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PAX6 expression in the developing human eye
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Abstract
Aims—To investigate the changes in PAX6
expression in the developing human eye.
Methods—Six developing human eyes
from 6 to 22 weeks’ gestation were evalu-
ated. Frozen sections were immunohisto-
chemically stained with monoclonal
antibody to chick Pax6 (amino acids
1–223). To verify antibody specificity,
western blot analysis was carried out
using cell lysates from P19 cells trans-
fected with the human PAX6 gene.
Results—Western blot analysis demon-
strated that the antibody reacted to
human PAX6 protein. Positive immuno-
stainings for PAX6 were seen in the
surface ectoderm, lens vesicle, inner and
outer layers of the optic cup, and optic
stalk at 6 weeks, and in the corneal epithe-
lia and conjunctiva, lens, and non-
pigmented ciliary epithelia from 8 to 22
weeks. In the retina, positive cells were
seen in the entire retina from 8 to 10
weeks, and were restricted to the ganglion
cell layer and the inner and outer portions
of the inner nuclear layer after 21 weeks.
Conclusions—PAX6 is expressed on the
surface and neuroectoderms at an early
stage, then in the diVerentiating cells in the
cornea, lens, ciliary body, and retina
through development. PAX6 may play a
role in determining cell fate in the morpho-
genesis of various human ocular tissue.
(Br J Ophthalmol 1999;83:723–727)

The Pax6 gene, which has a paired box and
homeobox, encodes a transcription factor and
has a role in the morphogenesis of the visual
and central nervous systems. The Drosophila
gene eyeless (ey), the homologue of Pax6 gene,
induces ectopic eye structures on the wings,
the legs, and on the antennae by targeted
expression, so it has been suggested to be a
master control gene for morphogenesis of
compound eyes in Drosophila melanogaster.1

Recent studies have shown that three other
Drosophila genes, sine oculis (so), eyes absent
(eya), and dachshund (dac), also can result in
the development of ectopic eyes, and have sug-
gested that these genes may act downstream of
ey or form a regulatory network during
multiple steps of ocular development in
Drosophila.2–4 Pax6 is widely present and highly
conserved in various vertebrate and inverte-

brate species, and the gene is thought to play
the most critical role in ocular formation in
animals.4

A previously reported investigation5 of
murine Pax6 showed that the gene is expressed
in the developing central nervous system, eye,
pituitary, and nasal epithelium. In the eye, it is
first detected in the optic sulcus, then in the
optic vesicle, surface and neuroectoderms, and
strongly in the inner layer of the cup, the lens,
and the cornea.5 Pax6 expression also was
investigated in many other species by in situ
hybridisation or immunohistochemistry. Re-
cent investigations in developing goldfish,6

Xenopus,7 mice,8 and chicks9 showed its uni-
form pattern of expression in the entire retina
in the early developmental phase; the expres-
sion then was restricted to the mitotically
active inner layer cells in the late phase. These
results indicate a relation between Pax6
expression and retinal cell diVerentiation.

A cellular mechanism activated by PAX6 has
not been determined, but several reports
implicated possible target genes such as the
neural cell adhesion molecule (N-CAM),10

crystalline,11 R-cadherin,12 and rhodopsin 1.13

PAX6 may regulate various tissue specific
genes, and be involved in induction, mitosis,
regeneration, and diVerentiation during devel-
opment.

Mutations in the PAX6 gene and a variety of
phenotypes that range from the anterior
segment to the fundus, also indicate multiple
functions of the gene. Mutations in the PAX6
gene cause aniridia,14 Peters’ anomaly,15 con-
genital cataracts, anophthalmia,16 autosomal
dominant keratitis,17 and foveal hypoplasia.18

However, few reports have described PAX6
expression in the human embryo, and their
data were limited to the early stages of
development, 3–7 weeks’ gestation.14 19 To
clarify the influence of PAX6 on human ocular
development and malformations, we investi-
gated PAX6 expression in developing human
eyes by immunohistochemistry.

Materials and methods
SPECIMENS

The present study was conducted in accord-
ance with the World Medical Association Dec-
laration of Helsinki. The use of embryonic and
fetal tissues was approved by the National
Children’s Hospital experimental review board
and deemed exempt from regulations applica-
ble to human subjects. Six developing human
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eyes at 6, 8, 9, 10, 21, and 22 weeks’ gestation
were obtained after spontaneous or legal abor-
tions. The eyes were obtained from fetuses that
had no systemic or ocular anomalies. The ocu-
lar tissue from each fetus appeared normal
upon microscopic examination.

MONOCLONAL ANTIBODY TO PAX6
The DNA region corresponding to amino
acids 1–223 of chick Pax6 was cloned by
polymerase chain reaction into the Escherichia
coli expression vector. Recombinant protein
was expressed and purified. The monoclonal
antibody was generated by immunising mice
with the recombinant protein as described
previously.9

WESTERN BLOT ANALYSIS

Mouse embryonal carcinoma P19 cells were
transfected with various amounts of plasmids
(0, 1, 3, and 10 µg) expressing human PAX6 or
PAX6-5a protein as described previously.20

PAX6-5a has an additional 14 amino acid
insertion in the paired domain that is encoded
by exon 5a of a splice variant.21 22 After 40
hours, cells were lysed with 50 mM TRIS-HCl
(pH 7.9)/500 mM KCl/1% NP-40. The whole
cell lysates (100 µg) were subjected to 10%
SDS-PAGE, and transferred onto polyvinyli-
dene difluoride membranes. Blots were se-
quentially incubated with anti-chick Pax6
monoclonal antibody9 (1:1000 dilution), bioti-
nylated anti-mouse IgG secondary antibody,
and streptavidin conjugated horseradish per-
oxidase, and visualised using the ECL system
(Amersham, Bucks) as described by the manu-
facturer.

IMMUNOHISTOCHEMISTRY

Specimens were fixed in 4% paraformaldehyde
in 100 mM phosphate buVer for 3 hours, and
embedded and frozen in Tissu Mount (Chiba
Medical Co, Saitama, Japan). Each block was
serially sectioned at 5–10 µm on a cryocut
(Reichert-Jung). Sections first were immersed

in 6% hydrogen peroxide in methanol for 30
minutes to counteract endogenous peroxidase
and washed with TBS (10 mM TRIS-HCl,
130 mM NaCl, pH 7.4). They then were
blocked with 5% skim milk dissolved in TBS
for 30 minutes. PAX6 antibody was diluted to
a ratio of 1:1000 with TBS, applied to each
section, and stored overnight at 4°C in a moist
chamber. Sections then were washed with TBS
and incubated with biotinylated anti-mouse
secondary antibody diluted 1:400 (Amersham)
for 1 hour at room temperature. Sections were
washed with TBS and incubated with ABC
reagent (Vectastain, Burlingame, CA, USA) for
30 minutes at room temperature. Sections
were again washed with TBS. Peroxidase activ-
ity was seen after incubation in TBS containing
0.03% hydrogen peroxide and 0.05% w/v
diaminobenzidine tetrahydrochloride (DAB).
Each section also was immunostained using
alkaline phosphatase and a substrate system of
5-bromo-4-chloro-3-indoxyl phosphate and
nitro blue tetrazolium chloride (BCIP/NBT)
(Dako, Carpinteria, CA, USA). Sections were
rinsed with TBS and mounted without coun-
terstaining.

Results
WESTERN BLOT ANALYSIS

The antibody recognised human 46 kDa PAX6
(Fig 1(A), 1, 3, 10 µg) and 48 kDa PAX6-5a
isoforms (Fig 1(B), 1, 3, 10 µg) in a dose
dependent manner. The control (0 µg) showed
a weak band, which probably was a reaction to
endogenous Pax6 in P19 cells. These results
clearly showed that the monoclonal anti-Pax6
antibody used in this study was specific for
both PAX6 and PAX6-5a splice variants with
molecular weights of 46 and 48 kDa.

IMMUNOHISTOCHEMISTRY

Positive immunostaining for the PAX6 protein
was seen in cell nuclei of the surface ectoderm,
lens vesicle, the inner and outer layers of the
optic cup, and faintly in the optic stalk at 6

Figure 1 Western blot analysis of P19 cells transfected with plasmids expressing PAX6 (A) or PAX6-5a (B). The amounts of plasmids were 0, 1, 3, and
10 µg. The anti-chick Pax6 antibody detects bands at the molecular weights of 46 and 48 kDa in a dose dependent manner.
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Figure 2 (A) Photomicrograph of developing human eye immunostained with PAX6 antibody at 6 weeks. Positive
immunostaining is seen on the surface ectoderm, lens, optic cup, and optic stalk. (B) Photomicrograph of developing human
eye immunostained with PAX6 antibody at 10 weeks. Positive staining is seen in the epithelia of the cornea, conjunctiva,
and lens, the primordia of the iris and ciliary epithelia, and the inner and outer neuroblastic retinal layers. (C) Magnified
view of the anterior segment at 10 weeks. Con= conjunctiva; C= cornea. (D) The cornea at 21 weeks. Positive staining is
seen in the epithelium (arrowheads). (E) The anterior segment at 8 weeks. Positive cells are seen in the anterior portion of
the optic cup. (F) The ciliary body at 21 weeks. Positive staining is prominent in the epithelium (arrowheads). (G) The
retina at 8 weeks. Positive cells are seen in the inner and outer neuroblastic layers. (H) The retina at 21 weeks. Positive cells
are restricted to the ganglion cell layer and the inner and outer portions of the inner nuclear layer. S= surface ectoderm; L=
lens; OC= optic cup; OS= optic stalk; GCL= ganglion cell layer; INL= inner nuclear layer; ONL= outer nuclear layer.
Bar = 100 µm (A, C, D); 500 µm (B); 50 µm (E, F, G, H).
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weeks; the mesenchymal cells were unstained
(Fig 2A). Positive staining was observed from 8
to 10 weeks in the epithelia of the cornea, con-
junctiva, and lens, and primordia of the iris and
ciliary epithelia, and the inner and outer
neuroblastic retinal layers, but vitreous vessels
were unstained (Fig 2B, C, E). Positive staining
persisted in the epithelia of the cornea,
conjunctiva, lens, and ciliary body after 21
weeks, but tissue that diVerentiated from mes-
enchymal cells, including corneal stroma and
endothelia, iris stroma, choroid, sclera, and vit-
reous vessels were unstained (Fig 2D, F). Reti-
nal cells in all layers were positive for PAX6 at
an early stage; however, at 21 and 22 weeks
positive cells were restricted to the ganglion
cell layer and the inner and outer portions of
the inner nuclear layer, which probably diVer-
entiate amacrine and horizontal cells (Fig 2G,
H). The immunostaining procedure using
alkaline phosphate and BCIP/NBT confirmed
negative staining in cell nuclei of the retinal
pigment epithelium (data not shown).

Discussion
As described in a previous study,9 western blot
and immunohistochemical analysis showed
that the PAX6 antibody detected Pax6 iso-
forms specifically but did not detect proteins of
other Pax gene family members including Pax7
and Pax3. In this study, the PAX6 antibody
cross reacted well with human ocular tissue
because of the high conservation of the amino
acid sequence between chicks and humans
(99.3%).1 9 Western blot analysis confirmed
that the antibody specifically reacted to two
isoforms of the human PAX6 with or without a
14 amino acid insertion encoded by exon 5a of
a splice variant.

In the early stage, PAX6 was expressed in the
tissue from the surface and neuroectoderms,
including the corneal and conjunctival epithe-
lia, lens, and optic cup, similar to immunohis-
tochemical findings in murine5 and chick9 eyes
and in situ hybridisation in the 49 day old
human eye.14 Adequate PAX6 expression in the
ectoderms may be involved in determining
position and subsequent inductive processes
during early morphogenesis. In mutations of
the small eye (Sey) locus, where the murine
homologue of the PAX6 gene is located, the
inactivation of both alleles results in the
absence of eyes and severe craniofacial and
central nervous system (CNS) disorders; inac-
tivation of one allele results in the development
of small eyes and mild CNS disorders.23 In
humans, compound heterozygotes have no
eyes and severe craniofacial and CNS
disorders.16 Two missense mutations of the
paired domain15 and proline-serine-threonine-
rich domain,24 a splice error,22 and a nonsense
mutation have been found in anterior segment
anomalies (summarised in the database at
http://www.hgu.mrc.ac.uk/Softdata/PAX6). It
is speculated that PAX6 mutations disrupt the
separation of the lens from the surface
ectoderm and result in anterior segment
malformations including Peters’ anomaly.
These abnormalities depend on the severity of
the mutation in the PAX6.

In the development of the iris and ciliary
body, PAX6 was first expressed at the rim of
the optic cup, then in the non-pigmented
ciliary epithelia in accordance with diVerentia-
tion. PAX6 mutations may impair the signal for
proper diVerentiation of these tissues and
result in aniridia.

Peters’ anomaly and aniridia also are associ-
ated with impaired migration of neural crest
cells, which diVerentiate to form the trabecular
tissue, the corneal stroma and endothelia, and
the iris.25 However, we could not detect PAX6
expression in the mesenchymal cells. The small
eye rat strain showed impaired migration of
neural crest cells, although Pax6 transcripts
were not observed in the neural crest deriva-
tives by in situ hybridisation.26 A minute
amount of PAX6 protein or mRNA in mesen-
chymal cells is undetectable by immunohisto-
chemistry or in situ hybridisation, or PAX6 is
absent in these cells. However, it is reasonable
to consider that PAX6 may not be expressed in
mesenchymal cells and not directly regulate
their migration and diVerentiation. Pax6 binds
the promoter of the N-CAM gene and activates
its expression.10 Other factors, such as fibro-
blast growth factor, transforming growth
factor â, and retinoic acid aVect epithelial-
mesenchymal interactions.27 Although the rela-
tion between these factors and PAX6 is not
clear, migration of neural crest cells possibly is
induced by these factors and/or extracellular
matrix and adhesion molecules from the
surface ectoderm, lens epithelia, and the ante-
rior portion of the optic cup.

PAX6 continued to be expressed in the epi-
thelia of the cornea, conjunctiva, and lens at a
late stage of development. In adult mice and
monkeys it was expressed in epithelia of the
cornea and conjunctiva.28 PAX6 may be
expressed in these mitotically active and regen-
erating tissues through life, and abnormal
expression may cause progressive corneal
dystrophy.16 17 The lens epithelia divide from
6 weeks’ gestation and diVerentiate through
development. PAX6 is one of the major regula-
tors of the crystallin genes,11 thus inadequate
expression may cause congenital cataract16 and
be associated with aniridia and anterior seg-
ment anomalies.

In the retina, PAX6 was expressed in all cells
of the optic cup, then in the inner and the outer
neuroblastic layers at an early developmental
stage. At 21 and 22 weeks, PAX6 was restricted
to the ganglion cell layer and the inner and
outer portions of the inner nuclear layer where
amacrine and horizontal cells diVerentiate.
These results are similar to the pattern of Pax6
expression in the developing chick retina.9

Restricted expression in ganglion and ama-
crine cells also was reported in the late phase of
the developing Xenopus retina,7 and in the
mature retina of mice,8 goldfish,6 and quail.29

During retinal development, multipotent pre-
cursor cells proliferate and migrate, they then
diVerentiate to specific cell types, and cell
death follows synaptogenesis. Histopathologi-
cal study of human retina revealed that
ganglion and Müller cells first diVerentiated,
cone and amacrine cells then appeared, and
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rod and bipolar cells were distinguished during
the late stage.30 Persistent PAX6 expression in
the ganglion cells suggests a long period of
maturation and its important role in retinal
morphogenesis. The mature human retina
does not have the ability and plasticity to
regenerate neurons as in goldfish6; however, the
developing retina has mitotically active cells
that express PAX6. PAX6 dysfunction at a late
stage causes associated or isolated foveal
hypoplasia,18 because the fovea begins to
develop at 30 weeks’ gestation and develop-
ment is complete at 4 months after birth.
PAX6 later may be a determinant of post-
mitotic cell fate.

Mammalian homologues of the Drosophila
so, eya, and dac genes, Six3,31 Eya1–3,32 and
Dach,33 recently have been isolated. In the
mouse, each gene is expressed in the various
ocular tissue including the retina during devel-
opment. In the retina, Chx10, another homeo-
box gene responsible for ocular retardation,
was found to be restricted to bipolar and rod
cells in mice34 and to bipolar cells in chicks.35 In
the diVerentiating retina, Pax6 and Chx10 may
specify cell types. There may be other homeo-
box genes, such as Prox-1,34 Six3,31 and Eya2,32

that probably participate in retinal develop-
ment. Thus, PAX6 may regulate the specific
functions of these homeobox genes and domi-
nate a regulatory hierarchy of diVerentiation,
or PAX6 and others may play respective roles
mosaically in determining individual cell fates
during development. As yet, only one PAX6
mutation has been identified in a human
retinal anomaly, isolated foveal hypoplasia18;
however, further investigation may find muta-
tions in other genes in more retinal anomalies.

Finally, we still have not clarified the distinct
expression of PAX6 and PAX6-5a. The two
DNA binding subdomains of the paired domain
(N-terminal and C-terminal subdomains) nega-
tively regulate their transactivation potentials for
each other, and 5a insertion disrupts the
autoregulatory mechanism and increases the
transcriptional activity of C-terminal
subdomain.20 PAX6 gene dosage and appropri-
ate levels of its transcriptional activity recently
were shown to be important in ocular
development.16 36 PAX6-5a is supposed to aVect
the mechanism, regulate diVerent target genes,
and play distinct roles in determining cell fate
and ocular morphogenesis. Further study of the
specific expression of PAX6 and PAX6-5a may
clarify multipotential roles in the morphogenesis
of various ocular tissues through development.
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