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PURPOSE. Mutations in the OA1 gene cause ocular albinism type 1 (OA1), an X-linked form of
albinism affecting only the eye, with skin pigmentation appearing normal. To better understand the
pathogenesis of this disease the time of onset and the pattern of expression of the mouse homolog
of the OA1 gene were monitored during eye development. The localization of Oa1 mRNA was
studied and compared with the expression of other genes involved in melanosomal biogenesis.

METHODS. The Oa1 expression pattern during eye development and after birth was analyzed by
reverse transcription–polymerase chain reaction (RT-PCR) and in situ hybridization. Localization of
Oa1 mRNA was compared with Tyrosinase (Tyr), pink-eyed dilution (p), and Pax2 expression
patterns.

RESULTS. RT-PCR revealed that Oa1 expression began at embryonic day (E)10.5 and was maintained
until adulthood. By in situ hybridization analysis Oa1 transcripts were detected in the retinal
pigment epithelium (RPE) beginning at E10.5 in the dorsal part of the eyecup and in the same area
where transcripts of other genes involved in pigmentation are found. Of note, the expression
pattern of these genes was complementary to Pax2 expression, which was restricted to the ventral
side of the optic cup. At later stages, expression of Oa1, Tyr, and p expanded to the entire RPE and
ciliary body.

CONCLUSIONS. Oa1 expression can be detected at early stages of RPE development, together with
other genes involved in pigmentation defects. Oa1 is likely to play an important function in
melanosomal biogenesis in the RPE beginning during the earliest steps of melanosome formation.
(Invest Ophthalmol Vis Sci. 2000;41:4333–4337)

Nettleship–Falls type ocular albinism (OA1; Mendelian
Inheritance in Man 300500) is an X-linked disorder
with an estimated prevalence of approximately

1:50,000. Affected males manifest a depigmented fundus, trans-
lucent iris, strabismus, nystagmus, and photophobia. The most
serious clinical feature is decreased visual acuity, which causes
a severe visual handicap due to foveal hypoplasia.1,2 As indi-
cated by the nonsymmetric pattern of the visual evoked poten-
tials, these patients have a reduction of the ipsilateral compo-
nent of the optic tracts, resulting in a loss of stereoscopic
vision.3 In carrier females the fundus shows a spotty pigmen-
tation. The mosaic pattern suggests that the gene is subject to
X-inactivation.2 OA1 is defined as an isolated albinism of the
eye, because skin pigmentation appears normal; however, a
microscopic analysis of melanocytes reveals abnormally giant
melanosomes, the subcellular organelles containing melanin,
which are called macromelanosomes.4,5 The presence of giant
melanosomes in skin melanocytes and the retinal pigment
epithelium (RPE) of patients suggests that the defect is an
abnormality in melanosomal biogenesis. The gene mutated in

patients with OA1 has been identified by positional cloning6

and encodes a protein expressed on the melanosomal mem-
brane acting as a G-protein–coupled receptor.7 The mouse
homologous gene was isolated and encodes a protein of 405
amino acids with 87% similarity to human OA1.8 Expression of
Oa1 was has been reported to be detected exclusively after
birth.9 However, such a late onset of gene expression cannot
explain the retinal developmental defects found in patients
with OA1.

Different forms of albinism are due to mutations in genes
involved in melanin production and accumulation. Tyrosinase
is an enzyme catalyzing melanin biosynthesis, and it is localized
on the melanosomal membrane. It is not functional in oculo-
cutaneous albinism type 1 (OCA1), causing a complete ab-
sence of pigmentation.10 The most common tyrosinase-posi-
tive form of albinism is oculocutaneous albinism type 2
(OCA2), which is due to mutations in the P gene.11,12 Loss of
function in the murine homolog causes the pink-eyed dilution
(p) mouse phenotype.13 The function of P-protein is still un-
known. Protein structure programs predict 12 transmembrane
domains characteristic of proteins acting as transporters. The
protein localization and the phenotype of these albino mutants
are intriguing,14 and a study of expression compared with Oa1
mRNA localization could shed light on the function of these
proteins in melanosome biogenesis.

The purposes of this study were to determine the time of
onset and the pattern of expression of Oa1 during eye devel-
opment and to compare Oa1 expression with that of other
genes involved in different forms of albinism. During develop-
ment and after birth RPE plays an important role in retinal
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development.15 Pigmentation is also involved in optic nerve
pathfinding. Hypopigmentation causes inappropriate routing
of some of the developing fibers from the temporal retina.16

However, the mechanism by which RPE and pigmentation
exert their effects is still unknown. Because most of the defects
are common to different forms of albinism, we wanted to
compare the expression pattern of the mouse homologous
genes involved in pigmentation defects.

METHODS

Animals

The use of animals in this work was in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. CD1 albino female mice were purchased from
Charles River (Calco, Italy) and were inbred in our animal
house facility. Embryos were staged from the appearance of a
copulation plug at embryonic day (E)0.5.

Reverse Transcription–Polymerase
Chain Reaction

For reverse transcription–polymerase chain reaction (RT-
PCR), at different stages of development, heads (E9.5, E10.5,
E11.5, and E12.5) or eyes (E14.5, E16.5, E18.5, postnatal day
[P]0, P6, and adult) were dissected from embryos and mice,
and total RNA was purified (TRIzol reagent; Gibco, Grand
Island, NY), according to the manufacturer’s instructions.
Five micrograms of total RNA was reverse transcribed using
random hexamers as primers and Moloney murine leukemia
virus (M-MLV) reverse transcriptase at 37°C for 45 minutes.
Reaction was stopped at 98°C for 10 minutes, and one
thirtieth of the reaction was used for PCR amplification,
using Oa1 cDNA-specific primers: GTGTGAGAGGGGCCTG-
GACCA as forward primer and ATAAACCATGTGGTC-
CTAGCT as reverse primer.

Amplification was performed for 40 cycles using Taq Gold
(Perkin–Elmer, Norwalk, CT) at 94°C for 30 seconds, 55°C for
60 seconds, and 72°C for 60 seconds. PCR products were
analyzed on 1% agarose gel stained with ethidium bromide.

In Situ Hybridization

Embryos were harvested from CD1 pregnant mice at different
developmental stages after death by cervical dislocation, and
fixed with 4% paraformaldehyde in PBS overnight at 4°C.
Heads were dissected at the following stages of development:
E9.5, E10.5, E11.5, E12.5, E14.5, E16.5, E18.5, and P0. After the
dorsal side of the corneas were labeled for orientation, eyes
were dissected from P6 and adult mice. Wholemount in situ
hybridization was performed as previously described for E10.5
embryos.17

For in situ hybridization of sectioned tissue, heads or
eyes were cryoprotected by treatment with 30% sucrose in
PBS and embedded in optimal cutting temperature com-
pound (OCT; Miles, Elkhart, IN). Twenty-micrometer cryo-
sections were postfixed with 4% paraformaldehyde in PBS
for 15 minutes and bleached with 6% H2O2 in phosphate-
buffered saline with 0.1% Tween 20 (PBT). Sections were
treated with 1 mg/ml proteinase K for 15 minutes, washed
with 2 mg/ml glycine, and postfixed with 4% paraformalde-
hyde-0.2% glutaraldehyde. After 1 hour of prehybridization
with 50% formamide, 53 SSC (pH 4.5) 1% sodium dodecyl

sulfate (SDS), 50 mg/ml yeast RNA, and 50 mg/ml heparin,
adjacent sections were hybridized overnight at 65°C with
the different digoxigenin-labeled riboprobes. The Oa1 anti-
sense probe was obtained by linearizing the plasmid con-
taining the entire coding sequence8 with NotI and transcrib-
ing with T3 RNA polymerase, and the sense control probe
was obtained by digesting the plasmid with XhoI restriction
enzyme and transcribing with T7 RNA polymerase.

The Tyr probes were synthesized from the entire coding
sequence: antisense probe by digestion with ClaI restriction
enzyme and subsequent transcription with T3 RNA polymerase
and sense probe by digestion with PstI and transcription with
T7 RNA polymerase. For the p gene, the PCR fragment corre-
sponding to the first 900 bp of the coding sequence was used
as template for transcription with T7 RNA polymerase (anti-
sense probe) or T3 RNA polymerase (sense probe).

As a probe for Pax2, the BamHI–HindIII fragment was
used with T7 RNA polymerase as the antisense probe and T3
as the sense probe. Hybridized sections were washed with
50% formamide, 43 SSC, and 1% SDS at 65°C and with 50%
formamide and 23 SSC at 60°C. Sections were blocked with
10% sheep serum for 1 hour and incubated with alkaline
phosphatase (AP)–labeled anti-digoxigenin antibody
(1:2000) overnight at 4°C. After extensive washing with TBS
(0.1% Tween 20), sections were exposed to the substrate
for AP, nitroblue tetrazolium–5-bromo-4-chloro-3-inodoyl
phosphate (NBT-BCIP). Reaction was blocked by washing
with PBS followed by postfixation in 4% paraformaldehyde
for 20 minutes. Slides were coverslipped with 70% glycerol
in PBS and photographed using a microscope with Nomarski
optics (Axioplan; Carl Zeiss, Oberkochen, Germany).

RESULTS

Oa1 Expression Analysis by RT-PCR

As a first step, we analyzed Oa1 expression by RT-PCR using as
a template total RNA extracted from heads or eyes dissected
from mouse embryos at different developmental stages. We
started our analysis from embryos at E9.5, when the optic
vesicle begins to form. We detected a PCR product of 270 bp
specific for Oa1 beginning at E10.5 (Fig. 1) and found that
expression was maintained until adulthood. By normalization
of the PCR reaction with glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) amplification, we found that expression is

FIGURE 1. RT-PCR on cDNA transcribed from total RNA extracted
from mouse eyes at the different developmental stages shown. Top:
Amplification of Oa1 transcripts resulted in a band of 270 bp. The same
samples were amplified with GAPDH-specific primers for normaliza-
tion (bottom). Oa1 mRNA can be detected from E10.5 until adulthood.
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stronger after birth (P0 and P6) and decreases in RNA extracted
from adult eyes.

Comparison of the Oa1 Expression Pattern with
Other Genes Expressed in RPE

To study Oa1 expression in the entire mouse embryo, we
analyzed the localization of Oa1 mRNA by wholemount in situ
hybridization. Hybridization of E10.5 mouse embryos with an
Oa1-specific riboprobe revealed that at early stages of devel-
opment Oa1 transcripts were restricted to the dorsal part of
the eyecup (Fig. 2). Expression did not extend to the ventral
side of the developing eye and appeared symmetric without
any bias to the nasal or temporal side of the optic cup. Whole-
mount in situ hybridization did not reveal expression in other
tissues of the developing embryo.

To study the distribution of Oa1 mRNA in more detail, we
analyzed expression in sectioned tissue. We compared local-
ization of Oa1 mRNA with expression of Tyr18 and of the p
gene.12 The expression patterns were analyzed by in situ hy-
bridization in adjacent sections of embryos beginning at E9.5.
By in situ hybridization we could not detect expression of Oa1,
Tyr, or p in the optic vesicle at E9.5. At E10.5, expression of

Oa1, Tyr, and p was restricted to the dorsal part of the eyecup
(Figs. 3A, 3C, 3E). Expression was detected only in the external
layer fated to become RPE. Expression of the three genes
encoding melanosomal proteins precedes deposition of mela-
nin.19 We compared the expression patterns of Oa1, Tyr, and
p with expression of Pax2, a marker for the ventral optic cup.
At E10.5 the genes involved in pigmentation were transcribed
in cells not expressing Pax2 (Fig. 3G). Indeed, Pax2 was
restricted to the ventral part of the optic cup and to the optic
stalk.20 Furthermore, the dorsal boundary of Pax2 expression
in the external layer of the optic cup (Fig. 3G, arrowhead)
demarcated the ventral limit of Oa1, Tyr, and p expression

FIGURE 2. Wholemount in situ hybridization of an E10.5 mouse show-
ing Oa1 transcripts localized in the dorsal side of the developing optic
cup (arrow). The dark staining visible on the surface of the embryo
was not specific.

FIGURE 3. Expression in the developing eyes of E10.5 (A, C, E, G, and
I) and E11.5 (B, D, F, H, and J) mice. Adjacent sections were hybrid-
ized with Oa1 probe (A, B), Tyr probe (C, D), p probe (E, F), Pax2
probe (G, H), and Oa1 sense control probe (I, J). The dorsal side of the
embryo is always on top. Arrowheads: Ventral boundary of Oa1, Tyr,
and p expression domains and the dorsal expression boundary of
Pax2. iol, inner optic cup layer; l, lens; os, optic stalk.
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(Fig. 3A, 3C, 3E, arrowheads). Adjacent sections hybridized
with the sense control probes for Tyr, p, and Pax2 did not
show any specific staining as seen with the Oa1 sense probe
(Figs. 3I, 3J).

At E11.5 Oa1, Tyr, and p were transcribed by all cells of
the external layer of the developing eyecup (Figs. 3B, 3D, 3F).
Although expression of these genes expanded from the dorsal
to the ventral side of the eyecup, Pax2 expression was re-
stricted to the optic stalk (Fig. 3H). As seen at E10.5, expres-
sion of Pax2 in the optic stalk epithelium was complementary
to expression of Oa1, Tyr, and p (Figs. 3B, 3D, 3H; arrow-
heads).

Oa1, Tyr, and p mRNAs continued to be transcribed by
RPE cells during embryonic life (data not shown). Expression
extended to the ciliary body as seen at E18.5 (Figs. 4A, 4C, 4E,
arrowheads). At P0 the three genes were still expressed in the
RPE (Figs. 4B, 4D, 4F) and expression was maintained in adult
animals (data not shown). Beginning at E16.5, Oa1 transcripts
could also be found in neural crest–derived melanocytes of the
eyelids, hair follicles, inner ear, and harderian gland (data not
shown).

DISCUSSION

In an effort to better understand the mechanism underlying
developmental defects caused by ocular albinism, we studied
and correlated in the RPE the expression of genes involved in
pigmentation defects, concentrating our attention on Oa1, the
murine homologue of the gene involved in the X-linked form of
OA1.8 In contrast to patients with other forms of albinism,
those with OA1 show normal pigmentation of the skin, and
melanin synthesis is probably not affected. Ultrastructural anal-
ysis of melanocytes reveals abnormally large melanosomes sug-
gesting a defect in organellogenesis.4,5 What remains unex-
plained is the cause of the ocular defects that are common to
all the different forms of albinism.

The purpose of our study was to determine the time of
onset and the expression pattern of the mouse homolog of
OA1. We found that Oa1 began to be transcribed during the
early stages of mouse eye development. In fact we detected
Oa1 mRNA at E10.5, before pigmentation began in the RPE.19

The temporal and spatial pattern of expression of Oa1 was
very similar to expression of the genes encoding proteins
expressed on the melanosomal membrane. This suggests that
Oa1 expression is controlled by factors that also regulate
transcription of genes important in all aspects of melanosomal
formation and pigmentation.

The complementary expression patterns of Oa1, Tyr,
and p compared with Pax2 were an intriguing finding. In a
previous study a reciprocal pattern of melanin pigment and
Pax2 expression was reported.20 However, our data dem-
onstrate that the complementary pattern starts before mel-
anin is synthesized.19 Therefore, regression of Pax2 expres-
sion to the optic stalk is not dictated by pigment deposition
itself. It is possible that a still unknown factor positively
regulates the expression of genes involved in melanogenesis
and negatively regulates Pax2 expression. Furthermore,
these data together with the observation that Pax2 mutants
show extension of pigmentation into the optic stalk21 when
compared with the transient pigmentation in the dorsal side
of the optic stalk of normal mice,22 suggest that Pax2 acts
directly on pigmentation by blocking melanin production. A
direct analysis of Pax2 function on the promoters of genes
involved in melanogenesis would be very interesting and
could shed light on this issue.

Oa1 expression at E10.5, as seen by wholemount in situ
hybridization and in situ hybridization on sectioned tissue,
was restricted to a small part of the outer layer of the
developing optic cup. In fact it was restricted to the dorsal
central region of the outer layer. This suggests that not only
genes encoding enzymes catalyzing melanin synthesis but
also a gene encoding a protein contributing to melanosome
maturation follows a wave of expression starting in the
medial dorsal side and extending to the most peripheral and
ventral side of the developing optic cup. An insight into
melanosomal development can be very important in under-
standing how pigmentation defects in the RPE cause abnor-
malities in optic nerve trajectory and in retinal development.
In fact, patients affected by OA1 have no stereoscopic vision
because of reduction of the ipsilateral component of the
optic tract.3 Of note, early generated retinal ganglion cell
axons originate from the dorsal central retina.23,24 The func-
tion of this earliest ipsilateral path from dorsal central retina
remains controversial. In fact, these early ganglion cells

FIGURE 4. E18.5 (A, C, E, and G) and P0 (B, D, F, and H) murine
heads were hybridized with Oa1 probe (A, B), Tyr probe (C, D), p
probe (E, F), and Oa1 sense control probe (G, H). Expression in the
ciliary body is shown in (A), (C), and (E) (arrowheads). rpe, retinal
pigment epithelium; l, lens.
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probably do not survive in the adult25; however, the tran-
siently ipsilateral projecting axons may function as pioneers
for the establishment of the visual pathway.26

The correlation that we found between melanosomal gene
expression in the RPE and generation of ganglion cell axons
suggests that melanosomal biogenesis plays an important func-
tion in ganglion cell development and projection. Our analysis
of the expression of genes responsible for melanosomal forma-
tion and pigmentation in the RPE can be the basis for future
studies of the eye defects common to all different forms of
albinism.
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