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The divergence of retinal ganglion cell (RGC) axons into ipsilateral and contralateral projections at the optic chiasm and the subsequent
segregation of retinal inputs into eye-specific domains in their target, the dorsal lateral geniculate nucleus (dLGN), are crucial for
binocular vision. In albinism, affected individuals exhibit a lack or reduction of pigmentation in the eye and skin, a concomitant reduced
ipsilateral projection, and diverse visual defects. Here we investigate how such altered decussation affects eye-specific retinogeniculate
targeting in albino mice using the C57BL/6 Tyr c-2J/c-2J strain, in which tyrosinase, necessary for melanogenesis, is mutated. In albino mice,
fewer RGCs from the ventrotemporal (VT) retina project ipsilaterally, reflected in a decrease in cells expressing ipsilateral markers. In
addition, a population of RGCs from the VT retina projects contralaterally and, within the dLGN, their axons cluster into a patch separated
from the contralateral termination area. Furthermore, eye-specific segregation is not complete in the albino dLGN and, upon perturbing
postnatal retinal activity with epibatidine, the ipsilateral projection fragments and the aberrant contralateral patch disappears. These
results suggest that the defects in afferent targeting and activity-dependent refinement in the albino dLGN arise from RGC misspecifica-
tion together with potential perturbations of early activity patterns in the albino retina.

Introduction
The partial decussation of retinal ganglion cell (RGC) axons at
the optic chiasm midline ensures that targets on each side of the
brain receive inputs from both eyes. In their primary target, the
dorsal lateral geniculate nucleus (dLGN), RGC afferents from
each eye segregate into distinct territories. This precise organiza-
tion of eye-specific inputs is crucial for binocular vision, and
during development is dependent on both molecular factors and
neural activity (Huberman et al., 2008).

Molecular determinants of chiasmatic decussation have been
identified (Petros et al., 2008). The transcription factor Zic2 and
the guidance receptor EphB1 expressed in RGCs from ventro-
temporal (VT) retina direct the ipsilateral projection (Herrera et
al., 2003; Williams et al., 2003). Contralateral markers such as the
transcription factor Islet2 (Pak et al., 2004) and the adhesion
molecule NrCAM (Williams et al., 2006) are expressed in a pat-
tern complementary to Zic2 and EphB1 and are important for
late-born VT RGCs to cross the midline.

Previously, we addressed how impaired decussation affects
retinogeniculate targeting: in EphB1�/� mice, fewer RGCs proj-
ect ipsilaterally but innervate the appropriate targeting zone
(Rebsam et al., 2009). We next turned to analyzing eye-specific
targeting in the albino mouse, another model with altered de-
cussation. Albinism is a hypopigmentation disorder due to lack
of melanin in the eye only (ocular albinism), or in the eyes, skin,
and hair (oculocutaneous albinism) (Oetting, 1999). A universal
phenotype of albinism is a decreased ipsilateral projection result-
ing in perturbed binocular vision (Creel et al., 1990; Apkarian,
1996). We used Tyr c-2J/c-2J mice, in which tyrosinase, crucial for
melanin synthesis, is mutated (Le Fur et al., 1996). All albino
mouse strains have a reduced ipsilateral projection to the dLGN
(Guillery et al., 1973; LaVail et al., 1978; Dräger and Olsen, 1980;
Rice et al., 1995), but no other dLGN targeting defects have been
described (Guillery et al., 1973; Cronin et al., 2003). Moreover, in
Tyr c-2J/c-2J mice, fewer RGCs express Zic2 in the VT retina (Her-
rera et al., 2003), mirroring the reduced ipsilateral projection.

Here, we show that the reduced ipsilateral projection in albino
mice is not characterized by a simple misrouting of retinal axons
to the contralateral dLGN with retention of their proper targeting
pattern, as in EphB1�/� mice (Rebsam et al., 2009). Instead, some
VT RGCs from the contralateral eye terminate near the target
zone of VT RGCs that normally project contralaterally in pig-
mented mice, but as a cluster separated from the principle con-
tralateral projection. The reduction of ipsilateral fibers in the
albino correlates with fewer RGCs expressing Zic2 and EphB1,
but not with an increase in RGCs expressing contralateral mark-
ers. Moreover, as in EphB1 mutants, eye-specific segregation in
albino mice is impaired under normal conditions, and the for-
mation of the aberrant patch of RGC axons from VT retina is
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DOI:10.1523/JNEUROSCI.5050-11.2012

Copyright © 2012 the authors 0270-6474/12/324821-06$15.00/0

The Journal of Neuroscience, April 4, 2012 • 32(14):4821– 4826 • 4821



Figure 1. Retinogeniculate projections in pigmented and albino mice. a–j, Coronal sections through the dLGN after whole-eye anterograde tracing at P31 (a– e) or VT retina anterograde tracing in one eye
and whole-eye tracing in the other eye at P15 (f–j). a, b, In pigmented mice, the ipsilateral projection (green) forms a patch in the dorsocentral dLGN surrounded by contralateral terminations (red). c, d, In albino
mice, the ipsilateral termination zone is reduced in size (c), and a segregated patch of fibers from the contralateral eye is positioned in the caudal dLGN adjacent to the optic tract and dorsal tip of the dLGN (d,
arrowhead). f, g, In pigmented mice at P15, late-born VT RGCs project contralaterally to the dorsal tip of the dLGN in medial sections (f, arrow; f’) and more laterally in caudal sections (g, arrowhead; g’) in
pigmented mice. h, i, The aberrant patch in albino mice arises from the VT retina (i, arrowhead) and is located adjacent to the normal contralateral projection from the VT retina (g, arrowhead). f’, g’, h’, i’, Higher
magnification of the VT contralateral projection in pigmented and albino dLGN shown in f–i, respectively. e, j, m, Diagrams depict RGC termination regions in the dLGN after anterograde tracing in pigmented,
albino, and EphB1-KO mice. Left side corresponds to photomicrographs a–i and previous result on EphB1-KO mice in Rebsam et al. (2009). Right side represents the opposite side (picture not shown). j, The
ipsilateral projection, solely arising from VT retina, is entirely labeled by VT injections. Thus, targeting to the dLGN on the opposite side of the one described in f and h is an inverted mirror
image of the one described in a and c, respectively (data not shown). k, Extent of the ipsilateral projection expressed as a percentage of length along the (Figure legend continues.)
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dependent on normal retinal activity. Finally, perturbation of
retinal activity with epibatidine in albino animals produces
changes nearly opposite to those seen in pigmented animals, sug-
gesting possible abnormalities in early patterns of neural activity
in the albino retina.

Materials and Methods
Animals. Wild-type C57BL/6J mice and albino mice lacking tyrosinase
(C57BL/6J Tyr c-2J/c-2J from Jackson Laboratory) were maintained in a
timed-pregnancy breeding colony at Columbia University. Pigmented
and albino mice were generated from crosses between Tyr�/Tyrc-2J and
Tyrc-2J/Tyrc-2J mice. We use the terms pigmented and albino to refer to
animals of the genotypes Tyr�/Tyr� or Tyr�/Tyrc-2J and Tyrc-2J/Tyrc-2J,
respectively (LaVail et al., 1978). E0 was defined as midnight before a
plug was found and P0 is the day of birth, and both sexes were studied. All
animal procedures followed the regulatory guidelines of the Columbia
University Institutional Animal Care and Use Committee.

Anterograde labeling of retinogeniculate projections. P13 and P29 mice
were anesthetized intraperitoneally with ketamine–xylazine (100 and 10
mg/kg, respectively, in 0.9% saline). For whole-eye injection, the eye was
extruded by using two fingers and 2– 4 �l of 0.2% cholera-toxin subunit
B (CTB) conjugated to AlexaFluor 594, 488 (Invitrogen) diluted in
1% DMSO was injected into the eye intravitreally with a glass mi-
cropipette. To make focal injections, 300 – 400 nl of 4% liquid DiI in
10% sucrose (the liquid DiI solution consists of 10% DiI in dimeth-
ylformamide) or CTB-AlexaFluor 594 (0.1% in 0.5% DMSO, 10%
sucrose solution) was injected beneath the scleral margin into the VT
retina through a glass micropipette linked to a Picospritzer II (Gen-
eral Valve Corporation). The ventrotemporal position was deter-
mined using the eyelid junction and head position. After 2 d, mice
were anesthetized and perfused transcardially with 4% paraformalde-
hyde (PFA) in 0.1 M phosphate buffer before dissection of brain and
retinas. Brains were postfixed overnight, embedded in 3% agarose,
and sectioned coronally with a vibratome (100 �m). Sections were
mounted in Gelmount (Biomeda).

Epibatidine injection. Postnatal mice were anesthetized on ice. The skin
was cut open at the eyelid junction to access the eye. Every 24 h from P3
to P6, 0.5–1 �l of 1 mM epibatidine in 0.9% saline was injected intravit-
really into both eyes through the same injection site. Pups were returned
to their mother after recovery from anesthesia.

In situ hybridization and immunostaining. Heads from E15.5 and E17.5
embryos were fixed overnight or 2 h for Islet2 immunostaining in 4%
PFA, cryoprotected in 10% sucrose in PBS overnight, and subsequently
frozen in TissueTek OCT compound using cold isopentane (�55°C).
Coronal sections (20 �m) were cut with a cryostat, mounted on Super-
frost slides, and processed for in situ hybridization as described by
Schaeren-Wiemers and Gerfin-Moser (1993). Probes for EphB1 (Wil-
liams et al., 2003) and NrCAM (Williams et al., 2006) were synthesized
using Digoxygenin RNA labeling mix (Roche). The sections were then
processed for immunohistochemistry. Ten percent normal goat serum
(NGS) in 0.2% Triton was used as blocking solution. A rabbit anti-Zic2
antibody (1/10,000; a gift from Dr. Steve Brown, University of Vermont,
Burlington, VT) and a rabbit anti-Islet2 antibody (1/1000; a gift from Dr.
Thomas Jessell, Columbia University, New York, NY) were used as pri-
mary antibodies, and a goat anti-rabbit Cy3 (1/500; Jackson Immunore-
search) was used as a secondary antibody in 1% NGS, 0.2% Triton in
PBS. Sections were mounted in Gelmount.

Microscopy. Imaging of embryonic retinas and brain sections was done
with Axiovision software through Axiophot camera and a Zeiss Axioplan
2 microscope.

Analysis of the number, distribution, and segregation of ipsilateral fibers.
Quantification of eye-specific terminations in Figures 1 and 4 were per-
formed using MetaMorph software on 10� images and statistical analy-
sis using Student’s t test were performed as previously described (Rebsam
et al., 2009).

Results
The number, distribution, and segregation of ipsilateral fibers
are altered in the albino mouse dLGN
Using whole-eye labeling with fluorescent CTB to trace retino-
geniculate axons (Fig. 1e) and computer-assisted quantification,
we found that at P31, the ipsilateral RGC projection in albino
mice (n � 6) targets the dLGN core as in wild-type (pigmented)
dLGN (Fig. 1a,c) but is reduced, as expected, by 48% compared
with pigmented mice (n � 11) (pigmented, 17.2%, and albino,
9.7% of dLGN territory is occupied by ipsilateral terminal arbors;
p � 9.3 � 10�5). The reduced ipsilateral projection in the albino
dLGN is confined to a smaller zone along the ML axis and has a
more elongated shape (Fig. 1c) compared with pigmented mice
(Fig. 1a). This pattern is supported by quantification of RGC
terminations, indicating a reduced extension of the ipsilateral
projection along the ML axis but not the DV axis (Fig. 1k). More-
over, eye-specific segregation in the albino dLGN is incomplete,
reflected in a significantly greater overlap between ipsilateral and
contralateral terminal arbors at P31 compared with pigmented
mice (Fig. 1l).

RGCs from VT retina in albinos project within the
contralateral input-recipient zone as a distinct patch
The most striking feature of the albino retinogeniculate projec-
tion is a patch of axon terminations from the contralateral eye
that forms within the contralateral RGC-recipient zone but is
separated from the normal contralateral projections from
non-VT and VT retina (Fig. 1d). The patch of axons is situated in
the caudal dLGN, adjacent to the optic tract and ventrolateral to
the afferent zone of VT RGCs that are late-born and that project
contralaterally in pigmented and albino mice (Fig. 1b,d). This
phenotype is fully penetrant, as we observed this patch in every
individual albino brain.

In pigmented mice, DiI injections made at P15 and re-
stricted to the VT retina (Fig. 1j) labeled a projection to the
core of the dLGN on the ipsilateral side (data not shown) and
the dorsal tip of the dLGN on the contralateral side (Fig.
1f,f’,h,h’), where the late-born contingent of VT RGCs termi-
nates (Dräger, 1985; Pfeiffenberger et al., 2006). In albino
mice, such VT injections revealed that the aberrant patch is
composed of fibers from the contralateral VT retina (Fig.
1i,i’,g,g’). This pattern of projection suggests that in the al-
bino, VT RGC axons project to a site near the topographically
correct terminal zone in the dLGN of contralateral VT RGC
axons. However, because these RGCs form a cluster of termi-
nals separated from the other contralateral projections, these
RGCs may be differentially specified, expressing a combina-
tion of markers different from those in the normal contralat-
erally projecting VT and non-VT RGCs (Fig. 1j).

Changes in ipsilateral but not contralateral marker
expression in the albino VT retina
We then assessed whether the expression pattern of markers of
RGC specification and guidance fate are altered in the albino,

4

(Figure legend continued.) DV and ML axes of the dLGN. Ipsilateral fibers cover more territory
along the ML dLGN axis in albino mice compared with pigmented mice. l, Segregation plot.
Percentage of segregated inputs as a function of contralateral threshold (ipsilateral threshold is
fixed). In albino mice, ipsilateral fibers are less segregated from contralateral fibers (more
overlap) than in pigmented mice. D, Dorsal; V, ventral; M, medial; L, lateral; N, nasal; T, tempo-
ral. Axes correspond to the orientation used for quantifications along the DV and ML axes, but
are slightly tilted compared with actual brain orientation. Error bars are SEM. *p � 0.05,
***p � 0.001.
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especially in VT retina (Fig. 2). As previ-
ously described, the number of VT RGCs
expressing the ipsilateral determinant
Zic2 is reduced in albino mice (Fig.
2a2,b2) (Herrera et al., 2003). We found
that the number of RGCs expressing the
EphB1 receptor (Fig. 2a1,b1) is also re-
duced in the albino retina at E15.5, mir-
roring the reduction of Zic2-expressing
cells (Fig. 2a,b). For contralateral mark-
ers, however, NrCAM expression at E15.5
(Fig. 2c,d) and E17.5 (Fig. 2e,f) and Islet2
expression at E17.5 (Fig. 2g,h) are similar
in pigmented and albino mice. This result
suggests that the reduction in the number
of RGCs with an ipsilateral identity is not
accompanied by an increase in RGCs ex-
pressing known contralateral markers.

Perturbation of retinal waves has an
unusual effect on RGC fiber refinement
in albino mice
Spontaneous waves of activity in the ret-
ina are important for eye-specific segrega-
tion (Huberman et al., 2008; Xu et al.,
2011). As retinal waves rely on cholinergic
transmission through the first postnatal
week, ocular injections of the nicotinic
acetylcholine receptor agonist epibatidine
perturbs retinal waves through receptor
desensitization (Feller et al., 1996), in-
creasing firing in some RGCs and silenc-
ing others (Cang et al., 2005; Sun et al.,
2008). We have previously shown that dis-
rupting retinal activity during the first
postnatal week has lasting effects on the
distribution and segregation of ipsilateral
terminals (Rebsam et al., 2009). After epi-
batidine treatment in wild-type mice (Fig.
3b), ipsilateral fibers are distributed over a
larger territory along the DV and ML axis
compared with saline-treated wild-type mice (Figs. 3a,b; 4b) and
are less segregated from contralateral fibers (Figs. 3a’,b’; 4c,d).
However, the proportion of dLGN occupied by ipsilateral fibers
is not significantly increased (Fig. 4a).

In albino mice treated with epibatidine (n � 7), ipsilateral
projections fragment into distinct patches (often three) along the
DV axis of the dLGN (Fig. 3d) and are distributed along a wider
extent of the DV axis compared with saline-treated albino mice
(n � 5; Figs. 3c,d; 4b). No significant differences were observed
between saline- and epibatidine-treated albino mice in the per-
centage of the dLGN area occupied by ipsilateral fibers, in extent
along the ML axis, nor in eye-specific segregation (Figs. 3c’,d’; 4),
even though segregation is incomplete in the albino under
normal spontaneous activity compared with pigmented mice
(Fig. 3a’,c’). Importantly, binocular epibatidine treatment in al-
bino mice prevents the formation of the aberrant patch formed
by contralateral fibers (Fig. 3e,f). Thus, epibatidine treatment has
an almost opposite effect on distribution and segregation of RGC
afferents in albino mice compared with wild-type mice. Further-
more, these data indicate that retinal activity is required for the
clustering of the aberrant contralateral fibers arising from VT
RGCs in albino mice.

Discussion
We have examined how altered RGC decussation at the optic
chiasm in albino mice affects targeting in the dLGN. In albino
mice, fewer VT RGC axons project to the ipsilateral side and some
contralaterally projecting VT RGCs form an aberrant patch that
is separated from the normal contralateral and ipsilateral cohorts
in an activity-dependent manner. In addition, in albino mice,
retinal activity disruption by epibatidine induces the fragmenta-
tion of the ipsilateral projection into patches without further per-
turbing eye-specific segregation.

Albino and EphB1�/� mice have a reduced ipsilateral projec-
tion (Dräger and Olsen, 1980; Williams et al., 2003). In both
mutants, a small cohort of VT RGCs projects contralaterally and
forms a patch of terminations separated from the surrounding
projections. However, whereas the aberrant patch in EphB1�/�

mice is located adjacent to the normal ipsilateral projection, the
aberrant patch in the albino terminates in a contralateral-
recipient territory, adjacent to the zone where late-born con-
tralateral RGCs from VT retina project. These results suggest that
abnormal RGC specification may be responsible for the aberrant
retinogeniculate projection pattern in the albino. Indeed, the al-

Figure 2. a, b, EphB1, Zic2, NrCAM and Islet2 expressions in VT retina. EphB1 (in situ hybridization, black) is coexpressed with
Zic2 (immunohistochemistry, red) in VT RGCs of pigmented (a) and albino (b) mice at E15.5. In albino mice (b), Zic2 and EphB1 are
expressed in fewer RGCs of the VT retina compared with pigmented mice (a) (arrowheads). Separated images for EphB1 (a1, b1)
and Zic2 (a2, b2). NrCAM and Islet2 expression in the VT retina is similar in pigmented and albino mice at E15.5 (c, d for NrCAM) and
E17.5 (e, f for NrCAM and g, h for Islet2).
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bino retina contains fewer Zic2 (Herrera
et al., 2003) and EphB1-positive RGCs,
consistent with the regulation of EphB1
by Zic2 (García-Frigola et al., 2008; Lee et
al., 2008). Because our previous results
showed that albino VT RGCs display
crossed RGC behaviors in vitro (Marcus et
al., 1996), we expected to see an increase
in crossed markers, but did not. Further,
we could not determine whether the VT
RGCS that form the patch are RGCs that
are normally specified to project ipsilater-
ally and have changed fate or whether they
are RGCs that were already fated to proj-
ect contralaterally. In both cases, these
RGCs might lack or aberrantly express a
combination of transcription factors and
guidance molecules differently from that
in wild-type contralateral VT RGCs and
thus project and terminate as a separate
patch in the albino. The expression of
transcription factors or surface molecules
could in turn be regulated by activity (Itoh
et al., 1995; Hanson and Landmesser,
2004), explaining why the patch disap-
pears after blockade of correlated retinal
activity.

VT RGCs in albino retina may have
such an altered transcriptional profile due
to defects in the pace of proliferation (Ilia
and Jeffery, 1996; Rachel et al., 2002), sup-
ported by the finding that tyrosinase is re-
quired only during the generation of
ipsilateral RGCs for the development of a
normal projection (Cronin et al., 2003). If
the aberrant population of VT RGCs are
born too early or too late, they would be
specified to express molecular determi-
nants that would render the RGCs unrec-

Figure 4. Comparison of ipsilateral projections in pigmented and albino mice after epibatidine treatment. a, In saline-
treated mice, the area of the dLGN occupied by ipsilateral fibers is reduced in albino compared with pigmented mice. In
both cases, binocular epibatidine treatment had no significant effect on the percentage of dLGN occupied by ipsilateral
fibers. b, The ipsilateral projection extends along the DV axis in both pigmented and albino mice after epibatidine treat-
ment, but only epibatidine-treated pigmented mice show a significant extension of the ipsilateral projection along the ML
axis of the dLGN. c, Segregation plot. Percentage of segregated inputs as a function of the contralateral threshold (ipsilat-
eral threshold is fixed). d, Columnar representation of the values in c for the contralateral threshold set at 50. Segregation
of ipsilateral inputs in saline-treated albino mice is significantly impaired compared with pigmented mice. Segregation of
ipsilateral inputs is further impaired in the dLGN of pigmented mice after epibatidine treatment. For albino mice treated
with epibatidine, an opposite trend is observed, toward an increase in the segregation of ipsilateral fibers, but is not
significant. Error bars are SEM. *p � 0.05, **p � 0.01, ***p � 0.001.

Figure 3. Retinogeniculate projections at P31 after binocular epibatidine treatment from P3 to P6. a, b, In pigmented dLGN after epibatidine treatment (b), ipsilateral RGC fibers are more
scattered, extend over a greater area, and overlap more with contralateral fibers (a’, b’) compared with saline-treated mice (a). c–f, In contrast, in the albino dLGN, epibatidine treatment induces
fragmentation of the ipsilateral inputs into distinct patches (d, arrowheads), with RGC fibers extending further along the DV axis of the dLGN. In addition, aggregation of the abnormal contralateral
patch arising from VT retina and positioned near the optic tract is abolished after epibatidine treatment in albino mice (e, arrowhead, compare with f). a’– d’, Higher magnification of ipsilateral fibers
in the dLGN as seen in a– d, respectively. D, Dorsal; V, ventral; M, medial; L, lateral. Axes correspond to the orientation used for quantifications along DV and ML axes, but are slightly tilted compared
with actual brain orientation.
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ognizable to the other VT axons and would consequently form
their own termination zone. Understanding differences in the
molecular code of the different populations of VT RGCs will be
necessary to further dissect the molecular mechanisms of the
targeting defect described in this study.

In albino mice, retinogeniculate axons incompletely segregate
into eye-specific territories, even in normal activity conditions. Fur-
thermore, epibatidine treatment induces fragmentation of the
ipsilateral projection, a phenotype that is not observed in wild-
type or EphB1�/� mice. The albino retina may exhibit altered
physiological responses due to defects in proliferation and spec-
ification. This hypothesis is supported by an increased number of
amacrine cells (which initiate the retinal waves during the first
postnatal week) in albino rats (Mitrofanis and Stone, 1988). Fu-
ture studies on neuronal activity in the albino retina should shed
light on this intriguing phenotype.

The defects in RGC neurogenesis, molecular specification,
axon guidance and targeting in the albino mouse could serve as
reference points for rescue experiments and give insight into how
melanin and the retinal pigment epithelium affect normal retinal
development.
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