of the thalamus at PO revealed
robust receptor expression in the entire tract overlaying
the LGd, in a manner that paralleled the distribution of
retinofugal axons (Lyckman et al., 2001). The axon stain-
ing pattern is consistent with the widespread distribution
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of axons from diverse parts of the retina within the optic
tract (Simon and O’Leary, 1991; Chan and Guillery, 1994;
Fitzgibbon and Reese, 1996).

Effects of ephrin expression on patterning
eye-specific projections in the rewired MGN

Patterning in the anterior-posterior dimension.
Different mean levels of Eph receptor expression in con-
tralateral and ipsilateral retinal ganglion cells indicate
that ephrin expression may contribute to eye-specific tar-
geting. For example, ephrin is expressed from a high an-
terior to low posterior gradient in the MGN (Fig. 3B).
Ipsilateral axons, which show high receptor expression,
should avoid areas of the MGN with high ligand expres-
sion, namely, anterior MGN. We examined eye-specific
projections in coronal sections through anterior and pos-
terior MGN (Fig. 4). Intraocular injections of Alexa
fluor-488 (green) and -594 (red) CTB were made, respec-
tively, into the left and right eyes of adult, unilaterally
rewired mice. In all cases, ipsilateral projections were
labeled with green CTB. In rewired wild-type mice, ipsi-
lateral retinal axons consistently avoided areas of high
ephrin expression, namely, anterior MGN, and preferen-
tially occupied the posterior region of this nucleus (Fig.
4A-C). We quantified the total number of labeled pixels in
the rewired MGN for each section. From this, we calcu-
lated the percentage of those pixels that were from the
ipsilateral eye (labeled with green CTB). The percentage
of rewired axons representing the ipsilateral eye was sig-
nificantly higher in posterior sections compared with an-
terior sections (Fig. 4D; P < 0.01, ¢-test; n = 5 animals;
this and all subsequent comparisons treat each animal as
a single datum).

To determine whether this patterning is influenced by
ephrin expression, we performed the same analysis on
ephrin-A2/A5 knockout mice. We suspected that ipsilat-
eral projections would be specifically enhanced in anterior
MGN, where ephrin is highly expressed in the wild type
(Fig. 4E). Indeed, tracing retinal projections in rewired
ephrin-A2/A5 knockout mice revealed ipsilateral pattern-
ing that differed from that in the wild type. In these mice,
the percentage of ipsilateral label in anterior MGN signif-
icantly increased compared with wild type (Fig. 4F). A
comparison of matched anterior sections demonstrated
significantly more ipsilateral projections in ephrin knock-
out vs. wild-type mice (Fig. 4D,H; P < 0.05, ¢-test; n = 5
animals each). Ipsilateral representation in posterior
MGN was still higher than that in anterior MGN, but this
difference was not significant (P > 0.1, ¢-test; n = 5 ani-
mals). There was no significant change in the amount of
ipsilateral representation in matched posterior sections of
knockout vs. wild-type mice (P > 0.45, ¢-test; n = 5 ani-
mals each). There were no apparent changes in the pat-
terning of contralateral projections in the rewired MGN of
ephrin-A2/A5 knockout mice.

Patterning in the dorsoventral dimension. As can
be seen in coronal sections, ipsilateral axons not only
project more posteriorly within the MGN but also more
dorsally and medially than contralateral axons (Fig. 2C).
This patterning is also consistent with a repulsive role for
the ephrin gradient. In both the LGN and the MGN,
ephrin is expressed in a gradient in the dorsoventral di-
mension, from high ventral to low dorsal (Fig. 3A). With
the same reasoning as above, we suspected that ipsilateral
axons would preferentially target dorsal MGN (Fig. 5A).
To examine this, we analyzed eye-specific projections in
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Fig. 3. Ephrin A expression in the MGN (A,B) and EphA expres-
sion in the retina (C-F). Coronal (A) and horizontal (B) sections
through the wild-type MGN. A1,B1: EphA3-alkaline phosphatase
probe staining to show ephrin-A ligand expression in a PO mouse.
Inset: Pixel intensity profile of EphA3-AP affinity-probe staining
through MGN along the black line from closed to open oval. A2,B2:
Matched sections from a P1 mouse with CTB-labeled retinal axons,
following bilateral intraocular injection of CTB. Outline marks the
boundary of the MGN. A3,B3: Matched sections stained with cresyl
violet. L, LGd; M, MGN. C: Ephrin-A affinity-probe staining of a
horizontal section through wild-type retina. Temporal retina is lo-
cated at bottom right (T, temporal; N, nasal). Ipsilaterally projecting
cells labeled in D extend from the temporal edge of the retina to the
nasal/temporal border, as marked by the two arrowheads. Bottom:
Pixel intensity profile of ephrin-A affinity probe staining in the retinal
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ganglion cell layer along the dotted line from open to closed oval. The
staining intensity from the open arrowhead at the temporal edge to
the central arrowhead denotes EphA receptor expression in the ipsi-
laterally projecting temporal retina; the intensity from the central
arrowhead to the solid arrowhead denotes receptor expression in a
retinotopically matched binocular zone of the nasal retina that
projects contralaterally. (The level of receptor expression is high
within both regions, consistent with a possible matched expansion of
both projections, and hence of the binocular zone, within the LGd or
MGN of ephrin knockout mice.) D: Ipsilaterally projecting retinal
ganglion cells, retrogradely labeled with CTB from the superior col-
liculus. Bottom: Pixel intensity profile of CTB label in the retinal
ganglion cell layer. E,F: Same as C,D for ephrin-A2/A5 knockout mice.
Scale bars = 0.1 mm in Al1,B1; 0.5 mm in A3,B3 (applies to
A2,B2,A3,B3); 0.1 mm in C (applies to C-F).



146

Wild type

E’

Ephrin-A2-/A5

m
=
-

Fig. 4. Anterior-posterior patterning of ipsilateral projections in
rewired MGN of wild-type (A-D) and ephrin-A2/A5 double-knockout
mice (E-H). A,E: Schematic sagittal section depicting the anteropos-
terior ephrin gradient in wild-type (A) and ephrin-A2/A5 knockout (E)
MGN. Bottom: Corresponding expected distribution of ipsilateral vi-
sual projections to the MGN, ranging from anterior (A) to posterior
(P). B,C: Coronal sections from a wild-type mouse, showing contralat-
eral projections (red) and ipsilateral projections (green). An anterior

horizontal sections. In wild-type mice, rewired ipsilateral
axons consistently avoided ventral MGN (Fig. 5B), prefer-
ring the dorsal part of the nucleus (Fig. 5C). The propor-
tion of ipsilateral label per section was significantly higher
in dorsal MGN sections compared with ventral MGN sec-
tions (Fig. 5D; P < 0.005, t-test; n = 5 animals). In ephrin-
A2/A5 knockout mice, there was a major increase in the
proportion of ipsilateral innervation in ventral MGN (Fig.
5E,F). The proportion of ipsilateral label was now much
more evenly spread across the nucleus, with little differ-
ence between ventral and dorsal sections (Fig. 5H; P >
0.2, t-test; n = 5 animals). The most ventral horizontal
sections in ephrin knockout mice received significantly
greater ipsilateral innervation than matched sections in
wild-type mice (Fig. 5D,H; P < 0.01, ¢-test; n = 5 animals
each).

Ipsilateral projections in the MGN and LGd
of wild-type and ephrin knockout mice

The changes in patterning of ipsilateral projection that
we see in the rewired MGN of ephrin knockout mice are
reminiscent of the distribution of retinal terminations in
normal visual targets, which show similar ephrin expres-
sion patterns. For example, in ephrin-A5 knockout mice,
temporal axons extend more anteriorly in the LGd (Feld-
heim et al., 1998). For a more direct comparison, we mea-
sured the centroid location of the ipsilateral projection, as
well as the spread of ipsilateral label along the axis of
ephrin gradient, in both the LGd and the MGN of wild-
type and ephrin knockout mice (Fig. 6). We focused our
analysis on coronal sections, because the ipsilateral pro-
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section (at level C1, Fig. 2E) is shown in B; a posterior section (at level
C6, Fig. 2E) is shown in C. Arrowheads mark the LGd/MGN bound-
ary. F,G: Similar sections from an ephrin-A2/A5 double-knockout
mouse. D,H: Percentage of rewired projections from the ipsilateral eye
in anterior and posterior coronal sections, quantified by using confocal
images. Error bars show standard errors of the mean. *P < 0.05. D,
wild type; H, ephrin-A2/A5 double knockout. Scale bar = 0.1 mm in G
(applies to B,C,F,G).

jection to the LGd is best characterized in this orientation.
In wild-type mice, ipsilateral projections target the dorsal
and medial edge of the LGd. In ephrin-A2/A5 knockout
mice, ipsilateral projections to the LGd spread farther
ventrally and laterally and appeared more widespread
compared with the wild type (Fig. 6A). Our metrics dem-
onstrate that, in the LGd of ephrin knockout mice, the
ipsilateral projection shifted significantly ventrally (Fig.
6B; P < 0.01, t-test; n = 5 animals each) and tended to
spread farther along the dorsoventral dimension (Fig. 6C;
P < 0.09, t-test; n = 5 animals each) compared with wild
type. Such spread is expected in the LGd of knockout mice
if high ventrolateral ephrin expression constrains ipsilat-
eral axons in the wild type. We compared this shift in
patterning to the position and spread of ipsilateral label
along the ephrin gradient axis in the rewired MGN (Fig.
6D). Here, the centroid of the ipsilateral label also shifted
significantly (Fig. 6E; P < 0.05, ¢-test; n = 5 animals each)
and tended to spread farther ventrally (Fig. 6F; P < 0.07,
t-test; n = 5 animals each) in knockout mice compared
with wild type. These data, derived from coronal sections,
are consistent with the horizontal sections shown in Fig-
ure 5. In fact, the shift and spread of the ipsilateral label
in ephrin knockout mice appeared to be even more pro-
nounced in the rewired MGN compared with the LGd.

Spread of retino-MGN terminations in wild-
type and ephrin knockout mice
In a previous study, Lyckman et al. (2001) demon-

strated that retino-MGN projections are more extensive in
ephrin-A2/A5 knockout mice compared with wild type,
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Fig. 5. Dorsal-ventral patterning of ipsilateral projections in re-
wired MGN of wild-type (A-D) and ephrin-A2/A5 double-knockout
mice (E-H). A,E: Schematic sagittal section depicting the dorsoven-
tral ephrin gradient in wild-type (A) and ephrin-A2/A5 double-
knockout (E) MGN. Left: Corresponding expected distribution of ip-
silateral visual projections to the MGN, ranging from dorsal (D) to
ventral (V). B,C: Horizontal sections from a wild-type mouse, showing
contralateral projections (red) and ipsilateral projections (green). A

although the relative contributions of ipsilateral and con-
tralateral retinal projections were not evaluated. Here, we
also found a roughly twofold increase in the total number
of labeled pixels in the rewired MGN of ephrin-A2/A5
knockout mice compared with wild type (Fig. 7, circles;
P < 0.05, t-test; n = 10 animals each). This increase was
evident despite any obvious differences in cell number or
density in the deafferented MGN of these strains, as de-
termined by cell counts from Nissl sections. Our results
described so far suggested that ipsilateral projections
were specifically increased in knockout mice. We asked
whether an increase in the total number of rewired termi-
nals in the knockout mice vs. the wild type could be
accounted for solely by an increase in ipsilateral termi-
nals. We calculated, per mouse, the average number of
ipsilateral and contralateral pixels in the rewired MGN of
wild-type and knockout mice. There was an increase in the
extent of contralateral projections between knockout and
wild-type mice, although it was not significant (P > 0.35,
t-test; n = 10 animals each). There was a much greater,
roughly fourfold, increase in the total number of ipsilat-
eral projections in knockout compared with wild-type mice
(P < 0.001, t-test; n = 10 animals each). Thus the increase
in retinal innervation of the MGN in ephrin-A2/A5 knock-
out mice is due significantly to an increase in ipsilateral
input.

Interocular segregation in the rewired MGN

In mice, not only are projections from each eye targeted
to characteristic eye-specific zones within the LGd but also
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ventral section (at level H1, Fig. 2A) is shown in B; a dorsal section (at
level H6, Fig. 2A) is shown in C. Arrowheads mark the LGd/MGN
boundary. F,G: Similar sections from an ephrin-A2/A5 double-
knockout mouse. D,H: Percentage of rewired projections from the
ipsilateral eye in ventral and dorsal horizontal sections, quantified by
using confocal images. Error bars show standard errors of the mean.
*P < 0.05. D, wild type; H, ephrin-A2/A5 double knockout. Scale bar =
0.1 mm in G (applies to B,C,F,G).

ipsilateral and contralateral projections show little to no
overlap of termination at the boundaries between these
zones. Eye-specific segregation into small focal clusters is
observed in the rewired MGN of ferrets, although stereo-
typed eye-specific zones are not observed (Angelucci et al.,
1997). Here, we used dual-color (red and green) intraocu-
lar injections, as described above, to examine the extent of
segregation of retino-MGN projections in wild-type and
ephrin knockout mice. The extent of overlap from the two
eyes is indicated by the presence of yellow pixels. Our data
indicated that retino-MGN projections were well segre-
gated in wild-type mice: only 0.9% of pixels showed over-
lap between projections from the two eyes. The degree of
eye segregation in rewired retino-MGN projections was
comparable to that of normal retino-LGd projections (e.g.,
Figs. 2, 6), where, with our measure, 0.02% of pixels
showed interocular overlap. In rewired ephrin-A2/A5
knockout mice, ipsilateral axons projected more widely in
the MGN. However, the changes in ipsilateral targeting
did not lead to an increase in the overlap of projections
(Figs. 4, 5): 1.3% of pixels showed overlap, a proportion not
different from that in rewired wild-type mice (P > 0.1,
t-test; n = 5 animals each). Similarly, in the LGd of ephrin
knockout mice, 0.1% of pixels showed overlap between the
two eyes, which was similar to the proportion in wild-type
mice (P > 0.05, t-test; n = 5 animals each). Thus, in
agreement with more detailed studies of the LGd (D.A.F.,
unpublished observations), whereas the size and extent of
eye-specific projection zones were significantly influenced
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Fig. 6. Comparison of dorsoventral patterning of ipsilateral pro-
jections in the LGd (A-C) and rewired MGN (D-F) of wild-type and
ephrin-A2/A5 double-knockout mice. A: Representative coronal sec-
tions through the LGd (at level CO, Fig. 2H) in wild-type (A1) and
ephrin-A2/A5 knockout mice (A2). D: Similar sections through the
rewired MGN (at level C5). Line in each figure represents the ephrin
gradient in wild-type mice, from high ventral to low dorsal. B,E:
Dorsoventral position of ipsilateral centroid in LGd (B) and rewired
MGN (E) of wild-type mice (yellow circle) and ephrin-A2/A5 double-
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Fig. 7. Ipsilateral and contralateral projections, and total retinal
innervation, in the rewired MGN of wild-type and ephrin-A2/A5
double-knockout mice. Bar graphs: wild type (left), ephrin-A2/A5
knockout (right). Open bars depict the average number of ipsilateral
pixels in the rewired MGN per mouse. Solid bars depict the average
number of contralateral pixels. Circles represent the total number of
labeled pixels per mouse in the rewired MGN in wild-type and ephrin
knockout mice. Error bars show standard errors of the mean.
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knockout mice (blue circle). Y-axis represents the position of the
ipsilateral centroid as a fraction of the full length of retinal projection
along the ephrin gradient (0 = most ventral projection, 1 = most
dorsal projection). C,F: Spread of ipsilateral projection in the LGd and
rewired MGN of wild-type (yellow) and ephrin-A2/A5 double-knockout
(blue) mice. Y-axis represents the length of ipsilateral representation
along the ephrin gradient as a fraction of the full length of retinal
projection along the same gradient. Error bars show standard errors
of the mean. *P < 0.05. Scale bars = 0.1 mm in A,D.

by ephrin expression, the overlap and segregation of eye-
specific terminals were not.

DISCUSSION

We have confirmed that there is a graded pattern of
ephrin-A protein expression in the mouse MGN that is
similar in orientation and expression levels to that in
the LGd. High ephrin-A expression in the MGN occurs
at the border of the LGd and optic tract. Ipsilaterally
projecting retinal ganglion cells express high levels of
EphA receptor, and their axons develop highly stereo-
typed patterns of innervation in wild-type mice, avoid-
ing areas of high ephrin-A expression in the MGN and
LGd. In rewired animals, ipsilateral axons preferen-
tially target posterior, dorsal, and medial MGN. The
targeting of ipsilateral axons to the MGN and LGd is
significantly altered in location and extent in ephrin-
A2/A5 knockout mice, suggesting that the ephrin-A gra-
dients are necessary for the establishment of this pat-
tern (Fig. 1). This change in targeting also results in an
overall increase in ipsilateral representation in the re-
wired MGN of ephrin knockout mice compared with
wild type. We posit that a specific increase in ipsilateral
projections may account in large measure for the expan-
sion of rewired projections previously reported for eph-
rin knockout mice. Our data suggest that graded topo-
graphic labels, such as the ephrins, can serve to shape
multiple aspects of afferent patterning, including topo-
graphic mapping and the extent and spread of eye-
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specific projections, and can do so in both normal and
novel targets.

Patterning of multiple modalities by ephrin/
Eph interaction

There is substantial evidence that repulsive interac-
tions between EphA receptors and ephrin-A ligands are
crucial in setting up topographic mapping in central vi-
sual structures (see the introductory paragraphs). Al-
though the level of EphA receptors on axons of temporal
retinal ganglion cells is difficult to establish in vivo, in
vitro assays show that temporal axons from mice lacking
the intracellular domain of the EphAb5 receptor lose their
responsiveness to posterior superior colliculus membranes
(Feldheim et al., 2004), demonstrating a requirement for
the intracellular domain in the signaling response to to-
pographic cues. Furthermore, retinotectal targeting in
vivo is disrupted in these mice, demonstrating a require-
ment for endogenous EphA receptors in topographic map-
ping. Our present findings suggest a complementary re-
quirement for ephrin-A, and hence for EphA/ephrin-A
interactions, in retinofugal mapping within diverse tar-
gets.

Sensory axons faithfully reach their appropriate subcor-
tical targets; once there, they develop modality-specific
patterns of innervation. Results from previous rewiring
experiments have been used to suggest a role for pat-
terned sensory activity in the fine tuning of connections,
including retinotopy and eye segregation (Pallas et al.,
1990; Angelucci et al., 1997). It has also been suggested
that the patterning of rewired projections indicates a role
for interactions among developing axons as a key factor in
organizing orderly connections (Frost, 1981). Our data,
however, offer an additional hypothesis: molecular cues
common to the visual and auditory pathway are available
to shape patterning of novel retinal projections in auditory
targets. Although this paper focuses on the auditory thal-
amus, similar graded ephrin expression is seen in the
somatosensory thalamus and cortex. This expression in-
fluences the establishment of a somatotopic map in S1
(Prakash et al., 2000; Vanderhaeghen et al., 2000). Visual
axons can also be induced to innervate the ventrobasal
nucleus, which traditionally receives somatosensory input
(Frost, 1984; Frost and Metin, 1985). The retinotopic map
that develops in the rewired somatosensory thalamus may
also be influenced by the ephrin/Eph interaction.

In addition to offering an explanation for the patterning
of aberrant cross-modal projections, our findings demon-
strate a direct and simple way in which multimodal maps
may be aligned within a target during normal develop-
ment. Sensitivity to a common molecular signaling system
would provide a parsimonious mechanism to align multi-
ple input pathways, as occurs in the superior colliculus.
Although there is less information on direct ephrin in-
volvement in the auditory pathway, the EphA4 receptor
and ephrin-B2 ligand are expressed along the tonotopic
axis in the chick auditory brainstem (Cramer et al., 2002;
Person et al., 2004). Ephrin expression in the mouse inner
ear (Pickles et al., 2002; Pickles, 2003), along with the
graded ephrin expression shown here, indicates that the
ephrins likely participate in axon guidance in regions of
the developing auditory pathway as well. The ephrins are
also expressed in multiple sensory pathways in the devel-
oping cortex (Dufour et al., 2003; Yun et al., 2003). Thus,
we suspect that Eph/ephrin interactions may also serve to
align multimodal input in higher cortical areas.
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Ephrins and compartmentalization in the
developing thalamus

Deafferentation of the MGN leads to increased retinal
innervation in ephrin-A2/A5 knockout mice compared
with wild-type mice. Together with the high expression of
ephrin-A at the border of the MGN and LGd, this finding
suggests that the ephrins may contribute to specifying
nuclear boundaries in the thalamus. However, retinal ax-
ons do not project into the MGN in ephrin knockout mice
without deafferentation surgery (present results; Lyck-
man et al., 2001), demonstrating that the ephrin boundary
is not the sole factor in compartmentalization and target
selection. A similarly high level of ephrin-A expression is
seen at the boundary of the superior and inferior collicu-
lus. In wild-type and ephrin-A5 knockout mice, visual
axons initially overshoot the posterior border of the supe-
rior colliculus and project into the inferior colliculus (un-
published observations). In ephrin-A5 knockout mice,
compared with wild type, significantly more temporal ax-
ons extend into the inferior colliculus, indicating that high
ephrin expression normally limits this anomalous projec-
tion. However, by P14, these projections disappear in both
mice, indicating that the auditory brainstem does not
support this visual input. In the case of retinal projections
to the MGN, early transient projections do not exist;
rather, deafferentation of the MGN is necessary to induce
retinal axons to sprout into this novel target. These find-
ings together support the idea that sensory axons have an
a priori competitive advantage in their intended thalamic
target, likely originating from molecular cues that are
differentially expressed in different thalamic nuclei. It is
as yet unclear why deafferentation permits an anomalous
input to sprout into the MGN, but insight may come from
the vast literature on deafferentation-induced sprouting
in the developing and adult brain (see, e.g., Deller and
Frotscher, 1997).

We have demonstrated a major increase in ipsilateral
retino-MGN input in ephrin-A2/A5 knockout mice. An en-
hanced ipsilateral retino-MGN projection might arise
from additional axons overshooting the LGN/MGN bound-
ary in ephrin knockout mice compared with wild type or
from increased arborization of retinal afferents within the
MGN. That is, disruption of ephrin expression within the
MGN may permit a constant number of rewired retinal
axons to diverge and innervate areas of the MGN previ-
ously avoided, causing an enhancement of the ipsilateral
termination zone. This hypothesis is also supported by the
spread of ipsilateral terminations seen in the LGd of
ephrin-A2/A5 knockout mice. If so, this suggests that tar-
gets directly influence the degree of afferent arborization
and that presynaptic neurons can have a variable, rather
than constant, extent of terminal arbor (Schneider, 1973).

In the LGd of ephrin-A2/A5 knockout mice, expansion
of the ipsilateral projection appears to be accompanied
by an expansion of the retinotopically matched con-
tralateral projection: Figure 3C (see legend) shows that
EphA receptor levels are high in both retinal regions
(see also Reber et al., 2004), so that removing the ephrin
gradient in the LGd can cause both projections to ex-
pand. As a result, we expect that the binocular segment
of the LGd would expand whereas the monocular seg-
ment would concomitantly shrink in ephrin knockout
mice. Indeed, optical imaging of primary visual cortex in
ephrin-A2/A5 knockout mice demonstrates an expan-
sion of binocular cortex and a contraction of monocular
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cortex (Newton et al., 2004), likely resulting from
changes in retino-LGd projections. In the MGN of
knockout mice, there is a significant expansion of ipsi-
lateral projections and also a moderate expansion of
contralateral projections (Fig. 7). It is possible that, in
the MGN, expansion of the ipsilateral (or binocular)
input has less influence on the monocular input—
perhaps due to a more complex competition for space
within the deafferented MGN. Unlike the case in the
LGd, where expansion of the binocular zone necessarily
reduces the monocular zone within a nucleus that is
fully innervated by the retina, retinal axons in the
deafferented MGN also compete for space with remain-
ing normal inputs and with other novel inputs (Ange-
lucci et al., 1998). It is likely that some inputs must
shrink as a result of the ipsilateral expansion, but it is
less clear that this will be the contralateral monocular
input.

Ephrins and eye-specific segregation

We find that, in ephrin-A2/A5 knockout mice, the ipsi-
lateral retinal zone is displaced and extended in both the
rewired MGN and the LGd; however, the terminations
remain sharply clustered and show no greater overlap
than in wild-type mice. Thus, local segregation between
terminals from the two eyes is unaffected. These data are
consistent with the hypothesis that the formation of large-
scale eye-specific layers and local interocular segregation
are dissociable processes (Huberman et al., 2002; Muir-
Robinson et al., 2002). It is likely that the former process
requires the presence of specific labeling molecules,
whereas the local segregation of eye-specific terminations
may be driven by a separate mechanism, such as synchro-
nous electrical activity in retinal ganglion cells of either
eye. Similarly, retinal terminations from the two eyes in
the MGN of rewired ferrets initially overlap extensively,
and progressively segregate into small eye-specific clus-
ters (Angelucci et al., 1997). However, they do not form
eye-specific layers similar to those in the LGd (Hahm et
al., 1999). It is likely that additional cues, likely molecular
ones, are necessary to guide the complex lamination seen
in the ferret LGN and that these cues are not present in
the MGN.

These considerations indicate that the organization of
retinal inputs into eye-specific regions involves several
mechanisms. We show that topographic mapping labels,
such as the ephrins, are integrally involved in regulating
the size and extent of ipsilateral projections and can do so
in normal and novel targets of the retina. Local nonover-
lapping segregation of inputs from the two eyes may arise
from correlated electrical activity. The large-scale laminar
pattern of eye-specific segregation and the location of eye-
specific layers likely relates to molecular differences be-
tween temporal and nasal retinal axons and their target
zones, including EphA/ephrin-A levels (Reber et al., 2004;
Hansen et al., 2004). The fact that both the LGd and the
MGN in mice exhibit eye-specific lamination indicates
that such molecular cues must be present in both normal
and novel targets. These cues persist in the absence of
ephrin-A2 and -A5, as evident from the persistence of
eye-specific lamination in the LGd and MGN of knockout
mice. The nature of these cues and how they interact with
Eph receptors and ephrin ligands remain to be deter-
mined.
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