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Abstract. The Rx and pax6 homeobox genes are among other. pax6 gene mutations have been correlated with
the earliest genes expressed in the eye primordia and an array of human diseases, and a similar array of

mutations potentially exists for the human Rx gene.play crucial roles in the specification of ocular fate.
Based on functional studies, the vertebrate Rx andThese genes exhibit strong conservation of sequence
pax6 genes are likely to regulate cell proliferation andand expression patterns among vertebrates. As tran-

scription factors, Rx and Pax6 exert their effects are required for the initial commitment to retinal and
through the activation and repression of downstream lens cell fate, respectively, while pax6 appears to play
targets. Overexpression of each protein induces ectopic additional roles in the formation of the retina and
retinal tissue formation, as well as induction of the cornea.
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Cloning and structure

With the first papers published in 1991, the history of
pax6-related research is much better elaborated than
that of Rx-related work, which began in 1997. Iden-
tified initially in mice and humans [1, 2], pax6 has gone
through two ‘bursts of cloning,’ the first in a series of
vertebrate species. After the discovery that the
Drosophila pax6 gene corresponds to the eyeless muta-
tion [3], a second, invertebrate ‘wave of cloning’ has
started, leading to the identification of pax6 genes in
nematodes, squid, ascidian, Amphioxous, and planaria,
as well as a second pax6 gene in Drosophila [4–10]. In
comparison, the initial expression patterns and func-
tional studies for Rx were limited to three independent
reports on both vertebrate and invertebrate Rx genes
[11–13].
The pax6 and Rx genes belong to a large family of
factors that are related to the homeodomain region of
the Drosophila Paired protein [14]. The homeodomain

confers DNA-binding capabilities to these factors
through a helix-turn-helix structure at the carboxy-ter-
minal end of the homeodomain. pax class genes, includ-
ing the paired gene itself, are characterized by a second
DNA-binding motif, referred to as the paired domain.
When the homeodomain is present in Pax class
proteins, it carries a serine at position 9 of the third
helix. In contrast, the Rx protein (along with several
related homeodomain proteins) contains only a paired-
like homeodomain, with a glutamine at position 9 of the
third helix, but no paired domain. In addition, the Rx
proteins contain small regions of conserved sequence,
including the octapeptide and the paired tail (or OAR
domain) [12, 13]. In all species studied to date except
holometabolous insects and zebrafish [10, 15], there is
only one pax6 gene, and its gene copy number is tightly
controlled, as demonstrated by the haploinsufficiency
seen with pax6 mutants (see below) and overexpression
phenotypes [16]. Rx, on the other hand, demonstrates a
range of known gene copy numbers, from one in mam-
mals and flies to three in zebrafish. In the case of* Corresponding author.
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zebrafish, the composite embryonic expression pattern
of the three Rx genes is strikingly similar to the pattern
of single-copy Rx species, suggesting a diversification of
Rx gene functions after gene duplication [13].

Embryonic expression patterns

At the beginning of vertebrate neurulation, Rx and
pax6 are among a set of genes expressed in a broad,
overlapping domain called the anterior neural plate
[17]. This region contains the primordial forebrain and
a portion or all of the future midbrain. These genes are
strongly expressed in the retinal field, which at early
stages extends across the midline [11–13, 18, 19] (fig.
1A,B). Additional areas of gene expression exist outside
the retinal field for both genes. Rx is also expressed in
the pineal gland and the ventral neural tube, which
gives rise to the hypothalamus and pituitary gland, but
is excluded from lens and corneal precursor cells [11–
13, 20–22]. pax6 shows expression in the surface ecto-
derm corresponding to the lens primordia [19, 23, 24],

as well as the olfactory epithelium, presumptive dorsal
forebrain, hindbrain, and spinal cord [1] (fig. 1C). As
development proceeds, expression of these genes be-
comes more spatially restricted to distinct domains
within the anterior neural plate, and both are down-reg-
ulated along the midline, presumably through the ac-
tions of Hedgehog, transforming growth factor-�, and
epidermal growth factor family members [25–30]. The
result of this regulation at the midline is bilaterally
symmetric optic vesicles (fig. 1D). Disruptions in the
formation and evagination of the optic primordia can
result in defects in both ocular and craniofacial develop-
ment [13, 31, 32].
From the earliest stages of retinal specification to the
final mitotic divisions in the differentiating retina, Rx
and pax6 are expressed in proliferating cells. High levels
of Rx expression are found in retinal progenitor cells in
the frog, fish, and mouse [11–13]. During retinal differ-
entiation, both genes are expressed in the Xenopus reti-
nal ciliary margin [11, 13, 19], the only region in the
differentiated frog retina that possesses mitotic retinal
progenitor cells [33–36]. Rx and pax6 transcripts are

Figure 1. Expression of Rx and pax6 during early development of the eye. (A) Pattern of Rx expression in early Xenopus neurulae as
indicated by whole-mount in situ hybridization staining. (B) Pattern of pax6 expression in early Xenopus embryo. Note the overlapping
expression between Rx and pax6 in the anterior neural plate region. (C) Comparison of expression patterns for the Rx, otx2, and pax6
genes in stage 35 Xenopus embryos. (D) Frontal view of an unstained E9 mouse embryo showing optic vesicle formation (arrow) prior
to neural tube closure.
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also found in the proliferating cells at the ventricular
zone of the developing mouse retina [1, 12, 13]. A
thorough analysis of the frog ciliary margin found that
Rx and pax6 (along with the six3 homeobox gene) are
the only transcription factors out of a group of 15
analyzed that are expressed in the most peripheral re-
gion [37]. This is the domain where the self-renewing
retinal stem cells are found. Similarly in zebrafish, pax6
[38] and the Rx1 and Rx2 genes [20] are expressed in the
retinal progenitor cells of the embryonic retinal primor-
dia and in the ciliary margin of the differentiated retina,
where self-renewing stem cells are found in fish [39, 40],
as in frogs. These expression patterns suggest a role for
these genes in regulating retinal stem cell proliferation
and fate.
The parallels between Rx and pax6 expression seen in
the vertebrate retina do not extend to the Drosophila
compound eye. Despite the stronger sequence conserva-
tion from flies to vertebrates for the Rx versus pax6
homeodomains (97–100% vs 90%), Rx is not expressed
in the fly eye-antennal imaginal disc [13, 41]. The
Drosophila Rx gene and both pax6 genes [eyeless and
twin of eyeless (toy)] are all expressed in the anterior
region of the early embryo [3, 10, 13, 41], in a region
fated to give rise to the eye-antennal disc [42]. Once
definitive eye primordia are established, however, Rx
expression is lost in the eye, but remains in the brain
and the clypeolabrum [13, 41]. In comparison, both
pax6 genes continue to be expressed in the eye-antennal
disc primordia, as well as the third-instar disc itself [3,
10]. The expression pattern of eyeless and toy within the
third-instar, eye-antennal disc corresponds to the undif-
ferentiated, proliferating cells in front of the morpho-
genetic furrow. While the role of Rx in Drosophila eye
development has been called into question [41], it is
possible that Rx acts in the initial specification of the fly
eyes, but plays no role in the subsequent proliferation
or differentiation of these cells. Development of a
Drosophila Rx mutant strain would help to clarify this
issue.

Adult expression patterns

Like many other homeobox-containing genes, pax6 and
Rx appear to have multiple functions during develop-
ment. In addition to its roles in early ocular cell specifi-
cation and proliferation, pax6 shows continued
expression in the mature retina, lens, conjunctiva, and
corneal epithelium [19, 38, 43, 44]. Within the adult
neural retina in mammals, pax6 transcripts are localized
to the ganglion cell layer and amacrine cells within the
inner nuclear layer [43, 44]. While the targets of this
expression have yet to be elucidated within the retina,
we can assume that pax6 regulates expression of cell-
type-specific markers in these layers.

While original reports suggested that Rx was not ex-
pressed in the differentiated retina, we have determined
that Rx expression continues throughout postnatal
mouse development (V. Voronina and P. H. Mathers,
unpublished observations). Levels of Rx RNA are high
during embryogenesis, but diminish at or near the time
of terminal differentiation [12, 13], then recover to
abundant levels in the adult human and mouse retina
[45] (V. Voronina and P. H. Mathers, unpublished
observations). The zebrafish Rx1 and Rx2 genes, which
are specifically expressed in retinal primordia during
embryogenesis [13, 20], are selectively activated in cones
within the adult eye [20]. This is the first report of a
cone-specific transcription factor. The zebrafish and
medaka Rx3 genes are also expressed in the mature
retina; however, their expression is restricted to the
inner nuclear layer [20, 21]. As seen with the embryonic
expression, the composite pattern of these three genes is
similar to the expression of Rx in postmitotic frog
retinal cells, with low transcript levels found in the
photoreceptor and inner nuclear layers [37]. In contrast,
the mouse and human Rx genes are expressed in all
three neural retinal layers [45] (V. Voronina and P. H.
Mathers, unpublished observations). Therefore, the pat-
tern of Rx expression within the adult retina differs
across species and between different genes.

Downstream target genes

Induction of Rx and pax6 during early embryogenesis
initiates a cascade of gene activation and repression that
leads to the formation of the mature eye. Determining
the mechanism of this initiation of ocular development
is one of the major goals of numerous research groups.
By determining the downstream targets for Rx and
pax6, the primary and secondary components of the
cascade that creates the eye may be identified.
Since Rx was originally cloned through its ability to
bind to a defined oligonucleotide sequence [46], it would
not be unreasonable to expect that binding sites and
downstream targets would be identified for the Rx
protein. To date, this has not been the case, primarily
due to the nature of the Rx-binding site. Rx is able to
bind to the core homeodomain binding consensus se-
quence, TAAT, as are almost all other classes of home-
odomain-containing proteins. Therefore, the specificity
and significance of any binding interaction must be
interpreted cautiously. Only recently, a report has iden-
tified vertebrate Rx as binding to the Ret1/PCE1 site
found in a wide variety of promoters for photoreceptor-
specific genes [45]. The Ret1 binding site consists of
CTAATTG, which includes the homeodomain core
consensus [47, 48]. Through its binding to the Ret1/
PCE1 site, Rx is able to directly activate the transcrip-
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tion of the mammalian �-arrestin and IRBP retinal
genes [45]. However, recent reports suggest that two
other homeodomain proteins, Erx and Crx, are also
able to bind to the Ret1/PCE1 site and function as
transcriptional activators [49–51]. Therefore, a complex
interaction or competition between multiple regulatory
factors is likely to govern transcriptional activation and
quantitative output from these target promoters.
The ability of Rx to activate the �-arrestin and IRBP
genes suggests a function for the Rx gene in the adult,
but what are the targets of the Rx protein in activating
retinogenesis early in development? This aspect of Rx
function has been studied recently by Barssacchi and
colleagues. By injecting Xenopus Rx1 RNA into em-
bryos and analyzing the molecular responses, Rx was
found to induce ectopic expression of pax6 and six3,
albeit at late embryonic stages, while repressing the
activity of the pax2 and En genes in the midbrain-hind-
brain region [52]. In a complex pattern of repression
and activation, Rx injection resulted in a reduction of
otx2 and XAG-1 RNA levels in early embryos, but later
induced ectopic expression of these genes. These and
other [13] studies suggest that Rx is able to induce
retinogenesis, either by specifying retinal fate and/or by
activating retinal stem cell proliferation. While it is not
known whether these responses are direct or indirect
effects, their significance is clear based on the nature of
the responsive genes. We should not interpret these
results to mean, however, that Rx is necessarily up-
stream of pax6 and six3, only that it has inductive
activity.
While Rx targets are now beginning to be identified, the
role of pax6 in activating transcription has been estab-
lished for several years. For pax6, regulatory targets
include both lens-specific and retinal-specific promoters.
The binding site for Pax6 is complex, due to the pres-
ence of both the paired domain and homeodomain in
the protein. Consensus binding sites for the paired do-
main and the homeodomain of Pax6 have been deter-
mined [53, 54]. Pax6 is able to bind to these sites within
the various crystallin promoters and activate their tran-
scription [55]. However, Pax6 binding in the case of the
�-crystallin promoter acts to inhibit rather than activate
transcription [56]. In the cornea, Pax6 has a direct
stimulatory effect on the transcription of the corneal-
specific K12 keratin gene [57, 58].
The role for Pax6 in controlling vertebrate retinal tran-
scription is less well established than for other tissues,
but there are numerous Pax6 (eyeless)-binding sites in
photoreceptor-specific promoters in fruit flies [59].
Given the strong conservation of activity between verte-
brate and invertebrate Pax6 proteins, it is formally
possible that targets in adult photoreceptor genes will
also be identified for vertebrate Pax6. However, pax6
shows a weak or absent expression pattern in mature

photoreceptor cells [19, 38, 43, 44] and there is a shift
away from photoreceptor development when pax6 is
overexpressed [16]. These findings suggest that pax6 will
not play an important role in controlling vertebrate
photoreceptor-specific gene expression and, instead,
downstream targets in the vertebrate retina are likely to
be restricted to ganglion cells and amacrine cells.
Embryonic targets of Pax6 have been determined in
both flies and vertebrates. The second Drosophila pax6
gene, toy, has been proposed to act at the top of the
gene cascade that leads to eye formation [10]. toy can
activate eyeless, which in turn acts to induce sine oculis,
eyes absent, and dachshund [10]. These three factors then
work in a feedback regulatory loop to control eyeless
expression, but not that of toy. A similar feedback
mechanism has been proposed in vertebrates based
upon evidence from medaka six3 and Xenopus pax6
RNA injection studies. In both cases, overexpression of
the appropriate RNA induces ectopic Rx gene expres-
sion, as well as pax6 expression when six3 is injected
[60], or six3 expression when pax6 is injected [61]. When
the results of Rx injection are included [52], it appears
that all three genes, Rx, pax6, and six3, can activate the
transcription of each other. Presumably, other targets
will be identified that lead to structural changes in the
formation of the optic vesicle and lens placode, and that
commit these tissues towards ocular differentiation.

Functional studies and disease correlation

A combination of genetic and molecular techniques has
allowed significant progress in establishing a function
for the pax6 and Rx genes in vertebrate eye develop-
ment. Determination of pax6 function began from the
study of two autosomal semidominant mutations,
aniridia in humans and Small eye in mouse. Both mu-
tant phenotypes result from haploinsufficiency at the
pax6 locus. The human pax6 gene is located within the
region responsible for aniridia [2]. This mutation is
characterized by a lack of iris formation and is fre-
quently associated with corneal opacification and
cataracts. In addition, the mouse pax6 gene is the target
for mutations leading to the similar Small eye pheno-
type [62]. Specific mutations in the human pax6 gene
have been shown to lead to aniridia and cataract forma-
tion [63–65], and Peter’s anomaly [66].
In a striking conservation of function, a complete loss
of pax6 function in humans, mice, and fruit flies leads
to the failure to form an eye [3, 64, 67]. In addition to
ocular defects, the mammalian pax6 mutants show ab-
lation of the olfactory epithelium and a failure to fuse
the anterior neural tube, resulting in severe craniofacial
anomalies [31, 32]. Analysis of homozygous Small eye
mouse embryos has clearly demonstrated that the pri-
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Figure 2. Rx overexpression defects. (A) Injection of Rx RNA causes hyperplasia of the neural retina, pigmented retina, and neural
tube. One dorsal blastomere of a four-cell-stage Xenopus embryo was injected with 200 pg of synthetic Rx RNA. Embryos were grown
for 4 days, sectioned, and stained. (B) Eye resulting from Rx RNA injection showing retinal hyperproliferation, at the expense of lens
development. Arrow points to what remains of lens tissue. Note the folding of the photoreceptor layer out to the anterior margin of
the eye.

mary defect in ocular development is the failure of the
surface ectoderm to form a lens placode [24, 31, 67–69].
Subsequently, the optic vesicle fails to progress to form
the optic cup, and degeneration occurs, resulting in
anophthalmia. pax6 certainly plays a role in specifying
lens cell fate and in regulating later retinal and corneal
cell fate decisions. However, the ability of homozygous
Small eye embryos to form an optic vesicle shows that
the vertebrate pax6 gene is not required for the initial
formation of the optic vesicle or for the movement of
the vesicle toward the presumptive lens ectoderm.
pax6 is able to induce defects in eye formation not only
when mutated, but also when overexpressed. The most
notable of the overexpression studies are those per-
formed in flies, with Drosophila, mouse, and squid pax6
genes capable of inducing ectopic eye formation in
multiple adult tissues [6, 10, 70]. The phenotype of
transgenic mouse pax6 expression does not lead to
ectopic eyes, but does rescue the Small eye phenotype
[16]. These transgenic studies reveal an interesting as-
pect of Pax6 gene regulation—overexpression can also
cause a complex set of ocular abnormalities, including
in one line, the ablation of the photoreceptor layer of
the neural retina [16]. Surprisingly, these defects are
restricted to the eye. Overexpression of pax6 by RNA
injection into early Xenopus embryos is able to induce
ectopic lens formation [71]. Although similar results
were not observed initially for the retina [13, 19, 71],
there is now a report describing the induction of ectopic
eyes upon pax6 injection [61]. Adjacent retina and lens
are induced ectopically by pax6, as are Rx and six3
gene expression [61]. It remains to be fully explained

why this phenotype was not observed previously, but
the implications are that pax6 may possess a similar
ability in both invertebrates and vertebrates to activate
the entire repertoire of genes required for eye forma-
tion.
The embryonic expression pattern of the Rx gene, from
its initial activation to its localization in the stem cells
of the differentiated retina, suggests a regulatory role
during retinal proliferation. Overexpression results are
consistent with a model where Rx is regulating ocular
and neural cell proliferation. When RNA is microin-
jected into developing frog embryos, Rx is able to
induce hyperproliferation of both the neural and pig-
mented retina [13, 52] (fig. 2A,B). A hyperproliferative
phenotype is also observed for a restricted portion of
the neural tube (fig. 2A), suggesting that Rx may induce
cell proliferation in multiple cell types within the ante-
rior neural plate. In rare cases, pigmented retinal epithe-
lial cells are observed in ectopic locations within the
head, suggesting that Rx is able to induce localized
centers of retinal specification [13]. Due to excessive
production of retinal cells the lens fails to differentiate
properly [13], but it is uncertain whether this results
from aberrant recruitment of prospective lens ectoderm
toward a retinal fate or the loss of differentiating signals
for lens development from specific cells within the
retina. The injection phenotypes require the presence of
either a competence to form retinal and neural tissue or
additional cofactors, as expression of Rx RNA in cells
that are not fated to give rise to the anterior neural
plate gives no phenotype [13, 52].
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If Rx functions to induce or maintain retinal and neural
cell proliferation, then a loss of Rx gene activity would
likely result in the failure of proper retinal and fore-
brain development. This is the case, as observed in a
strain carrying a targeted deletion of exons 1 and 2 of
the mouse Rx gene [13]. Embryos with both copies of
the Rx gene deleted show a complete loss of retinal
morphology, including a loss of the early optic pit and
vesicle. The Rx-knockout phenotype is the earliest
known defect in mouse retinal development, preceding
those of other anophthalmic or microphthalmic muta-
tions, including Small eye and ocular retardation, and
targeted deletions of Lhx2, BMP-7, and HES-1 [67,
72–76]. Unlike embryos carrying the targeted Rx dele-
tion, embryos from each of these mutations exhibit
optic vesicle formation, though not all progress to form
the optic cup.
Embryos and newborn pups from the Rx deletion strain
also exhibit defects in formation of the ventral neural
tube. Based on the expression of Rx in the early fore-
brain and subsequently in proliferating cells of the
hypothalamus and posterior pituitary, we might expect
to see these regions affected most in Rx mutants. In-
deed, sections through the cranial region of Rx-null
pups at birth reveal a range of neural and facial defects,
including defects in the formation of the eye, hypothala-
mus, pituitary, and palate [13]. Given their localized
expression in proliferative tissues of the head, the Rx
genes are likely to play roles in regulating cell fate
decisions within the hypothalamus and the pituitary
gland, in addition to their roles in retinal stem cell
proliferation and in early embryonic patterning of the
anterior neural tube.
A similar phenotype as that seen with the Rx-knockout
has been observed when Xenopus embryos are injected
with repressive or defective versions of Rx RNA [52].
When the repressor region of the engrailed gene is fused
to Rx to create a dominant-negative protein with the
binding affinity of Rx, the resulting embryos show
strong defects in eye and neural development. When the
normal Rx gene is truncated at its end to remove a
conserved element called the paired-tail or OAR do-
main [12, 13], a less severe ablation of the eyes and
neural tube is observed [52]. From these overexpression
and deletion studies, we can conclude that Rx must play
a crucial role in establishing and regulating early cell
fate decisions within the anterior neural plate.
Unlike the situation for pax6, Rx heterozygous mice
have no discernible phenotype, and it remains to be
seen if Rx mutants in humans (heterozygous or ho-
mozygous) will have a phenotype. Three lines of evi-
dence suggest that Rx will play a role in human disease
formation. First, the mouse knockout gives a strong
anophthalmic phenotype [13], suggesting that Rx may
have a similar effect in humans. Second, Glaser and

colleagues have preliminary evidence that the eyeless
mutation in mice is the result of a missense mutation in
Rx [77]. The viability of this strain as homozygous
mutants, as compared to the Rx deletion, indicates that
mutations at the human Rx locus may lead to viable
anophthalmic or microphthalmic patients. Finally, the
human Rx locus maps to the same interval identified for
cone-rod dystrophy-1 (CORD1) [78] on chromosome 18
(E. Kozhemyakina and P. H. Mathers, unpublished
observations). Based on the correlation between the crx
homeobox gene and the CORD2 locus on chromosome
19 [79, 80] and Leber’s congenital amaurosis [81], there
is a good chance that Rx is the CORD1 gene. Since Rx
appears to function in the adult retina by activating
�-arrestin and IRBP [45], it is reasonable to assume
that a retinal dystrophy phenotype will result when the
adult function of the Rx gene is altered. A positive
correlation between Rx and CORD1 would help to
determine the function for the mammalian Rx gene in
postembryonic retinal development. Analysis of poten-
tial Rx mutations in anophthalmic, microphthalmic,
and CORD patients is currently underway.

Specification of the vertebrate eye

The ever-increasing number of transcription factors in-
volved in early eye development suggests that accurate
models for how the eye is constructed will be extremely
complex and are likely to be years away. In addition,
the intricate autoregulatory and cross-regulatory rela-
tionships among these factors compound the complex-
ity associated with early embryonic events. Therefore,
we venture into model building with some trepidation.
Starting as early as gastrulation in vertebrate embryoge-
nesis, a collection of transcription factors is activated in
the presumptive anterior neural ectoderm, including
otx2, six3, and anf family members [82–87]. By the
beginning of neurulation, these genes are joined in their
anterior neural plate expression by Rx and pax6, among
others. The expression patterns of these factors are
overlapping in the region fated to become the retina,
suggesting that each may play a role in either activating
or repressing retinal specification. The question be-
comes whether any of these factors are sufficient to act
independently to specify ocular fate.
Based on the ectopic eye formation in flies caused by
eyeless and mouse pax6 [70] and the closely related toy
[10], pax6 has been proposed as the master regulator of
eye development [88]. The evidence for this conclusion
is compelling in Drosophila, with toy being capable of
inducing eyeless expression, but insensitive to feedback
regulation by the factors eyeless, sine oculis, eyes absent,
or dachshund [10]. The case in vertebrates for pax6
regulating all eye specification is less convincing than
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that found in flies, although the ability of pax6 to
induce ectopic eyes when overexpressed [61] is certainly
intriguing. Of the factors expressed in the anterior neu-
ral plate, pax6 is the last to be activated in the presump-
tive retinal field, placing it in a temporal position that
would be unlikely for the initial induction of Rx and
six3. In addition, the phenotype of the Small eye mouse
mutant suggests that pax6 is responsible initially for the
formation of lens tissue, and that other factors regulate
optic vesicle formation [24, 31, 67, 69]. Finally, the
cross-regulation exhibited by overexpression of Rx,
pax6, and six3 [52, 60, 61] suggests that these genes may
be of equal stature with regards to their importance in
eye formation. With all of the functional information
gathered for these early genes, however, a clear genetic
hierarchy has yet to be established that will serve as a
blueprint for the construction of the eye.
While complex relationships, such as the Rx/pax6/six3
cross-regulation, are best analyzed in genetic organisms
such as Drosophila, the role of the Rx protein in fruit fly
eye development is debated [13, 41]. Therefore, we must
rely on gene expression studies in mutant mouse strains
until other vertebrate systems, such as zebrafish,
provide us with the tools to analyze these genetic rela-
tionships. While such studies are being completed, our
unpublished observations on the kinetics of gene induc-
tion in response to a neural stimulus may provide some
clues as to the nature of eye induction. In those studies,
uncommitted Xenopus ectoderm was treated with
NH4Cl, which specifically induces early anterior mark-
ers [13, 17, 85, 89]. Rx and pax6, along with otx2 and
xanf2 (six3 was not analyzed), were induced with simi-
lar, early activation profiles by NH4Cl treatment. This
implies that the earliest expression of these factors in
the anterior neural tube is a direct response to anterior
neural inducers, such as chordin, follistatin, and/or cer-
berus [90–92], and may not follow a simple hierarchical
relationship. Continued expression of these factors after
this initial induction may require a complex network of
self- and cross-stimulation or repression, helping to
maintain distinct regions of gene expression and to
establish and refine specific organ domains.
This model for vertebrate eye development would pre-
dict the absence of a single master regulator. While
many of the players appear to be common in vertebrate
and invertebrate eye formation, the developmental
script may be edited sufficiently as to require slightly
different models for the different modes of eye forma-
tion. This divergence from a unifying theory of eye
formation across species may be unsettling to those who
view the model systems as often interchangeable. How-
ever, the variability in Rx expression patterns between
vertebrates and invertebrates and the presence of a
second, independently functioning, pax6 gene in insects
are evidence that the program is not flawlessly con-

served. Much remains to be determined in early eye
development, including the downstream targets that are
necessary for activation and determination of ocular
cell fates, the mechanism for commitment of cells to
particular differentiated fates, and the role these embry-
onic transcription factors play in regulating gene ex-
pression within the adult eye.
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