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Sonic Hedgehog (Shh) signaling is an important determinant of vertebrate retinal ganglion cell (RGC) development. In mice, there are two
major RGC populations: (1) the Islet2-expressing contralateral projecting (c)RGCs, which both produce and respond to Shh; and (2) the
Zic2-expressing ipsilateral projecting RGCs (iRGCs), which lack Shh expression. In contrast to cRGCs, iRGCs, which are generated in the
ventrotemporal crescent (VTC) of the retina, specifically express Boc, a cell adhesion molecule that acts as a high-affinity receptor for Shh.
In Boc�/� mutant mice, the ipsilateral projection is significantly decreased. Here, we demonstrate that this phenotype results, at least in
part, from the misspecification of a proportion of iRGCs. In Boc�/� VTC, the number of Zic2-positive RGCs is reduced, whereas more
Islet2/Shh-positive RGCs are observed, a phenotype also detected in Zic2 and Foxd1 null embryos. Consistent with this observation,
organization of retinal projections at the dorsal lateral geniculate nucleus is altered in Boc�/� mice. Analyses of the molecular and cellular
consequences of introducing Shh into the developing VTC and Zic2 and Boc into the central retina indicate that Boc expression alone is
insufficient to fully activate the ipsilateral program and that Zic2 regulates Shh expression. Taking these data together, we propose that
expression of Boc in cells from the VTC is required to sustain Zic2 expression, likely by regulating the levels of Shh signaling from the
nearby cRGCs. Zic2, in turn, directly or indirectly, counteracts Shh and Islet2 expression in the VTC and activates the ipsilateral program.

Introduction
Retinal ganglion cells (RGCs), the output neurons of the ver-
tebrate retina, relay information to the brain regions that me-
diate image-forming vision. Binocular vision differs among
vertebrates and is dictated by the proportion of crossing and
noncrossing RGC axons at the chiasm. Although local guid-
ance factors are critical to midline fiber segregation, axon
competence to respond to these cues is imposed by cell-
autonomous programs that specify RGC identity (Erskine and
Herrera, 2007).

The vast majority of RGCs in mice, which have a relatively
small binocular field, project to the contralateral side of the brain
(cRGCs), whereas a small proportion projects to the ipsilateral
side (iRGCs). iRGCs are generated during early embryonic devel-
opment only in the ventrotemporal crescent (VTC), whereas
cRGCs are specified throughout the retina, including in the VTC,
where they intermingle with the iRGCs starting from E17
(Drager, 1985).

The transcriptional network that establishes cRGC identity
involves the POU-domain Brn3b and the LIM-homeodomain
Islet2 (Mu and Klein, 2004), both of which contribute to axon-
crossing behavior (Erkman et al., 2000; Wang et al., 2002; Pak et
al., 2004). Committed RGCs express the morphogen Shh under
the control of Brn3b (Mu et al., 2004). Shh, in turn, signals to the
nearby cells propagating the wave of RGC differentiation, their
final number, maturation (Esteve and Bovolenta, 2006), and
their axon extension along the proximal visual pathway
(Sánchez-Camacho and Bovolenta, 2009). Shh, produced by
midline cells at the chiasm borders, further help guide visual
axons by constraining their growth along the anteroposterior axis
(Trousse et al., 2001; Sánchez-Camacho and Bovolenta, 2008).

The genetic program involved in the generation of iRGC dif-
fers from that of cRGCs and requires Foxd1-mediated activation
of Zic2 (Herrera et al., 2003; Herrera et al., 2004), a zinc-finger
transcription factor. Zic2 activates the expression of ipsilaterality
effectors, including the EphB1 receptor and the serotonin trans-
porter (Sert) (Lee et al., 2008, Garcia-Frigola and Herrera, 2010).
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In contrast to cRGCs, iRGCs lack Shh expression but specifically
express Boc (brother of Cdon) (Sánchez-Camacho and Bovolenta,
2008), a high-affinity Shh receptor (Tenzen et al., 2006) that me-
diates the Shh role in axon guidance (Okada et al., 2006). Indeed,
it has been recently proposed that Boc expression by iRGCs is
required to prevent ipsilateral axons from crossing the optic chi-
asm midline (Fabre et al., 2010). However, there is also evidence
that Shh/Boc signaling contributes to cell fate specification
(Bergeron et al., 2011) and that Shh and Zic2 could influence each
others’ expression during forebrain patterning (Brown et al.,
2003; Sanek et al., 2009). Here we have investigated whether Boc/
Shh signaling participates in iRGC generation, and we have fur-
ther explored Boc implication in iRGC axonal growth by
analyzing the development of the ipsilateral component in the
visual system of Boc�/� mice and the effect that Zic2 loss-of-
function and Shh gain-of-function has in VTC development. Our
study demonstrates that a regulatory loop between Zic2 and Boc-
mediated Shh signaling is an important mechanism to maintain
the appropriate number of iRGC in the retina. Disruption of this
regulatory loop shifts RGC production in the VTC toward a
cRGC fate, with consequent alterations in retinal fiber organiza-
tion at one of their main targets, the dorsal lateral geniculate
nucleus (dLGN).

Materials and Methods
Animals. Boc�/�, Zic2kd/kd, and Foxd1�/� mice were generated and bred
as described (Hatini et al., 1996; Nagai et al., 2000; Okada et al., 2006).
Boc�/� animals were maintained in both the CD1 and C57BL back-
ground. Analysis of the two strains led to comparable results; thus, the
two lines were interchangeably used in this study. Of note, in the albino
strain, the number of Zic2-positive cells in the VTC was slightly inferior
to that observed in the C57BL background, possibly in line with recent
observations on albino mice (Rebsam et al., 2012). These changes, how-
ever, were not significant. Embryos were obtained from homozygous or
heterozygous timed mating. The phenotype of homozygous null em-
bryos was always compared with littermates or age-matched wild-type
(WT) derived from heterozygous mating. For electroporation experi-
ments, C57BL embryos were used. The date of the vaginal plug was
considered E0.5. Animals used in the study were of either sex. Animals
were collected and handled following the Spanish (RD 223/88), Euro-
pean (86/609/ECC), and American (National Research Council, 1996)
regulations.

DNA plasmids. The coding sequence of the mouse Boc gene was in-
serted in frame in the pEGFPN1 vector to generate a Boc::GFP fusion
protein (Okada et al., 2006). The N-Shh::GFP construct was kindly pro-
vided by Prof. A.P. McMahon (Harvard University, Cambridge, MA).
The coding sequences of the human ZIC2 and mouse Shh::GFP and
Boc::GFP were subcloned in the pCAG plasmid for electroporations
(Garcia-Frigola et al., 2007).

In situ hybridization and immunohistochemistry. E13 to E15 embryos
were fixed by immersion in 4% PFA in phosphate buffer 0.1 M, pH 7.2, for
3 h. Embryos older than E15 and postnatal (P) animals were transcardi-
ally perfused with 4% PFA. Brains were dissected, postfixed for 2–12 h at
4°C, washed in PBS, cryoprotected in 30% sucrose solution in phosphate
buffer, and sectioned at 15 �m thickness in the frontal plane. Sections
were hybridized as described previously (Esteve et al., 2003), using the
following digoxigenin-labeled specific probes: Shh, Zic2, Islet2, Sert, and Boc.
Immunostaining was performed as described previously (Esteve et al., 2003)
with the following antibodies: rabbit anti-Zic2 (1:5000; Millipore), goat anti-
Cdon (1:100; R&D Systems), rabbit anti-GFP (1:1000, Invitrogen), goat
anti-Brn3b (1:500; Santa Cruz Biotechnology), guinea-pig anti-Islet2 (1:
8000, a kind gift of Prof. T. Jessell), and rabbit anti-Phospho-Histone H3
(1:2000; Cell Signaling Technology). Secondary antibodies were conjugated
to Alexa-594 and Alexa-488 (1:500; Invitrogen) or to biotin followed by
streptavidin-POD (1:500; Jackson ImmunoResearch Laboratories) and re-
vealed with DAB. Sections were counterstained with DAPI (1 �g/ml, Vector

Laboratories). Distribution of apoptotic cells was determined by TUNEL
staining using the In Situ Cell Death Detection Kit, POD (Roche) following
the manufacturer’s directions.

Anterograde and retrograde labeling of retino-geniculate projections. WT
and Boc�/� animals (E16, E18, and P1-P4) were fixed in 4% PFA from
1.5 h to overnight at 4°C and then washed in PBS. Small crystals of DiI
(D282, Invitrogen) were implanted unilaterally into the exposed optic
disc, as described (Godement et al., 1987). Heads were incubated at 37°C
in PBS containing 0.4% PFA for 2–3 weeks. Brains were isolated, and the
optic chiasm was viewed and photographed under fluorescent stereomi-
croscopy. Brains were then embedded in 4% agarose and sectioned with
a vibratome (Leica) at 100 �m thickness in the frontal or horizontal
plane. Sections were analyzed with a Leica DM microscope equipped for
epifluorescence. Alternatively, P12-P30 WT and Boc�/� mice were anes-
thetized with isofluorane (Isova vet, reference 240055 Centauro), and
eyes were filled with 0.5 �l of cholera toxin subunit B (CTB) conjugated
to Alexa-488 (green, right eye) or Alexa-594 (red, left eye; Invitrogen) as
described previously (Rebsam et al., 2009). After 48 h, mice were anes-
thetized and perfused with 4% PFA. Brains were embedded in 4% aga-
rose and sectioned in 50 – 60 �m frontal or horizontal sections. These
were mounted and analyzed by confocal microscopy. For retrograde
labeling, E17 embryos were traced using Dextran-Rhodamine (3000
MW; Invitrogen), as described previously (Herrera et al., 2003), but tis-
sue was incubated at 37°C to allow complete backfilling.

In utero and ex utero electroporation. E13 pregnant mice were anesthe-
tized with isofluorane as above and DNA introduced by electroporation
in utero as described previously (Sánchez-Camacho and Bovolenta,
2008). Different DNA solutions (2 �g/�l; pCAG-GFP alone or com-
bined with either pCAG-Boc, pCAG-Zic2, and pCAG-Foxd1 or
pCAG-Shh::GFP and pCAG-Boc::GFP alone) were injected into one eye
of each embryo through the uterine wall before electroporation. Mice
were sutured and allowed to recover and develop for 5 d, at which time
E18.5 embryos were collected and fixed with 4% PFA. Retinas were then
removed, flat-mounted, and analyzed by fluorescent microscopy. Brains
were isolated, and the trajectory of the electroporated RGC axons were
viewed and photographed with a fluorescence stereomicroscope. Brains
were then processed for cryotome or vibratome sectioning as described
above. For ex utero electroporations, E13 WT embryos were collected,
maintained in cold PBS, and different DNA solutions (2 �g/�l; pCAG-
GFP alone or combined with either pCAG-Boc, pCAG-Zic2) injected
into one eye before electroporation. Afterward, the retinas were dissected
and incubated in tissue culture dishes (Nunc) with DMEM/F12 (Invit-
rogen) and N-2 supplement (1%, Invitrogen) overnight at 37°C.

qRT-PCR. E13 WT retinas were electroporated ex utero and main-
tained in culture as described above. After 24 h, the GFP-positive regions
from eight positive retinas were collected under fluorescence microscopy
and processed for qRT-PCR as described previously (Beccari et al., 2012).
Total RNA was extracted and purified following standard commercial
protocols (RNeasy Mini Kit, QIAGEN). RNA was reverse-transcribed
using the High-Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems). The qPCR was performed using Power SYBR Green Master
Mix following the manufacturer’s protocol (Applied Biosystems) in a 25
�l reaction mixture containing 2 �l of cDNA. Primers were designed
using PrimerExpress (Applied Biosystems), and sequences are available
upon request. In all cases, the length of the amplicons was between 100
and 150 bp. Transcript levels were normalized to 18S rRNA levels and
their level compared with that of GFP-electroporated controls. Data were
analyzed with the Mann–Whitney test and considered significant with
p � 0.05.

Image and statistical analysis. Tissue was analyzed with an M205FA
stereomicroscope or a DM CTR5000 microscope equipped for fluorescence
microscopy and photographed with DFC350Fx and DFC500 cameras (Leica
Microsystems). Comparison of the VTC phenotype of Boc�/� animals
was performed using central sections taken at the level of the optic nerve.
Care was taken to compare equivalent sections for each of the stages
analyzed and to provide in each one of the relevant figures an image of
either the second or third section through the optic nerve for either WT
or mutant animals. The limit of the VTC extension was defined for each
stage using Zic2 immunostaining or hybridization on serial sections
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from WT embryos. The extent of positive staining was used to draw a
mask (e.g., see Figs. 4A, 8A). The mask was then reported on the equiv-
alent mutant section as shown in Figures 4B and 8B and used to compare
and quantify labeling in the two regions. The number of Zic2 �, Islet2 �,
and Brn3b � cells was determined by counting positive nuclei in the VTC
from four central sections of both eyes for each one of the embryos
analyzed. A minimum of four or five embryos was analyzed in each case.
The ipsilateral index was calculated as described by dividing the fluores-
cent intensity in the ipsilateral optic tract by the sum of the fluorescent
intensity in both tracts (Erskine et al., 2011). Distribution of green and
red fluorescent pixels in the dLGN was determined in confocal images
using a LEICA TCS SP-5, taking care of comparing sections at the same
anteroposterior axial level. Quantitative analysis of ipsilateral projections
was performed using Image J (National Institutes of Health). Differences
between calculated averages were considered significant as follows: *p �
0.05, **p � 0.01, and ***p � 0.001 (Student’s t test).

Results
The ipsilateral projection is reduced in the absence of Boc
Boc is a cell surface glycoprotein that contains immunoglobulin
and fibronectin domains. Boc, the related Cdon, and their Dro-
sophila counterparts iHog and Boi bind Shh and can also interact
with the Hh receptor Patched (Ptch), indicating that they can
function as coreceptors in Hh signaling (for review, see Sánchez-
Arrones et al., 2012). Boc has an established function in axon
guidance (Connor et al., 2005; Okada et al., 2006), and in its
absence Shh-sensitive commissural axons are misrouted (Okada
et al., 2006). In the visual system, Boc is expressed in iRGCs,
whereas its ligand Shh localizes to the midline preoptic region
and is also secreted by the cRGCs (Trousse et al., 2001; Sánchez-
Camacho and Bovolenta, 2008). This distribution, together with
functional experiments and the observation that Boc�/� embryos
have a reduced ipsilateral component, led to the idea that Boc/
Shh signaling could determine the laterality of RGC axons, func-
tioning in parallel to EphB1/ephrinB2 signaling (Fabre et al.,
2010), an established mechanism for the sorting of iRGC axons at
the optic chiasm (Williams et al., 2003).

Using complete unilateral DiI tracing of visual axons, we have
confirmed that, in the absence of Boc, the ipsilateral projection is
reduced at embryonic (Fig. 1A,B) and postnatal stages in both the
optic tract (Fig. 1C,D) and dLGN (Fig. 1E,F�), in which the amount
of innervation appeared comparatively less abundant than that ob-
served in the optic tract at the same age, suggesting a possible slower
growth of the mutant axons. An unusual accumulation of growth
cones in both the chiasm (not shown) and the initial portion of the
ipsilateral tract (Fig. 1G,H) provided further support to this idea.
Compared with WT, the reduction of fiber in the mutant ipsilateral
tract was estimated to be between 40 and 45%, according to the
analysis of the ipsilateral index (Fig. 1I), a semiquantitative method
that compares the relative fluorescence in the ipsilateral optic tract to
the sum of fluorescence intensity in both tracts (Erskine et al., 2011).

Boc acts downstream of Zic2 but does not suffice to activate
the ipsilateral program
Boc is expressed in the VTC, with higher intensity in the Zic2-
positive cells (Sánchez-Camacho and Bovolenta, 2008; Fabre et
al., 2010) and in the ciliary marginal zone (CMZ) (Fig. 2A–C). In
Boc absence, ipsilateral projections are reduced, suggesting that
Boc, as EphB1, could act downstream of Zic2. To address this
possibility, we analyzed Boc distribution in Zic2kd/kd and
Foxd1�/� mice, as Foxd1 has been shown to act upstream of Zic2
in the specification of the ipsilateral program (Carreres et al.,
2011). Indeed, Boc was absent from the VTC of Zic2kd/kd (Fig. 2E)
and Foxd1�/� (data not shown) embryos but still observed in the

CMZ, where its homolog Cdon is also expressed (Fig. 2D,F).
These data support that Boc expression is downstream of Zic2
and/or Foxd1.

EphB1, the main Zic2 target involved in determining iRGC
behavior at the midline, is sufficient to force contralateral axons
into an ipsilateral trajectory (Petros et al., 2009). If Boc acts in a

Figure 1. Boc�/� mice present a reduction of uncrossed retinal projections. A–H, Ventral
views of the intact brains (A–D) and frontal (E–F�) or horizontal (G,H ) vibratome sections
through the contralateral and ipsilateral dLGN (E–F�) and optic chiasm (G,H ) from E18 and P4
WT and Boc �/� animals (as indicated in the panels) with unilateral DiI filling of the optic disk
to visualize visual fiber trajectory. There is strong reduction of projecting fibers in the ipsilateral
lateral geniculate nucleus (iLGN) of the mutants. *Ipsilateral reduction. F, Arrowheads indicate
growth cones in the initial portion of the mutant ipsilateral optic tract. I, The graph compares
the values of the ipsilateral index in WT and Boc �/� mice at embryonic and postnatal stages.
The number of analyzed animals is indicated in the graph for each stage. *p � 0.05 (Student’s
unpaired t test). **p � 0.01 (Student’s unpaired t test). cLGN, Contralateral lateral geniculate
nucleus; cot, contralateral optic chiasm; iot, ipsilateral optic tract. Scale bars: A–D, 1000 �m; E,
F, 500 �m.
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similar manner, ectopic expression of Boc should be sufficient to
induce an ipsilateral behavior in cRGC, as observed when EphB1,
Zic2, or Foxd1 is overexpressed in cRGCs (Garcia-Frigola et al.,
2008; Lee et al., 2008; Petros et al., 2009; Carreres et al., 2011). To
test this possibility we compared the efficiency with which Boc,
Zic2, Foxd1, or a combination of Zic2� Boc or Foxd1� Boc change
the trajectory of cRGC axons from crossed to uncrossed, when
electroporated into the eye of E13 WT embryos, which were sub-
sequently analyzed at E18. As previously reported (Garcia-
Frigola et al., 2007; Sánchez-Camacho and Bovolenta, 2008),
electroporations at this stage mostly targeted RGCs in central
retina (Fig. 3A). When a control pCAG-GFP plasmid was ex-
pressed, the entire population of GFP-positive axons crossed the
midline with very rare exceptions in which individual axons were
observed in the contralateral optic nerve or ipsilateral optic tract
(Fig. 3B). The vast majority of cRGCs with forced expression of
Boc showed a normal crossed behavior (Fig. 3C,D), whereas a few
axons consistently adopted alternative routes, either entering the
contralateral optic nerve or, to a lower extent, the ipsilateral optic
tract (Fig. 3D�,D�), as reported (Fabre et al., 2010). This propor-
tion, however, represented only a small fraction of the targeted
population (Fig. 3G), in contrast to the significant amount of
axons that adopt an uncrossed trajectory upon pCAG-Zic2 (Fig.
3E,G) or pCAG-Foxd1 (data not shown) forced expression. No-
tably, coelectroporation of Boc with either Zic2 (Fig. 3F) or Foxd1
(data not shown) did not increase the proportion of uncrossed
fibers observed with Zic2 alone (Fig. 3G), strongly supporting
that Boc alone is insufficient to switch the axonal laterality of
already committed cRGCs, forcing them to grow ipsilaterally.

Boc is required to maintain an appropriate number of Zic2 �

iRGCs in the VTC
Together, our data indicate that Boc inactivation affects only a
proportion of the ipsilateral fibers and Boc alone is insufficient to
induce a substantial uncrossed behavior in cRGC. We thus con-
sidered that these observations would better fit the idea that Boc/
Shh signaling is involved in iRGC specification, similarly to what
has been reported for ventral neurons in the zebrafish neural tube
(Bergeron et al., 2011). Shh is secreted from the adjacent cRGCs
(Sánchez-Camacho and Bovolenta, 2008). This raises the possi-
bility that, as observed during forebrain patterning (Brown et al.,

Figure 2. Boc expression is downregulated in the VTC of Zic2kd/kd embryos. Frontal cryostat
sections from E14.5 Boc�/lacZ and 16.5 WT and Zic2kd/kd central retinas reacted with with X-gal
histochemistry, hybridized with probes for Boc or immunostained with antibodies against Zic2
and the related Cdon. A, B, The specific expression of Boc in the VTC is particularly abundant in
the Zic2-positive domain. C–F, Boc expression is absent in Zic2kd/kd embryos but maintained in
the CMZ where Cdon is also localized. cmz, Ciliary marginal zone; L, lens. Scale bar, 200 �m.

Figure 3. Boc is insufficient to activate the ipsilateral program. A–F, Confocal images of flat-
mounted electroporated retina (A) and representative sections of the optic chiasm (B–F ) from E18
embryos electroporated at E13 with a plasmid expressing GFP alone (A,B), or GFP with Boc (C,D), Zic2
(E), or Zic2 and Boc (F ). Electroporations mostly targeted the central retina (A). D�, D�, High-
magnification views of the areas boxed in D. In embryos electroporated with Boc, most axons (C,D)
cross the midline (dotted lines), whereas a few axons grow into the ipsilateral optic tract (D, D�,
arrowheads) and in larger numbers in the contralateral optic nerve (D�, arrows). G, The graph com-
pares the values of the ipsilateral index in embryos electroporated with the different constructs. The
number of analyzed animals is indicated on top of each bar. ***p � 0.001, compared with GFP
(Student’sunpaired ttest).od,Opticdisc;con,contralateralopticnerve;oc,opticchiasm;iot, ipsilateral
optic tract; cot, contralateral optic tract. Scale bar, 100 �m.
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2003; Sanek et al., 2009), Shh could activate Zic2 expression in
iRGC. Notably, Shh receptors, such as Gas1 (Lee et al., 2001) and
Cdo (Fig. 2D), which exhibit functional redundancy with Boc in
some tissues (Allen et al., 2011; Bae et al., 2011), are coexpressed
in the CMZ, but only Boc is found in the VTC (Fig. 2A) (Sánchez-
Camacho and Bovolenta, 2008; Fabre et al., 2010). Therefore, the
loss of Boc could be expected to have a significant impact on Shh
reception by the iRGC.

To investigate this possibility, we compared the distribution
of Zic2 mRNA and protein and of its direct downstream target
Sert (Garcia-Frigola and Herrera, 2010) in WT and Boc�/� reti-
nas from E16, E18, and newborn animals (Fig. 4). Zic2 expression
starts to wane at E17, but it is still detectable at postnatal stages in
WT animals (Fig. 4A,E,I). Quantification of Zic2� cells in the
VTC revealed no significant difference between WT and Boc�/�

E16 embryos (Fig. 4M), although in Boc�/� embryos positive
cells appeared clustered toward the CMZ (Fig. 4B). This cluster-
ing was more evident at later embryonic and early postnatal
stages, when Zic2 and Sert-positive cells were also significantly
decreased compared with WT (Fig. 4E–M). This decrease could
be a consequence of cell death or of a change in cell proliferation.
However, no TUNEL-positive cells were observed in this region
between E18 and P1 in WT or in Boc�/� retinas (not shown).
Similarly, there was no difference in the number of phospho-
histone H3-positive cells between WT and mutants retinas, sug-
gesting that changes in cell death and proliferation are unlikely
causes of the observed phenotype.

Boc is required to restrain Islet2/Shh expression within
the VTC
To confirm that decreased Zic2 staining did not reflect cell loss,
we stained retinal sections from WT and Boc�/� embryonic and
postnatal animals with antibodies against Brn3b, which labels
most RGCs, including those of the VTC (Quina et al., 2005). The
total number of RGCs in the VTC of embryonic and new-
born mice was similar in WT and Boc mutants (Fig.
5 A, A�, E, E�, I, I�,P).

When Islet2 is genetically inactivated, an abnormally high
number of Zic2� cells accumulates in the VTC with a consequent
increase of the ipsilateral projections, suggesting that Islet2 re-
presses Zic2 expression in the VTC, thereby controlling the mag-
nitude of the uncrossed component (Pak et al., 2004). We thus
reasoned that invariance of Brn3b� cells associated with a loss of
Zic2� cells could reflect the existence of a converse regulation in
which reduced Zic2 levels would favor the generation of Islet2�

cells. In the VTC, Islet2� cRGCs are normally generated from
E17 to P1 (Drager and Olsen, 1980; Drager, 1985), intermingling
with the Zic2� cells (Fig. 5B,F,J). Double labeling with Zic2 and
Islet2 antibodies and in situ hybridization against Islet2 revealed
that, in the Boc�/� retinas of E18 and P0 animals, the number of
Islet2� cells in the VTC was significantly increased, in parallel
with the progressive decrease of Zic2� cells (Fig. 5F,F�,G,G�, J, J�,
K,K�,P). Consistent with this observation and the notion that Shh
is expressed in cRGC (Sánchez-Camacho and Bovolenta, 2008),
Shh mRNA was also abnormally localized to the Boc�/� VTC at
these ages (Fig. 5D,D�,H,H�,L,L�).

Together, these data suggested that part of the Zic2� iRGCs in
the VTC are respecified as Islet2� cRGCs. If this is the case,
contralateral projections from the VTC should be increased in
the mutant retinas. To verify this possibility, we retrograde la-
beled visual projections of E17 embryos by injecting Dextran-
Rhodamine in the optic tract of exposed brain preparations
(Herrera et al., 2003). Analysis of flat-mounted retinal prepara-

Figure 4. A–L, Boc is required to maintain the appropriate number of Zic2-positive iRGCs.
Frontal cryostat sections from E16 (A–D), E18 (E–H ), and P1 (I–L) WT and Boc �/� central
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tions confirmed that in WT mice the majority of backfilled neu-
rons localized to the ipsilateral VTC, whereas only a few
backfilled cells localized to the contralateral VTC (Fig. 5M–O), as
expected for this stage when cRGCs in the VTC are just beginning
to form. In Boc mutants instead, there was a statistically significant
reduction of backfilled cells localized to the ipsilateral VTC associ-
ated with an increase of backfilled and Zic2� cells in the contralateral
VTC (Fig. 5M�–O�,Q). These data support that, in the absence of
Boc, the generation of RGCs in the VTC is shifted in favor of the
cRGC type.

The organization of retinal projections at the dLGN is altered
in the absence of Boc
The ipsilateral and contralateral projections from the VTC terminate
in well-defined regions of the dLGN. Ipsilateral projections form a
defined patch in the dorsomedial dLGN, whereas contralateral pro-
jecting VTC neurons cluster in a small region at the dorsal-most tip
of the dLGN (Jaubert-Miazza et al., 2005; Rebsam et al., 2009). If
Zic2� iRGCs in the Boc�/� VTC are indeed respecified as Islet2�

cRGCs, these two fields should be respectively reduced and increased
in Boc�/� animals.

To address this issue, we labeled each eye with CTB-
AlexaFluor dyes and analyzed the distribution of retinal projec-
tions in the dLGN at P12, P18, and P30, which collectively
represent the period in which the terminal field of crossed and
uncrossed projections become finally segregated (Jaubert-Miazza
et al., 2005). As previously described (Jaubert-Miazza et al., 2005;
Rebsam et al., 2009), ipsilateral projections (red) in P12 WT an-
imals (n � 4) formed a small and defined patch in the dorsome-
dial dLGN surrounded by the contralateral projections (green),
which occupy most of the dLGN with a small cluster at the dor-
somedial tip representing cRGC projections from the VTC (Fig.
6A–C). In Boc mutants instead, ipsilateral projections in the dor-
somedial dLGN were visibly reduced (Fig. 6E; n � 4 by 32%),
whereas the dorsal cluster of contralateral axons was more in-
tense (Fig. 6D). Notably, confocal analysis of green and red fluo-
rescence distribution revealed a good deal of overlap between
projections from the left and right eye in the dorsal dLGN (Fig.
6D–F). This was confirmed by analysis of fluorescence distribu-
tion in the z plane (reslice profile). In WT, ipsilateral projections
were clustered in a well-defined spot of �175 �m of width with a
relatively homogeneous pixel distribution and a minimal overlap
with crossed projections (green) from the other eye (Fig. 6C�). In
Boc mutants instead, red channel fluorescence (ipsilateral) was
scattered with an uneven intensity in a wider region (�400 �m)
that extensively overlapped with the green spectrum of the
crossed projections from the other eye (Fig. 6F�). This overlap
could reflect delayed segregation of ipsilateral and contralateral
fibers, the presence of misrouted ipsilateral fibers as previously
suggested (Fabre et al., 2010), or even contralateral sprouts on
unoccupied dorsocentral dLGN neurons.

Compared with WT (n � 3), a smaller ipsilaterally targeted
area was still observed in Boc�/� mice at P18 (n � 3; by 33%; Fig.
6G–I,J–L), and crossed and uncrossed projections were still in-
termingled (Fig. 6I�,L�) as confirmed by confocal analysis of red

and green fluorescence in the z plane. Peaks of red fluorescence
(ipsilateral) were detected in regions that in WT are normally
occupied only by crossed projections (Fig. 6I�,L�), including the
dorsal-most region of the dLGN (Fig. 6, compare I�1, L�1), in
which late-born, contralateral projecting VTC neurons originate
(Rebsam et al., 2009). Green (contralateral) fluorescence was also
abnormally observed in the dorsocentral Boc�/� dLGN, although
this was less defined (Fig. 6I�,L�). Analysis of P30 animals (n � 4),
when activity-dependent segregation is fully accomplished, con-
firmed that, in the Boc�/� dLGN, the ipsilateral field was reduced
in medial areas (Fig. 7A,B,E,F), whereas it appeared more dis-
perse and intermingled with contralateral projections in caudal
areas compared with WT animals (Fig. 7, compare C,D, G,H and
their respective reslice profiles). Nevertheless, the overall area
occupied by ipsilateral axons was reduced of �36.5% in the Boc
mutants. By contrast, the cluster of cRGCs terminals at the dorsal
tip of the dLGN was more evident than in WT, as better appreci-
ated in the respective reslice profiles (Fig. 7A,C,E,G, reslices 1).

Together, these data suggest that, in Boc�/� mice, the ipsilat-
eral domain of the dLGN is only partially innervated and further
receives few fibers from the contralateral eye, which could repre-
sent abnormally sorted uncrossed projections (Fabre et al., 2010).
Most notably, and supporting a shift in identity of RGCs in the
VTC, Boc�/� animals present an increased clustering of fibers in
the region where late-born VTC cRGCs project.

A feedback regulatory loop between Zic2 and Shh signaling in
the VTC
Together, the above data demonstrate that Boc is required for the
generation of an appropriate proportion of iRGCs and conse-
quently for the proper targeting of visual fibers at the dLGN. Boc
acts as a high-affinity receptor for Shh, modulating its diffusion
(Sánchez-Arrones et al., 2012). In other CNS regions, Zic2 ex-
pression seems to depend upon Shh signaling (Brown et al., 2003;
Hayhurst et al., 2008; Sanek et al., 2009), and Zic2, in turn, func-
tions as a negative modulator of Shh-induced gene expression
(Sanek et al., 2009). We thus postulated that, in the absence of
Boc, which can increase cell sensitivity to Shh (Bergeron et al.,
2011), the Shh pathway may be insufficiently activated in the
VTC to sustain Zic2 expression, the progressive loss of which
would favor the generation of more late-born Islet2� cRGCs.
Consistent with this hypothesis, the observed decrease in Zic2
immunostaining at E18 was preceded by a reduction of Zic2
mRNA levels in the Boc�/� VTC already at E16 (Fig. 4C,D,G,H).
Conversely, expression of Islet2 and Shh was expanded in the
VTC of Zic2kd/kd and Foxd1�/� embryos (Fig. 8A–I).

The existence of a feedback regulatory loop between Zic2 and
Shh signaling, similar to that observed in forebrain patterning
(Sanek et al., 2009), was further supported by the ectopic expres-
sion of Shh in the VTC of WT E13 embryos by means of in utero
electroporation that led to the strong reduction of Zic2 in trans-
duced and adjacent cells analyzed 2 d later (Fig. 8J–K�). In addi-
tion, qPCR analysis of Shh and Boc mRNA levels 24 h after ectopic
expression of Zic2 in the central retina revealed a significant re-
duction of Shh expression and a concomitant significant increase
in Boc expression (Fig. 8L), consistent with what observed in
Zic2kd/kd mice.

Discussion
The mouse retina comprises two distinct RGC populations, when
considering their axon behavior at the chiasm. A small cohort of
neurons generated in the VTC projects to the ipsilateral side of
the brain directed by postmitotic Zic2 expression (Herrera et al.,

4

retinas immunostained for Zic2 or hybridized with specific probes for Zic2 and Sert as indicated
in the panels. The loss of Zic2 immunostaining is preceded by a decrease in its mRNA expression
(compare C and G with D and H). There is a progressive decrease and distal clustering of Zic2/
Sert-positive and iRGCs in the Boc�/� VTC. M, The graph represents the percentage of Zic2 �

cells in the VTC of WT (dark gray line) and mutant (light gray line) animals at different stages.
**p � 0.01 (Student’s unpaired t test). cmz, Ciliary marginal zone; L, lens. Scale bar, 200 �m.
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Figure 5. A–L�, Boc is required to restrain Islet2/Shh expression within the VTC. Frontal cryostat sections from E16 (A–D�), E18 (E–H�), and P0 (I–L�) WT and Boc �/� central retinas
immunostained for Brn3b, double-stained for Zic2 (green) and Islet2 (red), or hybridized with specific probes for Isl2 and Shh, as indicated in the panels. The increase in Islet2 � cells parallels the
decrease in Zic2 � cells in Boc�/� tissue. There is a correspondent increase in Islet2 and Shh expression in the mutants starting from E18. Dashed lines delimit the (Figure legend continues.)
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2003), whereas a large RGC population specified throughout the
retina projects to the contralateral side of the brain. The amount
of Zic2� iRGCs generated in the VTC is strongly limited by the
expression of Islet2, a transcription factor expressed by many
cRGCs. Indeed, genetic inactivation of Islet2 leads to an overpro-
duction of Zic2� neurons within the VTC, which fully behave as

ipsilateral projecting neurons (Pak et al., 2004). Our study now
complements these observations and identifies a regulatory loop
between Zic2 and Boc-mediated Shh signaling as an important
mechanism that limits the generation of Islet2� cells in the VTC,
thus maintaining the appropriate number of iRGCs in the mouse
retina. Disruption of this regulatory loop shifts RGC production
in the VTC toward a contralateral projecting fate, with conse-
quent alterations in the retinotopic organization at the dLGN.

Our conclusions stem from the observation that in Boc�/�

mice the ipsilateral projection is reduced, without apparent loss
of the overall number of RGCs in the VTC. Analysis of the reti-
notopic distribution in the Boc�/� dLGN showed that part of the
fibers originating from the ipsilateral eye target an area normally
receiving contralateral projections, including those from late-
born Islet2� cells of the VTC. Consistent with this observation,
Zic2� cells in the Boc�/� VTC, although present in normal num-
bers at embryonic stages, are diminished postnatally, whereas

4

(Figure legend continued.) VTC. M–O�, Low-power views of flat-mounted preparations of
the ipsilateral and contralateral retinas from E17 embryos subjected to unilateral retrograde
labeling from the optic tract, double-labeled with antibodies against Zic2 (O,O�). In WT, the
majority of backfilled neurons localized to the ipsilateral VTC (the VTC area is marked with
dotted lines), whereas only few RGCs were found in the contralateral VTC. In Boc�/� VTC, this
proportion is shifted and there are numerous Zic2 � backfilled cells in the cVTC (O�). P, Q, The
histograms represent the amount of Zic2 �, Islet2 �, or Brn3b � cells in P0 (P) and the amount
of backfilled cells present in the ipsilateral and contralateral retinas of E17 (Q), and WT (dark
gray bars) and Boc�/� (light gray bars) VTC. **p � 0.01 (Student’s unpaired t test). ***p �
0.001 (Student’s unpaired t test). cmz, Ciliary marginal zone. Scale bar, 100 �m.

Figure 6. Organization of the retino-geniculate projections in postnatal Boc � / � mice. Confocal analysis of frontal sections through the dLGN of P12 and P18 WT and Boc �/� mice (as indicated
in the panels) after whole-eye anterograde tracing with green and red fluorescent dyes. C�, F�, I�, L�, Reslice profiles taken at the levels indicated in C, F, I, and L, respectively. The accompanying
graphs represent the spectra of red (ipsilateral) and green (contralateral) channels of reslice 2 (C�,F�) and reslice 3 (I�,L�), respectively. In WT, the ipsilateral projection (red) is clustered in the
dorsocentral dLGN surrounded by contralateral terminations (green). In Boc�/�, ipsilateral fibers are reduced in this region. There is increased clustering of fiber in the dorsomedial tip (area circled
with dotted lines) of dLGN where late-born cRGCs of the VTC project. d, Dorsal; m, medial; l, lateral; v, ventral. Scale bar: A–L, 250 �m.
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Islet2� cells are increased, indicating a
shift in identity of part of the RGCs in the
VTC.

A previous study explained the reduc-
tion of ipsilateral fibers in Boc�/� em-
bryos as a failure of axons to remain
uncrossed, proposing that Boc normally
mediates repulsive guidance information
from midline-derived Shh. This hypothesis
is based on tracing analysis at embryonic
stages, turning assays in Boc-expressing
RGCs and Boc overexpression studies
similar to those presented here (Fabre et
al., 2010). Our results now provide addi-
tional and complementary explanations
for the ipsilateral visual fiber reduction in
Boc mutants. Notably, however, our find-
ing suggests that the influence of Boc on
iRGC uncrossing behavior is not robust
and likely needs to be fostered by other
molecular determinants of chiasmatic fi-
ber sorting (Petros et al., 2008). Although
we observed a modest increase in the total
number of axons that aberrantly project
ipsilaterally upon Boc overexpression as
shown in (Fabre et al., 2010), this change
in axonal laterality is not substantial when
analyzed in the context of the total num-
ber of cells that overexpress Boc or com-
pared with the effect of gain-of-Zic2
function. Furthermore, in Boc mutants,
postnatal retinotopic organization at the
dLGN is different from that reported for
other mouse mutants with reduced ipsi-
lateral projections and increased fiber
decussation, such as the EphB1�/� and
Tyrc-2J/c-2J (albino) mice, in which the co-
hort of misprojecting fibers terminates in
a patch well segregated from the sur-
rounding projections (Rebsam et al.,
2009; Rebsam et al., 2012). In the
EphB1�/� mutants, the patch localizes
within the ipsilateral domain, whereas in
albinos it lies close to the region where
late-born VTC neurons project. These
differences have been interpreted as a dif-
ferential retention of ipsilateral identity in
misrouted neurons (Rebsam et al., 2012).
Indeed, in EphB1�/� mutants, Zic2 is still
expressed in misprojecting neurons (E.H.,
unpublished observations), consistent with the reported regula-
tion of EphB1 by Zic2 (Garcia-Frigola et al., 2008; Lee et al.,
2008). In albino mice instead, there are less Zic2� cells in the
VTC, although there is no parallel increase in the expression of
crossed projections markers, suggesting abnormal specification
(Rebsam et al., 2012). In Boc�/� mice, misrouted fibers from the
ipsilateral eye invade the field destined to contralateral projections,
especially the zone of late-born VTC neurons as in albinos. There is,
however, a fundamental difference: misrouted fibers intermingled
with the surrounding projections, reflecting that a proportion of
VTC neurons shifted to full contralateral identity, as also supported
by the increased in retrograde-labeled and Islet2/Shh� cells. Consis-
tent with abnormal sorting at the chiasm (Fabre et al., 2010), sparse

terminations from the contralateral eye localized to the Boc�/� dor-
somedial ipsilateral field, particularly in the caudal dLGN. These
mistargeted fibers may alternatively represent axons that have
missed midline guidance information because they grow at
lower pace, as suggested by the abnormal growth cone accu-
mulation in the chiasm and ipsilateral tract and the particu-
larly reduced innervation of the mutant dLGN at early stages.
As an additional possibility, they could represent contralateral
sprouts on unoccupied dorsocentral dLGN neurons.

Searching for the relationship between Boc and Zic2, we
showed that in, Zic2�/� and FoxD1�/� embryos, Islet2 and Shh
expression is increased, whereas Boc mRNA is decreased or ab-
sent. This supports the proposed existence of a cross-regulatory

Figure 7. Organization of the retino-geniculate projections in adult Boc � / � mice. The images show confocal analysis of frontal
sections through different axial levels of the dLGN of P30 WT and Boc �/� mice after whole-eye anterograde tracing with green and red
fluorescent dyes. Reslice profiles represented below each image are taken at the levels indicated in A for A–D, and in E for E–H. The
accompanying graphs represent the spectra of red (ipsilateral) and green (contralateral) channels of the reslices as indicated in the figure.
d, Dorsal; m, medial; l, lateral; v, ventral. Scale bar, 250 �m.
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repression between Zic2 and Islet2 in the VTC (Pak et al., 2004)
and indicates that Boc acts downstream of Zic2. Zic2, a member
of the Gli family of zinc-finger transcription factors, shares with
Gli similar consensus binding sites on the DNA (Aruga, 2004),
which, notably, are repetitively present in highly conserved non-
coding regions of the Boc locus in different mammalian species
(unpublished observations), suggesting a possible direct regula-
tion. Furthermore, Boc, although important for mutual regula-
tion between iRGC and cRGC in the VTC, is not essential for the
onset of Zic2 expression, as this is normally initiated in Boc mu-
tants but subsequently retained only in a subset of neurons. This
normal initiation might be in apparent contradiction with the
decreased ipsilateral projection already observed at E16. How-
ever, in the absence of Boc, initial Zic2 expression might reach
levels insufficient to trigger a full ipsilateral behavior and support
fiber extension at a normal speed, as suggested by the increased

number of growth cones in the chiasm
and optic tract. Although we have found
no differences in proliferation or apopto-
sis between WT and mutant retina, we
cannot completely exclude that this
slower growth may interfere with axon
targeting, which would finally lead to cell
death, contributing to the decrease of the
iRGCs population.

Studies in mouse and zebrafish have
proposed that activation and likely mainte-
nance of Zic2 expression in the forebrain de-
pend, directly or indirectly, on Shh signaling
(Brown et al., 2003; Hayhurst et al., 2008;
Sanek et al., 2009). Zic2, however, pre-
dominantly localizes to the dorsal CNS,
where Gli repressor forms are mostly
found (Stecca and Ruiz i Altaba, 2010),
suggesting that Zic2 expression requires
only low Shh signaling. Taking this infor-
mation together with our result, we pro-
pose a model (Fig. 9) in which low levels of
Shh, diffusing from the differentiating
cRGC, contributes to activate Zic2 with an
opposite gradient, so that high levels of
Zic2 will be always found in the distal-
most retina close to the CMZ, as previ-
ously described in WT embryos at the
onset of iRGC generation (Herrera
et al., 2003; Tian et al., 2008). Once acti-
vated, Zic2 would then regulate Boc
expression in the RGC and modulate cell-
autonomously the responsiveness to Shh
signaling, similarly to the feedback circuit
between the Shh pathway and homeodo-
main transcription factors proposed to
control patterning output in the neural
tube (Lek et al., 2010). Boc, Cdon, and
their Drosophila counterparts have been
show to titer the levels of diffusible hh li-
gands (Hartman et al., 2010). Thus, in the
absence of Boc, Shh might diffuse a larger
distance extending its gradient within the
VTC (Fig. 9). As a consequence, RGCs
would receive higher Shh levels, which
may in turn interfere with sustained Zic2
expression. This would explain why in

Boc�/� mice residual Zic2� cells are clustered close to the CMZ.
In this distal region, Shh levels would be sufficiently low to sus-
tain Zic2 levels, which would then activate EphB1 and Sert expres-
sion, enabling the formation of a partial ipsilateral projection.
Cross-regulation between Zic2 and Shh signaling through Boc
might also explain why Boc overexpression diminishes Zic2-
induced uncrossed behavior in cRGC. Indeed, Boc presence in
the Shh-expressing cRGCs may trap the morphogen, increasing
the levels of the signaling effector Gli1, which could compete with
Zic2 for DNA binding sites, finally reducing Zic2 activity.

Differential spatiotemporal expression of Shh target genes is
highly dependent on both the levels and duration of cell exposure
to Shh (Dessaud et al., 2007; Balaskas et al., 2012). The floor plate
cells that, as cRGCs, secrete and respond to Shh, are patterned by
high and transient Shh signaling (Ribes et al., 2010). In Boc ab-
sence, increased Shh diffusion in the VTC might shift cells toward

Figure 8. A feedback regulatory loop between Zic2 and Shh signaling in the VTC. A, B, D, E–I, Frontal cryostat sections from E16
WT (A, D, G), Zic2kd/kd (B, E, H), and Foxd1�/� (F, I) central retinal sections hybridized with probes for Islet2 (A, B, D–F) and Shh
(G–I) and immunostained with antibodies against Zic2 (A,B). WT embryos are Zic2kd/kd littermates. Littermates from Foxd1�/�

line are not shown as they were no different from those shown in D and G. C, The histogram represents the increment of Islet2 �

fluorescence in the Zic2kd/kd VTC compared with WT. *p � 0.05 (Student’s unpaired t test). J–K�, Control GFP (J, J�) or Shh::GFP (K,
K�) electroporated VTC from E15 WT embryos immunostained with antibodies against Zic2 (red). There is an absence of Zic2
staining in the region where Shh is ectopically expressed, whereas Zic2 staining is still present in GFP-positive controls (solid and
empty arrowheads in J�–K� point to Zic2� and � regions, respectively). L, qPCR analysis of the levels of Shh and Boc expression
after ex utero electroporation of Zic2 in the central retina of E13 WT embryos. Tissue was collected and analyzed 24 h later. Analysis
was performed on pools of eight different retinas for each sample, and experiments were repeated three times. Data were analyzed
with the Mann–Whitney test: *p � 0.05. cmz, Ciliary marginal zone; L, lens. Scale bars: A–I, 200 �m; J–K�, 100 �m.
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the cRGC program, including the onset of
Islet2 and Shh expression itself, which is
known to regulate cRGC specification and
differentiation (Esteve and Bovolenta,
2006). In a feedback loop, Shh will further
repress Zic2 expression as observed upon
ectopic expression of Shh in the VTC and
previously reported for other Zic tran-
scription factors in zebrafish and chick
embryos (Rohr et al., 1999; Aruga et al.,
2002).

Recent studies have shown that Boc,
Cdon, and Gas1 can substitute one an-
other in specific contexts as demonstrated
by triple genetic inactivation in mice
(Allen et al., 2011; Bae et al., 2011). The
colocalization of the three receptors in the
CMZ, but not in the VTC, could explain
why Zic2 expression is maintained in the
CMZ but is selectively downregulated in
the Boc�/� VTC. The presence of other
factors may instead explain why iRGC loss
in Boc�/� mutants is partial. Lrp2, a mem-
ber of the low-density lipoprotein recep-
tor family (McCarthy et al., 2002) that
binds and accumulates Shh (Christ et al.,
2012) is a possible example.

In conclusion, we propose that appro-
priate levels of Boc-mediated Shh signal-
ing cooperate with Zic2 toward mouse
iRGC specification and connectivity. In
all vertebrates, committed cRGC precur-
sors secrete Shh (Traiffort et al., 2001;
Sánchez-Camacho and Bovolenta, 2008),
which influences retina neurogenesis,
likely in a species-specific manner (Esteve
and Bovolenta, 2006). In mice, ablation of
retinal Shh or of its essential signaling
component Smoothened leads to an in-
crease in RGC number, suggesting that
Shh signaling limits the production of
cRGCs (Wang et al., 2005; Sakagami et al., 2009). Therefore,
different levels of Shh signaling activation, likely mediated by
different receptors, together with mutual repression between
Zic2 and Islet2, might be at the basis of iRGC and cRGC diver-
gence (Fig. 9) and the consequent establishment of appropriate
eye specific inputs to primary targets.
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