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Homologous members of the Pax gene family are required
for eye development in Drosophila and vertebrates. Despite

superficial similarities in the phenotypes of vertebrates with
mutations in pax-6 and Drosophila eyeless mutants, it remains
uncertain whether the two proteins encoded by these genes
have comparable functions. The genetic cascade triggered
by eyeless leads to eye formation, whereas pax-6 is not
necessary for optic vesicle formation, but is required at other
stages of eye development. A second vertebrate Pax gene,
pax-2, is also required during eye development and appears
to play a role during closure of the choroid fissure.
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Introduction
Paired-box (pax) genes encode a family of transcription
factors involved in the regulation of many aspects of
early development (reviewed in [I-5]). In vertebrates,
at least two Pax genes, pax-6 and pax-2, are required
during eye development (Table 1). Mice that lack Pax-2
(M Tortes, P Gruss, personal communication; [6,7]) and
humans heterozygous for a mutation in the pax-2 gene
[8"] exhibit optic nerve coloboma, a condition in which
closure of the choroid fissure is arrested or fails altogether,
and which can lead to defects in the retinal pigmented
epithelium and poor vision. In the absence of Pax-6, eyes
fail to develop in both rats [9"] and mice [10-12], and,
remarkably, eyeless, a Drosophila homologue of pax-6, is also
essential for fly eye development [13"].
This review focuses on the roles that Pax-6 and Pax-2 may
play in both the developing and the mature vertebrate
eye. Readers are directed to recent comprehensive reviews
[14"',15 °°] for further discussions of invertebrate eye
development.

probably intermixed with cells that will contribute to other
regions of the dorsal diencephalon and telencephalon
(see e.g. [16"]). As the neural plate closes to form
the neural tube, the eye develops as an outpocketing
of neuroepithelium at the boundary between rostral
diencephalon and basal telencephalon. T h e evaginating
optic vesicle subsequently contacts the surface epithelium
and invaginates to form the neural and pigment epithelial
layers of the retina. Proximal regions of the vesicle form
the optic stalks connecting the retinae to the remainder of
the forebrain (Figure 1).
T h e pax-6 gene is expressed in a large area of the rostral
neural plate within which all of the cells that contribute
to the optic vesicles are likely to originate [17-19,20"].
At no stage, however, does pax-6 expression specifically
define which of the anterior neural plate cells will form the
eyes. Indeed, we are unaware of any genes that demarcate
presumptive eye cells before evagination of the optic
vesicles.
The widespread expression of pax-6 in the anterior neural
plate and placode-forming epithelium (see below) is
consistent with the gene defining a field of cells that are
competent to form eye tissue. Pax-6 is unlikely, however,
to be required for the initiation of optic vesicle formation,
as this process occurs reasonably well in homozygous
Small eye (Sey) mice, which probably lack all Pax-6
protein [10,21"].
Although optic vesicle evagination does occur in SO, mice,
the resultant morphogenesis and growth are abnormal
and the optic vesicle fails to form a recognizable optic
cup [10,21°]. This suggests that Pax-6 may be required
to maintain the proliferation of cells within the optic
vesicle. Indeed, the observed reduction in eye size of
heterozygous Sey mice [10,12] supports this possibility.
Further support for a role for Pax-6 in proliferation
comes from the observations that pax-6 expression is
maintained in cells at the proliferative margins of the
retina (R Macdonald, J Scholes, SW Wilson, unpublished
data; [22"]), is expressed in proliferative cells during retinal
regeneration in goldfish [22"] and lens regeneration in
urodeles [23], and is widely expressed in many other
dividing cells in the CNS [17-19,24].
Thus, although all presumptive eye cells probably express

pax-6, Pax-6 appears not to be essential for the earliest
P a x - 6 is n o t r e q u i r e d to i n i t i a t e v e r t e b r a t e e y e
development
Cells destined to form the eyes are located within anterior
regions of the vertebrate neural plate, adjacent and

steps in the morphogenesis of the eye. Instead, at
early stages of development, Pax-6 may have a more
fundamental role in growth and proliferation both in the
presumptive eye and in other regions of the CNS.
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Pax-6 is required for retinal development
Cells at d i f f e r e n t locations w i t h i n the e v a g i n a t i n g optic

primordium form different structures within the eye:
distally located cells that contact the surface ectoderm
form the neural layer of the retina; cells that lie adjacent
to the neural retina form the pigment epithelium; and
the most proximal cells of the optic vesicle give rise
to the optic stalks (Figure 1). By the stage at which
the optic vesicle has begun to invaginate to form the
optic cup, Pax-6 is still present in all ceils of both
layers of the presumptive retina, but is only weakly
expressed or is absent from presumptive optic stalk cells
(R Macdonald, J Scholes, SW Wilson, unpublished data;
[25"']) (Figure la).
No retinal development is evident in homozygous Sey mice
[12,21°]. Furthermore, in zebrafish with experimentally
reduced numbers ofpax-6-expressing cells within the optic
vesicles, retinal differentiation appears to be restricted
to those cells that retain Pax-6 [25"',26"']. Thus, Pax-6
may be required by cells within the optic vesicle to
enable them to initiate retinal development. It has
yet to be conclusively demonstrated, however, that the
failure to form retina is attributable to a requirement

for Pax-6 within presumptive retinal cells. An alternative
explanation is that Pax-6 is required within lens placodal
cells that lie adjacent to the presumptive retina and that,
in the absence of Pax-6, these epithelial cells fail to signal
to the optic vesicle, thereby blocking retinal development.
Despite this caveat, perhaps the most favoured explanation of why retina fails to form in the absence of Pax-6 is
that this protein is required to specify the retinal identity
of optic vesicle ceils. Indeed, it has been suggested that
pax-6 is an evolutionarily conserved master control gene
that can determine the fate of expressing cells [14"']. T h e
evidence for this comes primarily from Drosophila, in which
ectopic expression of both mouse pax-6 and Drosophila
eyeless can re-specify imaginal disc cells, causing them
to form extra eyes on legs, wings and antennae [27"'].
This dramatic illustration of the potency of Pax-6/Eyeless
in Drosophila raises the issue of whether Pax-6 can also
specify retinal identity in cells outside the normal retinae
in vertebrates.
The widespread expression of pax-6 in regions of the
vertebrate CNS that do not form eyes [17] indicates that
Pax-6 is not sufficient to specify retinal development.

Table 1
Defects in eye development caused by mutations in Pax genes.
Gene

Species

Mutation

Phenotype

pax-6

Drosophi/a

eyeless(ey2, eyR)

Reduced/absent eyes

Mouse
Rat

Sma//eye (Sey)

Heterozygotes: reduced eye, iris hypoplasia,
cataract formation, lens vacuolization
and dislocation
Homozygotes: early optic vesicle forms but lens
does not; at late stages, no eye or nose
develops; impaired migration of midbrain
neural crest to facial regions (rat)

Human

Aniridia

Heterozygotes: iris hypoplasia, cataract formation,
corneal vascularization, glaucoma
Homozygotes/compound heterozygotes: no eyes;
lethal

Peter's anomaly

Anterior chamber and corneal defects

Alternative splice mutation

Corneal defects, cataracts, glaucoma, poor vision,
but irides intact, fovea normal

Autosomal dominant keratitis

Corneal opacification, and vascularization
defects of iris stoma, foveal hypoplasia

[56]

Kidney, retinal defect mouse (Krd)b

Optic nerve coloboma, retinal defects

[7]

Null mutant

Homozygote: optic nerve coloboma

[6] (c)

Heterozygote: optic nerve coloboma

[8 °]

pax-2a

Mouse

Human

Rat Sinai~ eye (rSey)

References

[13"]
[9°,10-12,21°,49]

[43,50-54]

[55]
[46 °°]

aThe mouse pax-2 gene is a member of a small subfamily of Pax genes, including pax-5 and pax-8. On the basis of sequence and expression
analyses, it is likely that the zebrafish gene originally termed pax-b or zf[pax-b] is most closely related to pax-2, and this is the nomenclature that we
have followed in this review, bThe Krd mouse was identified in a transgenic line as a semi-dominant mutation causing kidney and retinal defects and
growth retardation. Genetic and molecular analyses revealed that a deletion at the transgenic insertion site spans approximately 7 centimorgans of
chromosome 19, and includes deletion of the pax-2 locus and probably many other genes, cM Torres, P Gruss, personal communication.
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Expression of pax-6 and pax-2 in the developing eye. Dorsal views of 18-somite zebrafish embryos labelled with antibodies that recognize
(a) Pax-6 and (b) Pax-2. (a) Within the optic cup, Pax-6 is present in cells of the neural retina (nr) and pigment epithelium (pe), (b) whereas
Pax-2 expression is primarily restricted to the optic stalks (os), which connect the retinae to the remainder of the forebrain. (¢) Schematic
representation of a transverse section through the diencephalon (d) and eye, illustrating the positions of cells that express pax-6 (light grey),
pax-2 (medium grey with hatch marks), and shh and twhh (dark grey). The figure is based primarily on analysis in zebrafish, but is probably
also valid for other species, hy, hypothalamus; ifr, iris-forming region; III, third ventricle; Ip, lens placode; pce, presumptive corneal epithelium.
(d) Schematic illustration of pax-2 expression (medium grey with hatch marks) around the choroid fissure (cf). The illustration represents an
oblique view of the eye looking into the optic cup after the lens has been removed. The choroid fissure is the site at which the ventral nasal
and ventral temporal retina fuse to close the optic cup. The fissure provides an exit point for the axons of retinal ganglion cells (dark grey) to
leave the retina en route to their central targets. Pax-2 is present both within the optic stalk and within retinal cells that line the choroid fissure.
nar, nasal retina; tr, temporal retinal. Reproduced with permission from [25°'].

Within the more restricted confines of the evaginating
optic vesicles, however, ectopic pax-6 expression may
be sufficient to alter the fate of proximally located
cells from forming optic stalks to forming retinal tissue.
This possibility is suggested by analysis of the cyclops
mutation in zebrafish, in which retina develops across the
midline and optic stalks are reduced or absent [25°',28].
One interpretation of this phenotype is that proximally
located cells in the optic vesicle ectopically express
pax-6 and are re-specified to form retina [25"']. This is,
however, only one possible interpretation of the cyclops
phenotype, and definitive proof that Pax-6 can specify

retinal identity is still required. A key experiment will be
to determine whether retinal expansion or fusion occurs in
transgenic animals in which pax-6 is ectopically expressed
in presumptive optic stalk cells within the optic vesicle.
Although levels of Pax-6 protein may be important in
regulating proliferation within the optic vesicle, it seems
less likely that absolute levels of the protein are critical
for any role in the specification of retinal identity. Thus,
in SO, heterozygous mice with reduced levels of Pax-6,
retinal specification appears to occur relatively normally
even though the retina is considerably reduced in size [10].
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Pax-2 is required for closure of the choroid
fissure
In contrast to pax-6 expression, pax-2 expression is

Pax-6 is required for the development of
other eye structures
One of the most remarkable features of pax-6 expression

confined to cells within the optic vesicle that contribute
to the optic stalk and parts of the ventral retina around
the choroid fissure (R Macdonald, J Scholes, SW Wilson,
unpublished data; [29-32]) (Figure lb). T h e choroid
fissure is the domain of the retina at which ventral nasal
and ventral temporal retina fuse to create the closed optic
cup (Figure ld).

is that Pax-6 is present in most cell types of the eye,
regardless of their origin. Pax-6 is expressed in the
neuroectodermally derived neural and pigment layers of
the retina, including the iris-forming regions at the ciliary
margins, and in the epithelially derived lens and cornea
(R Macdonald, J Scholes, SW Wilson, unpublished data;
[17,21°,36]).

Recent evidence suggests that Pax-2 may be involved in
the closure of the choroid fissure. Optic nerve colobomas,
in which the choroid fissure fails to close, occur both in
humans heterozygous for a mutation in thepax-2 gene [8 °]
and in mice iackingpax-2 through either targeted deletion
of the gene (M Tortes, P Gruss, personal communication;
[6]) or a chromosomal deletion encompassing the gene [7].
Although Pax-2 appears to be required for closure of the
fissure, it may not be required for its initial formation.
Thus, although exogenous retinoic acid can induce the
formation of ectopically located choroid fissures in the
zebrafish eye [33°], these fissures can apparently form in
the absence of pax-2 expression (GA Hyatt, EA Schmitt,
JE Dowling, personal communication).

Analysis of Sey rats and mice indicates that pax-6 is
required to initiate the formation of the lens placode
[9°,21°]. Tissue-recombination experiments have demonstrated that the requirement for Pax-6 is within placodal
cells. Lens formation cannot be rescued by culturing lens
ectoderm from Sey rats adjacent to wild-type optic vesicles
[9°]. Furthermore, transplantation and ablation studies in
the chick have shown that induction of pax-6 expression
in the surface ectoderm occurs independently of the optic
vesicle [20*], although the later development of the lens
does rely upon interactions with the eye cup [37].

Pax-6 and Pax,2 are differentially regulated
by signals emanating from midline forebrain
tissue
It has recently been shown that two members of the
Hedgehog (HH) family of secreted signalling proteins,
Sonic Hedgehog (SHH) and Tiggywinkle hedgehog
(TWHH), promote the expression of pax-2 and inhibit the
expression of pax-6 within the optic vesicles of zebrafish
embryos [25"°,26°']. Both shh and twhh are expressed at
the base of the optic stalks adjacent to pax-2-expressing
cells [25"°,26"°,34,35°], raising the possibility that these
H H proteins may promote pax-2 expression within
presumptive optic stalk cells. In support of this, pax-2
expression spreads throughout the optic vesicle following
widespread overexpression of SHH or T W H H [25"',26"'].
In the same embryos, massive reduction in the number of
pax-6-expressing cells is observed and subsequent retinal
development is severely impaired.
The notion that H H proteins regulate the spatial expression of pax-6 and pax-2 has been further tested by
examining cyclops mutant zebrafish embryos in which
neither shh nor twhh is expressed in the rostral forebrain
[25°',26"°,28,34], In mutant embryos, pax-2 expression is
severely reduced and pax-6 is abnormally expressed across
the midline, thus fusing the two retinae.
The above data suggest that H H family proteins either
directly or indirectly regulate the spatial localization
of pax-6 and pax-2 expression, and the subsequent
partitioning of the optic vesicle into optic stalk and retina.

Mutant pax-6 mRNA is initially detected within both the
surface ectoderm and the optic vesicle of homozygous
Sey mice, but the level of transcripts rapidly declines
within lens-forming surface ectodermal cells [21°]. This
decline may occur because Pax-6 is required to transactivate its own expression; in vitro binding studies have
demonstrated that Pax-6 can recognize sites within its
own promoter [38]. Thus, within the lens-forming surface
ectoderm, Pax-6 appears to be required both for the
initiation of lens formation and the maintenance of its own
expression.

Pax-6 may have additional roles in the mature
visual system
Pax-6 is downregulated in most cell types of the eye as
they become postmitotic and differentiate (R Macdonald,
J Scholes, SW Wilson, unpublished data; [18,36]). Expression is maintained, however, within several cell types of
the mature retina, including a large population of amacrine
cells (R Macdonald, J Scholes, SW Wilson, unpublished
data; [18,22*,36]). Other cell types that maintain pax-6
expression in the adult include the lens and corneal
epithelia and iris (R Macdonald, J Scholes, SW Wilson,
unpublished data).
Homozygous Sey mice fail to develop eyes and so cannot
tell us anything about Pax-6 function at later stages of
development. Heterozygotes do, however, exhibit eye
defects that may shed light on later aspects of Pax-6
function. These defects must result from reduced levels
of Pax-6 either during development or within cells
that constitutively express the gene throughout life. In
support of the latter possibility, defects associated with
heterozygosity occur in the lens, cornea and iris (Table 1),
all of which maintain pax-6 expression in the mature eye
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(R Macdonald, J Scholes, SW Wilson, unpublished data).
Indeed, several studies have shown that binding sites for
Pax-6 are present in the promoters of a number of different
crystallin genes [39"-42"] and abnormal regulation of
these genes could contribute to the lens defects in pax-6
heterozygotes. These results imply that mutations in pax-6
not only cause developmental defects but may also affect
the function of some mature eye tissues, thus contributing
to the progressive deterioration of the eye seen in aniridia
patients [43].

R e g u l a t i o n of the pax-6 g e n e is c o m p l e x
T h e spatial and temporal distribution of Pax-6 during
development and in the mature eye suggests highly
complex regulation of the pax-6 gene. Although how this
occurs remains largely unknown, analyses of the quail
and mouse genes have identified a neuroretina-specific
enhancer [44°]. In addition, the transcription factor c-Myb
binds to the pax-6 promoter and transactivates expression
in vitro. T h e c-myb gene is expressed in the neuroretina
coincident withpax-6, raising the possibility that it may be
an endogenous regulator of pax-6 expression [45°]. To add
further to the complexity of pax-6 regulation, alternative
splicing has been shown to generate a protein with a
larger than normal paired domain. This protein has unique
spatio-temporal expression and DNA-binding properties
[46"°]. Furthermore, humans carrying a mutation in the
splicing site that alters the relative proportions of the long
and short Pax-6 proteins have corneal defects and develop
cataracts but have intact irises [46°°].
Evolutionary aspects of Pax-6 function
It has been proposed that a role for Pax-6 in regulating
eye clevelopment may have been conserved between
insects and humans [14°',27°']. This suggests that some
components of the genetic cascade downstream of Pax-6
and eyeless should also be conserved and will have
been present in the common ancestor of both flies and
vertebrates. In Drosophila, both eyeless and Pax-6 are
sufficient to initiate a cascade of events through which
competent imaginal disc cells form eyes [27°°]. This
finding, however, does not constitute sufficient evidence
that. Pax-6 initiates a similar genetic cascade during
vertebrate eye development.
Given the huge differences in the differentiated eyes of
insects and vertebrates, it is likely that many aspects of
eye development are not conserved between these two
groups. Perhaps the most likely developmental pathway to
be conserved in all eye structures would be one that leads
to phototransduction, as this is the defining characteristic
of all eyes. Thus, the common ancestor of both insects
and vertebrates may have possessed simple photoreceptive
cells that expressed both Pax-6 and proteins involved in
phototransduction [14*°]. T h e simplest way in which Pax-6
function might be conserved would be direct regulation of
the expression of proteins involved in phototransduction,
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in much the same way that Pax-6 regulates crystallin
proteins in the lens. This is not the case, however, as
Pax-6 is not detected within photoreceptors by the stage
at which phototransduction proteins are being expressed
(R Macdonald, J Scholes, SW Wilson, unpublished data).
Thus, if an evolutionarily conserved genetic cascade linking Pax-6 with phototransduction exists, other components
of this pathway are likely to be present in both vertebrates
and invertebrates. One key avenue of research will be
to determine whether the proteins that directly regulate
phototransduction proteins are conserved across many
species.
Current data in vertebrates are consistent with Pax-6
playing an early role in defining the regions within the
forebrain and surface ectoderm from which the eyes and
lenses develop. The gene may also be involved in regulating proliferation and morp.hogenesis in the anterior CNS.
These very fundamental roles in patterning the anterior
region of the embryo, as opposed to just patterning the
eye, may well be conserved throughout evolution. Indeed,
vab-3, a pax-6 homologue in Caenorhabditis elegans, is
also expressed in the head region [47*',48"]. C. elegans
does not have obvious eye structures and so perhaps the
original function of Pax-6 was in patterning the head
region and the gene has been subsequently recruited
during eye development. A secondary role for Pax-6 in eye
development could nevertheless, still have evolved before
evolutionary separation of insects and vertebrates.

Conclusions
Recent studies have only just begun to unravel the
various roles that Pax-6 plays in the development of the
vertebrate eye. Pax-6 is likely to perform discrete functions
at different stages of development and in different cell
types. Within the developing lens it is required to initiate
the formation of the lens placode and is also implicated as a
direct regulator of crystallin gene expression in mature lens
cells. T h e roles playe.d by Pax-6 in the optic vesicle are less
clear. An early role in proliferation and morphogenesis is
possible, although any such function may not be confined
solely to the optic vesicle.
Work in Drosophila has demonstrated elegantly that
eyeless can initiate a genetic cascade by which imaginal
disc cells form eye tissue, indicating that this protein is
both necessary and sufficient to specify eye development
within responsive cells. A similar role for Pax-6 is feasible
in vertebrates, but definitive evidence is still lacking.
Dissection of Pax-6 function during eye development may
require inactivation of pax-6 within specific tissues at
specific stages of development, as well as misexpression
of the gene at times and sites when and where Pax-6
is normally absent. Determination of whether Pax-6
function has been conserved during evolution will require
the identification and understanding of many more of
the components of the genetic cascade between pax-6
expression and phototransduction.
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On the basis of its expression pattern and the superficial
analysis of phenotypes resulting from an absence of Pax-2,
it is likely that this protein will play a more restricted
role in the development of the vertebrate eye. As yet, no
homologue of Pax-2 has been identified in invertebrates,
and it remains unknown whether Pax proteins in addition
to eyeless may be required during the formation of the
insect eye.
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