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Compartmentalization of Vertebrate Optic
Neuroephithelium: External Cues and

Transcription Factors
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The vertebrate eye is a laterally extended structure of the
forebrain. It develops through a series of events, including
specification and regionalization of the anterior neural
plate, evagination of the optic vesicle (OV), and develop-
ment of three distinct optic structures: the neural retina

(NR), optic stalk (OS), and retinal pigment epithelium (RPE).

Various external signals that act on the optic neuroepithe-
lium in a spatial- and temporal-specific manner control the
fates of OV subdomains by inducing localized expression
of key transcription factors. Investigating the mechanisms
underlying compartmentalization of these distinct optic
neuroepithelium-derived tissues is therefore not only im-
portant from the standpoint of accounting for vertebrate
eye morphogenesis, it is also helpful for understanding
the fundamental basis of fate determination of other neu-
roectoderm-derived tissues. This review focuses on the
molecular signatures of OV subdomains and the external
factors that direct the development of tissues originating
from the OV.

INTRODUCTION

Axial patterning of vertebrate neuroepithelium

Vertebrate organogenesis is not simply a process of local ex-
pansion of cell number; it is also accompanied by the segrega-
tion of a certain cell population from neighboring cell popula-
tions and subsequent development into structurally and func-
tionally different tissues. During development, local cellular
characteristics therefore undergo a serial transition from an
initially identical state to an intermediate state with differences
across a continuous spectrum, and then finally to a structurally
and functionally distinguishable state (Kiecker and Lumsden,
2005). Cells located at the border between two cell populations
with different characteristics therefore must commit to one of
two distinct fates to complete the segregation of the two cell
populations.

The development of vertebrate central nervous system
(CNS) tissues also involves multiple rounds of border formation
within a continuous structure of neuroepithelium. Compartmen-
talization or regionalization of the neuroepithelium is controlled
by secreted signaling molecules, which are produced by ante-

rior-posterior, dorsal-ventral, and medial-lateral axial patterning
centers. For instance, bone morphogenic proteins (BMPs) are
mainly concentrated in the dorsal neural tube, whereas sonic
hedgehog (Shh) expression is largely restricted to the ventral
neural tube (Edlund and Jessell, 1999; Jessell, 2000). Fibro-
blast growth factor 8 (FGF8) is primarily expressed in the ante-
rior part of the prosencephalon, where it promotes development
of the forebrain (Crossley et al., 2001). Each axial patterning
center produces a distinct set of signaling molecules in a com-
binatorial manner. Every neuroepithelial cell therefore is influ-
enced by these axial pattern determinants at different concen-
trations, and consequently expresses different sets of genes
that eventually define the characteristics of the cell.

Formation of the optic vesicle and its transition into the
optic cup

Mouse eye development starts at E8.0 from the anterior neural
plate in the prosencephalon, which gives rise to the forebrain
and eye field (Chow and Lang, 2001; Fuhrmann, 2010). At E8.5,
the mouse eye originates from bilaterally evaginating cells of
the diencephalon that correspond to the right and left optic pits.
The optic pit starts to form the optic vesicle (OV) through con-
tinued evagination (Fig. 1A). The OV is formed by a single
pseudostratified neuroepithelium and is surrounded by cephalic
mesenchyme. Then, the OV grows toward the overlying sur-
face ectoderm (SE) that will ultimately give rise to the lens and
cornea (Chow and Lang, 2001; Fuhrmann, 2010). The cephalic
mesenchyme between the OV and the SE (apparent in mam-
mals and chicks) is displaced later as the two tissues come into
close physical contact. At E9.5, the OV and SE are tightly as-
sociated through a network of collagenous fibrils and cytoplas-
mic processes (de longh et al., 2004; Furuta and Hogan, 1998).
Upon contact with the OV, the SE thickens and gives rise to the
lens placode (LP; Fig. 1B). Subsequently, both the OV and the
LP undergo simultaneous invagination at about E10 (Fig. 1C).
The LP later becomes the lens by way of the lens vesicle (LV),
whereas the OV develops into the two-layered optic cup (OC)
(Figs. 1D and 1E). The outer layer of the OC becomes retinal
pigment epithelium (RPE), whereas the inner layer of the OC
(facing the lens) gives rise to the neural retina (NR). The NR
further develops into six types of retinal neurons: photorecep-
tors (rods and cones), bipolar cells, horizontal cells, amacrine
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Fig. 1. Schematic diagram of mouse eye development. (A) The OV is generated as an evagination from the diencephalon at E9.5. (B) The OV
start to be patterned into presumptive RPE (pRPE), presumptive NR (pNR), and OS (pOS) while the SE in turn forms the LP. (C) The OV and
LP then start invaginate toward midline and form the optic cup, composed of NR and RPE, and the lens vesicle (LV), respectively at E10.5. (D-
E) The NR and RPE become aligned each other and reduce ependymal cavity to a virtual space while the LV gradually also loses its cavity
and becomes a solid primitive lens structure. The neuroepithelial cells at ventral OS differentiated into the astrocyte precursor cells, which
further differentiate into optic nerve astrocytes. Abbreviations: C, Cornea; L, lens; LP, lens placode; LV, lens vesicle; MS, mesenchyme; NR,
neural retina; ON, optic nerve; OS, optic stalk; OV, optic vesicle; RPE, retinal pigment epithelium; S, sclera; SE, surface ectoderm.

cells, ganglion cells, and a single Muller glia (Cepko et al.,
1996; Harris, 1997). The axons of retinal ganglion cells (RGCs)
residing in the surface layer of the NR grow proximally toward
the optic disc and further extend to the brain through the OS.
The ventral part of the OV undergoes even more complex
structural changes, giving rise to the ventral OS (vOS), which
develops into the optic fissure at the distal part and optic nerve
astrocytes at the proximal part (Morcillo et al., 2006).

FATE-DETERMINING EXTERNAL CUES

The development of the three OV compartments, namely RPE,
NR and OS, is regulated by a number of signaling pathways,
each of which is active at different locations and time points
during eye morphogenesis. The schematic diagram in Fig. 2A
shows the distribution of morphogens around the mouse OV.
Factors including BMP, Shh, and FGF secreted from several
sources such as the head mesenchyme, surface ectoderm,
ventral forebrain, and the OV itself are particularly critical for the
determination of OV compartments. These inductive signals
contribute to the compartmentalization of the OV by turmning on
or off specific transcription factors in each primitive compart-
ment. We focus on several representative extrinsic factors of
OV in more detail.

FGFs

FGFs are normally expressed in the presumptive lens ecto-
derm (PLE) and distal OV, and determine the NR identity of
optic neuroepithelium at the distal OV (Pittack et al., 1997; Vo-
gel-Hopker et al., 2000). FGF1 or FGF2 secreted from the PLE
are sufficient to induce the NR domain by inducing the expres-
sion of Vsx2 (visual system homeobox 2; formerly Chx10) in
the chick OV (Hyer et al., 1998; Miller et al., 2000; Pittack et al.,
1997). The border between NR and RPE regions is disrupted in
chicks in the absence of PLE, but it is rescued by treating the
QV with FGF1 or FGF2 (Nguyen and Arnheiter, 2000). How-
ever, mice lacking both FGF1 and FGF2 do not show obvious
ocular phenotypes, indicating that FGF1 and FGF2 are dispen-
sable for mouse NR development (Miller et al., 2000). Instead,
FGF9 is the most critical isoform for NR determination in the
mouse OV. The NR transdifferentiates into RPE in FGF9-null
mice (Zhao et al., 2001), whereas transgenic mice that ectopi-

cally express FGF9 in the presumptive RPE region make an
additional NR in the prospective RPE region (Zhao and Over-
beek, 1999). The expression of genes critical for the acquisition
of RPE identity, such as orthodenticle homolog 2 (Otx2) and
Mitf (microphthalmia-associated transcription factor), are down
regulated upon FGF-mediated transdifferentiation of RPE into
NR.

The ectopic expression of an active form of Ras or a constitu-
tively activated allele of mitogen-activated protein kinase kinase
1 (MAPKK1)/MEK?1 in the prospective RPE mimics the pheno-
type of FGF transgenic mice, in which RPE transdifferentiates
into NR (Galy et al., 2002). This indicates that activation of the
Ras-Raf-MEK-MAPK pathway plays a critical role in FGF-
induced suppression of RPE development.

Wnts

The Wnt/B-catenin canonical pathway (WCP) is involved in
multiple steps of eye development, including eye field estab-
lishment, maintenance of the retinal stem cell population, inhibi-
tion of neuronal specification of the ciliary marginal zone (CM2)
and RPE, and development of the cornea and lens (de longh et
al., 2006; Lad et al., 2009). Inhibition of the WCP is required for
specification of zebrafish eye field from the diencephalic region,
whereas the Wnt non-canonical pathway functions to support
the eye field induced from it (Cavodeassi et al., 2005; Kim et al.,
2007). However, once the optic field is defined, the WCP plays
a supportive role for the commitment to NR. Members of the
frizzled (Fz) receptor family (Fz-4 and -5) are expressed in the
distal OV and induce the development of optic neuroepithelium
into NR (Van Raay and Vetter, 2004; Van Raay et al., 2005).

In the embryonic mouse retina, Wnts (Wnt-3, -5a, -5b, -7b,
and -13) and Fz receptors (Fz-3 through -7) are consistently
expressed in the neuroblast layer (Liu et al., 2003). However,
WCP-dependent transcription remains inactive in the develop-
ing mouse retina (Liu et al., 2006). Several secreted Fz-related
proteins, including Sfrp-1, -2 and -3, are also expressed in the
mouse retina and possibly antagonize Wnt signaling in the
retina (Esteve et al., 2011; Liu et al., 2003).

Conversely, the WCP is supportive for the development of
the CMZ and RPE (Fujimura et al., 2009; Liu et al., 2007;
Westenskow et al., 2009), where WCP activity is strongly en-
riched during development (Fujimura et al., 2009; Liu et al.,
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Fig. 2. Schematic representation of extrinsic
factors and transcription factors involved in
compartmentalization of OV. (A) Morphogens
are secreted from neighboring tissues (ex.
the extraocular MS, the SE, and the ventral
forebrain) of the evaginating OV, and act to
QV cells by forming concentration gradients.
The factors determine the OV cell fates into
pNR, pRPE and pOS, depending on their
relative position along dorsal-ventral and
proximal-distal axes. BMP/TGF signals from
the extraocular MS favor the cells at dorsal-
distal OV to become RPE, whereas FGFs
from the SE activate NR identity, but repress
RPE development, in the distal OV. Shh are
secreted from the midline of ventral forebrain
and induce OS at the ventral and proximal
QV. (B) Consequence of the combinatorial

distribution of the external fate determining factors listed above, distinct combination of transcriptional regulators become restricted to the
pRPE, pNR and pOS. In the pRPE, Mitf and Otx2 induced by BMP/TGFB and Wnt counteract with NR-enriched Vsx2, which is induced by
FGF signaling. In the ventral-distal OV, Pax6 in the NR mutually represses Pax2 and Vax1/2, which are induced by Shh in the ventral OS. The
interaction and activity of these transcriptional factors consolidate the identity and maintain the differentiated state of the RPE, NR and OS

respectively.

2006). The WCP apparently activates the expression of Msx1
(msh homeobox 1) and Otx1 in the CMZ, and Otx2 and Mitf in
RPE (Liu et al., 2007). Furthermore, Wnt-2b and -13 play roles
in the commitment of CMZ cells to the iris and ciliary body (Cho
and Cepko, 2006; Fokina and Frolova, 2006). Fz-3 and -7, and
Sfrp-1 and -2 are also found in astrocyte precursor cells in the
optic disc (OD) area, although the functions of Wnt components
in the OD and OS are still unclear (Liu et al., 2003).

Shh

Shh, which is secreted from the ventral forebrain, controls the
dorsal-ventral as well as proximal-distal polarity of the OV
(Zhang and Yang, 2001). Shh is essential for the bilateral sepa-
ration and proximal-distal patterning of the OV (Amato et al.,
2004; Kim and Lemke, 2006). Hedgehog (Hh) signaling origi-
nating from the ventral forebrain has therefore been implicated
in the specification of the ventral and proximal optic structure
(i.e., vOS), but inhibits dorsal-distal fate (i.e., NR and RPE).
Indeed, genetic elimination of Shh in mice and chemical inhibi-
tion of Hh signaling in Xenopus embryos impairs vOS devel-
opment, resulting in proximal-distal patterning defects (Chiang
et al., 1996; Perron et al., 2003).

The defective vOS development of Shh-deficient mice can be
partially rescued by concomitant loss of the Gli3 (GLI family
zinc finger 3) allele, suggesting that the transcriptional regula-
tion of Hh target genes is critical for vOS development (Furi-
msky and Wallace, 2006; Kim and Lemke, 2006). Supporting
this hypothesis, the expression of genes important for vOS
development, such as Pax2 (paired box gene 2) and ventral
anterior homeobox 1 (Vax1), is induced by Shh, whereas retinal
determining genes, such as Pax6 and Rx/Rax (retina and ante-
rior neural fold homeobox), are repressed by ectopically ex-
pressed Shh (Perron et al., 2003). Shh not only ventralizes the
QV through transcriptional activation of OS determinants, it also
regulates them at the post-translational level. Shh facilitates
nuclear accumulation of Vax2 in the mouse vOS (Kim and
Lemke, 2006). As a consequence, it increases Vax protein
content in the ventral distal OV where the border between vOS
and NR develops.

BMP/TGFp family

Several BMPs, members of the tumor growth factor (TGF)-B
superfamily, and their receptors are found in developing verte-
brate eyes and adjacent tissues (Chow and Lang, 2001). In
mice, BMP4 expression is detected in the distal OV, whereas
BMP7 is enriched in SE and the dorsal OV (Dudley and
Robertson, 1997; Furuta and Hogan, 1998; Muller et al., 2007).
Distal OV-enriched BMP4 is especially crucial for lens induction,
and BMP7 is essential for eye morphogenesis by facilitating
OV-PLE interaction.

In the optic cup stage, BMPs are expressed in the dorsal NR
and support the expression of Tbx5 (T-box 5), which in turn
represses EphBs in the dorsal retina, as opposed to Vax2,
which represses ephrinBs expression in the ventral retina
(Behesti et al., 2006; Koshiba-Takeuchi et al., 2000). In contrast,
the BMP antagonist ventrophin is enriched in the ventral NR,
where it restricts the influence of BMP only at the dorsal NR
(Sakuta et al., 2001). These reports suggest that the function of
BMPs in eye morphogenesis follows a general feature of BMP
signaling as a critical dorsal axial determinant, as shown in
other CNS tissues such as forebrain and spinal cord.

Gain-of-function experiments have shown that BMPs are
also sufficient to elicit RPE development. Ectopic BMPs induce
transdifferentiation of the presumptive OS and NR into RPE
(Muller et al., 2007). By contrast, interfering with BMP signaling
at OV stages inhibits RPE formation and induces NR-specific
gene expression in the outer OC layer. The TGF family mem-
ber activin, which is expressed in the extraocular MS, also plays
critical roles in eye morphogenesis in the chick by supporting
RPE development through the induction of Mitf in the OV
(Fuhrmann et al., 2000). These observations provide physio-
logical evidence to support the idea that BMP signaling partici-
pates in establishing RPE identity and is necessary and suffi-
cient for RPE development.

Cross-talk between external signals for OV patterning

The external factors listed above impose their actions not only
by activating their specific intracellular signal cascades, but also
by reciprocally regulating the activity of other signaling path-
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Table 1. Transcription factors involve in eye development

Transcription ~ Expression in the .
. Organism References
factors embryonic eye

Rx OV, NR Mouse, Xenopus, zebrafish Andreazzoli et al. (1999); Furukawa et al. (1997);
Kennedy et al. (2004); Mathers et al. (1997)

Pax6 NR, RPE Mouse, chick, Xenopus, zebrafish Hirsch and Harris (1997); Liu et al. (1994);
Macdonald et al. (1995); Stoykova and Gruss (1994)

Pax2 OS, RPE Mouse, chick, Xenopus, zebrafish Heller and Brandli (1997); Herbrand et al. (1998);
Macdonald et al. (1995); Nornes et al. (1990)

Otx1 QV, RPE Mouse, chick, zebrafish Bellipanni et al. (2000); Martinez-Morales et al. (2001);
Simeone et al. (1993)

Otx2 OV, RPE, NR Mouse, chick, zebrafish Bellipanni et al. (2000); Bovolenta et al. (1997);
Martinez-Morales et al. (2001); Simeone et al. (1993)

Six3 oV Mouse, chick, zebrafish Bovolenta et al. (1998); Kondoh et al. (2000);
Oliver et al. (1995); Zhou et al. (2000)

Lhx2 ov Mouse, Xenopus, zebrafish Ando et al. (2005); Porter et al. (1997); Zuber et al. (2003)

Six6 v, 0s Mouse, Xenopus Toy et al. (1998); Zuber et al. (1999)

Vsx2 NR Mouse, chick, zebrafish Barabino et al. (1997); Belecky-Adams et al. (1997);
Liu et al. (1994)

Mitf OV, RPE Mouse, chick, Xenopus, zebrafish Dorsky et al. (2000); Hodgkinson et al. (1993);
Kumasaka et al. (2004); Mochii et al. (1998)

Vax1 OS> NR Mouse, Xenopus, zebrafish Hallonet et al. (1998); Take-uchi et al. (2003)

Vax2 NR > OS Mouse Barbieri et al. (1999); Take-uchi et al. (2003)

COUP-TFI/II (O] Mouse Tang et al. (2010)

ways directly or indirectly. For instance, Shh expressed in the
ventral forebrain supports the expression of FGFs in the ante-
rior neural plate of the telencephalon, where BMPs inhibits FGF
expression (Ohkubo et al., 2002). FGF8 from the anterior neu-
ral plate then cooperates with Shh in the development of the
vOS in zebrafish by inducing key determinants, such as Pax2
and Vax (Take-uchi et al., 2003). In contrast, Hh-activated Gli1
targets secreted Fz-related protein 1 (sFrp1), which interferes
with the binding of Wnt to Fz receptors and consequently inac-
tivates Wnt signaling around Hh-activated cells (He et al., 2006).
Therefore, the level of Wnt signaling in the Hh-enriched OV
region is gradually diminished, consequently resulting in segre-
gation of Hh-restricted ventral-proximal OV versus Wnt-
restricted dorsal-distal OV.

In addition to the direct cross-talk between signaling path-
ways, these external signals also converge on common intra-
cellular components in either a positive or negative manner. For
instance, in Drosophila retinal neurogenesis, Hh signaling inac-
tivates adenylate cyclase (AC) via inhibitory G-protein (Gi)-
coupled Smoothened (Smo), whereas Wnt signaling activates
AC via stimulatory G-protein (Gq) coupled Fz (Katanaev et al.,
2005; Ogden et al., 2008; Pan and Rubin, 1995). Consequently,
vertebrate Shh inactivates the cAMP-dependent protein kinase
A (PKA) signaling pathway, whereas Wnt activates it (Chen et
al., 2005; Hammerschmidt et al., 1996; Suzuki et al., 2008;
Waschek et al., 2006). In developing vertebrate eyes, PKA
activity in the mouse OV is inversely correlated with Hh concen-
tration through formation of a dorsal-distal high and ventral-
proximal low gradient (Kim and Lemke, 2006). Furthermore,
activation of PKA dorsalizes zebrafish OV, whereas inhibition of
PKA ventralizes it (Masai et al., 2005). However, whether the
cAMP-PKA signaling pathway is an indispensable intracellular
convergence point of Hh and Wnt in vertebrates remains to be

determined.
TRANSCRIPTION FACTOR CODE

The initial phase of OV patterning by external factors described
above is next converted into the combinatorial code of tran-
scription factors, which are differentially expressed in each OV
compartment and establish the cellular identity of the compart-
ment. The key transcription factors involved in vertebrate eye
morphogenesis are list in Table 1; several representative ex-
amples are reviewed in more detail below.

Otx2

Otx2 is not only essential for the development of fore/midbrain
structures, it also plays key roles in vertebrate eye development
(Martinez-Morales et al., 2001; 2003). Otx2 is initially expressed
in the entire OV, but its expression soon becomes restricted to
the presumptive RPE, where it is maintained throughout adult-
hood (Bovolenta et al., 1997; Bumsted and Barnstable, 2000).
Otx2 is also detectable in bipolar cells and photoreceptors of
the retina, and supports the survival of these cell populations
(Bumsted and Barnstable, 2000; Decembrini et al., 2006; Koike
et al., 2007). Otx2"" mice carrying additional loss of Otx1 alleles
show clear defects in the patterning of the RPE, which is re-
placed by a NR-like structure (Martinez-Morales et al., 2001). In
contrast, Otx2 overexpression induces a pigmented phenotype
in cultured NR cells (Martinez-Morales et al., 2004). Otx2 binds
and activates the promoter region of the melanogenic genes,
QNR-71, tyrosinase (Tyr), tyrosinase related protein 1 (Tyrp1)
and Tymp2, which contain the specific Otx-binding site TAATCC/T
in their promoters (Martinez-Morales et al., 2003; Takeda et al.,
2003). Furthermore, Otx2 together with Wnt/B-catenin signaling
turns on the expression of Mitf, which in cooperation with Otx2
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is sufficient to drive differentiation of the RPE.

Mitf

Mitf is a basic helix-loop-helix (bHLH) leucine zipper transcrip-
tion factor that is crucial for the acquisition and maintenance of
RPE cell identity (Martinez-Morales et al., 2004). Ectopic ex-
pression of Mitf in cultured avian NR cells results in the induc-
tion of pigmentation by initiating the expression of two markers
of differentiated pigment cells: melanosomal matrix protein 115
kDa (MMP115) and tyrosinase (Mochii et al., 1998; Planque et
al., 1999). By contrast, inhibition of Mitf by small interfering
RNAs (siRNAs) decreases MMP115 expression and promotes
dedifferentiation of the RPE (lwakiri et al., 2005). In Mitf mutants,
the RPE remains unpigmented and displays areas that develop
into a second NR (Bumsted and Barnstable, 2000; Nguyen and
Arnheiter, 2000).

Mitf expression in RPE can be regulated by redundant func-
tions of Pax2 and Pax6 (Baumer et al., 2003). Mitf can be also
induced through cooperative transcriptional regulation by the B-
catenin/Tcf complex and Otx2, both of which are able to bind
the Mitf promoter (Westenskow et al., 2009; 2010). Mitf expres-
sion is therefore impaired in B-catenin-deficient RPE, which
consequently transforms into NR (Fujimura et al., 2009; Westen-
skow et al., 2009). However, it is still unclear whether Otx2 is
also indispensable for Mitf maintenance in RPE.

Vsx2

The paired-like homeobox gene Vsx2 is a specific marker of
retinal progenitor cells and functions to repress Mitf expression
in the distal OV (Horsford et al., 2005; Rowan et al., 2004).
Moreover, overexpression of Vsx2 in the chick RPE causes
down regulation of Mitf expression and other pigment markers,
leading to a non-pigmented RPE (Rowan et al., 2004). Initially,
dorsal and distal OV cells express Mitf, but cells in close prox-
imity to the lens placode, receiving FGF signals, start to ex-
press Vsx2, which subsequently leads to the repression of Mitf,
and possibly also of Otx2, in the presumptive NR (Horsford et
al., 2005). Vsx2 negatively regulates Mitf expression by binding
to its promoter, thereby ensuring NR development in the distal
portion of the OV (Horsford et al., 2005; Rowan et al., 2004).
However, OV cells located farther away from the LP maintain
Mitf expression and specify the RPE fate.

Pax6

Pax6 is an evolutionary conserved transcription factor that is
crucial for eye development (Chow and Lang, 2001; Graw,
2010). Mutations in Pax6 result in a small-eye phenotype in
mice and rats (Hill et al., 1991; Matsuo et al., 1993). Pax6 con-
tributes to eye development by mediating the induction of lens
and cornea from SE as well as by supporting the development
of the NR and RPE from OV. Pax6 is first expressed in the optic
primordium, whereas later it is found in all cells of the prospec-
tive NR, RPE, and lens epithelium (Ashery-Padan and Gruss,
2001). Upon formation of the border between NR and vOS,
Pax6 is repressed by Shh and becomes restricted to the dorsal
and distal domain of OC, where it supports the development of
RPE and NR, whereas Shh targets, such as Pax2 and Vax1,
induce vOS development at the ventral-proximal OV. Therefore,
in the absence of Shh in Shh™;Gli3" mice, Pax6 is elevated in
the vOS, which is transformed into NR (Mui et al., 2005). Ec-
topically expressed Pax6 was also shown to inhibit the devel-
opment of the vOS in chick OV, consequently posi-tioning the
eyes in a more ventral direction (Leconte et al., 2004). These
results therefore suggest that Shh-dependent suppression of
Pax6 expression in the vOS is critical for the development of

the vOS and proper eye positioning.

Pax2

Pax2 is primarily expressed in the ventral half of the OV, and
becomes restricted to astrocyte precursor cells and astrocytes
of the OS soon after invagination of the OC (Baumer et al,,
2003; Sehgal et al., 2008). Pax2 is induced by Shh and is con-
sistently expressed in ventral and proximal OV cells, including
the ventral NR cells surrounding the optic fissure and cells of
the OS.

In Pax2-deficient mice, no glial cells develop in the optic
nerve (ON) and the optic chiasma fails to form (Torres et al.,
1996). The NRAVOS and RPE/dorsal OS (dOS) borders are
also positioned more proximally in Pax2-deficient mice, result-
ing in coloboma at the ventral OC and expansion of the RPE
into the dOS territory. Apparently, the Pax6 expression domain
expands proximally and invades over the NR/OS border in
Pax2-deficient mice. Importantly, Pax2 and Pax6 are suggested
to act in a mutually exclusive manner to regulate the regionali-
zation of different presumptive eye tissues. Accordingly, Pax2
restricts Pax6 expression to the more distal portion of the OV by
directly binding to a NR-specific intronic enhancer element,
whereas Pax6 represses Pax2 expression in the NR by binding
to a Pax2 promoter sequence (Schwarz et al., 2000).

Vax1 and Vax2

Vax1 and Vax2 are two-related homeodomain transcription
factors that are expressed in the ventral OV. Mouse Vax1 is
broadly expressed in the ventral domain of the forebrain,
whereas Vax2 is specifically restricted to the ventral distal part
of the OV (Barbieri et al., 1999; Hallonet et al., 1998). Between
E11.5 and E14.5, Vax1 becomes restricted to the OS, whereas
Vax2 is expressed in the ventral half of the NR. Ectopic expres-
sion of Vax1 or Vax2 results in expansion of the OS into NR
territory, suggesting that Vax gene functions overcome the
default neural fate of the vOS (Barbieri et al., 1999; Kim and
Lemke, 2006). Conversely, the RPE and NR expand proximally
into the OS territory of Vax1-deficient mice, which also exhibit
broad-spectrum ventral forebrain developmental defects (Ber-
tuzzi et al., 1999; Hallonet et al.,, 1999). In contrast, Vax2 is
dispensable for OS development, but it is critical for dorsal-
ventral polarization of the NR (Mui et al., 2002).

Therefore, transforming the OS entirely into NR requires
disruption of both Vax1 and Vax2 in mice and zebrafish (Mui et
al., 2005; Take-uchi et al., 2003). Vax1 and Vax2 repress the
expression of Pax6 by directly binding to a NR-specific intronic
enhancer of Pax6 (Mui et al., 2005). However, the Vax binding
site is distinct from the Pax6 auto-regulatory element, which is
also a target of Pax2 (Schwarz et al., 2000). Although Pax6 is
abnormally elevated in ectopic NR in the OS territory of Vax1/2-
double-knockout (dko) mice, Pax2 expression is still detectable
in the OV and ectopic NR of Vax1/2-dko embryos (Mui et al.,
2005), suggesting that Vax and Pax2 might function independ-
ently in the optic neuroepithelium in the acquisition of OS fate.

Similar to Vax1/2-dko mice, COUP-TFI/ll-dko mouse OS also
fails to develop and transform into NR (Tang et al., 2010). The
expression of Vax1/Vax2 and Pax2 is impaired in the COUP-
TFI/Il-dko mouse OS, whereas Shh expression in the ventral
forebrain is intact. These results therefore indicate that COUP-
TFI/ is located downstream of Shh and upstream of Vax1/2
and Pax2. COUP-TFs can also regulate RPE development by
directly regulating the expression of Otx2.
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CONCLUSIONS

A current model that takes into account the findings described
above is schematically illustrated in Fig. 2. In this simplified
scheme, exogenous signals (e.g., BMP, Shh, Wnt and FGF)
from adjacent tissues are instrumental for the initial regionaliza-
tion of the OV into RPE, NR, and OS. Subsequently, specific
transcription factors, including Mitf, Otx2, Vsx2, Pax6, Pax2 and
Vax1, turn on in each domain. Mutual regulation among these
domain-specific transcription factors then permanently segre-
gates eye territories into the OS, NR, and RPE.

The molecular mechanisms underlying dOS and RPE are not
yet as clearly defined as those involved in border formation
between RPE and NR or NR and vOS. However, reciprocally
regulating external signals and key transcription factors also
appear to be involved. Further study of intracellular signaling
components that enable exclusive dominance of fate-deter-
mining transcription factors as well as signaling pathways that
function during the binary fate segregation of cells at the optic
borders is warranted.
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