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Tyrosinase Expression during Neuroblast Divisions Affects
Later Pathfinding by Retinal Ganglion Cells
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Occulocutaneous albinism is caused by mutations in the gene encoding the enzyme tyrosinase. Individuals with this disorder are
predisposed to visual system deficits. We determined the critical period during development when tyrosinase expression is essential for
the appropriate pathfinding of ganglion cell axons from the retina to the dorsal lateral geniculate nucleus. We used a line of mice with a
Tyrosinase transgene, the expression of which is regulatable with the lac operator-repressor system, to restrict tyrosinase activity to
discrete periods of embryogenesis. When tyrosinase was expressed throughout the period of neuroblast divisions that produce the
ipsilaterally projecting ganglion cells, axonal projections innervated the same volume of the ipsilateral dorsal lateral geniculate nucleus
of the thalamus as in normal mice. If tyrosinase expression ceased before the end of neuroblast divisions, or was not initiated until after
they had begun, the degree of ipsilateral innervation was smaller, as in albino mice. Tyrosinase expression was not required during the
entire period of pathfinding itself or during final maturation of the retinogeniculate pathway. Thus, tyrosinase appears to set up a signal
early in visual system development that determines the pathway taken later by ganglion cell axons.
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Introduction
Albino mammals, in addition to their external pigmentation def-
icits, have abnormalities of visual system development. Humans
with occulocutaneous albinism type 1 are subject to low visual
acuity, nystagmus (abnormal involuntary movements of the
eyes), and strabismus (abnormal turning of the eyes) (Oetting
and King, 1999). In albino animal models, three main cellular
disorders have been identified: a reduction in the number of rod
photoreceptors, underdevelopment of the central retinal special-
ization, and a misrouting of some temporal retinal ganglion cell
axons (for review, see Guillery, 1986; Jeffery, 1997). Occulocuta-
neous albinism is caused by mutations at the albino (c) locus,
which codes for tyrosinase, the initial enzyme in the melanin
synthesis cascade. In melanocytes and the cells of the retinal pig-
ment epithelium (RPE) where it is expressed, tyrosinase catalyzes
the conversion both of tyrosine to DOPA and of DOPA to
DOPAquinone (del Marmol and Beermann, 1996; Jeffery, 1997).
Introduction of a functional Tyrosinase gene into albino animals
completely rescues the albino phenotype (Jeffery et al., 1994,
1997), proving that both the pigmentation deficit and the visual
system abnormalities are caused by the single gene defect in Ty-
rosinase. The precise role of tyrosinase during each phase of visual
system development is not known, however, and experiments to
determine the point in retinal development at which tyrosinase

exerts its effects have been hindered by the limitations of previous
animal models.

Ganglion cells, which are the output neurons from the eye, are
produced early in retinal development. The initial organization
of visual information in the retinogeniculate pathway depends on
some retinal ganglion cell axons crossing at the optic chiasm to
project to the contralateral dorsal lateral geniculate nucleus
(dLGN) in the thalamus and some remaining ipsilateral. In albi-
nos, fewer retinal ganglion cells project to the ipsilateral side of
the brain, leading to a disruption of dLGN organization and to
disorganization of visual information in the cortex. This disrup-
tion has been observed in many hypopigmented mammals in-
cluding human albinos (Guillery et al., 1975) and Siamese cats, in
which the abnormality can be precisely defined as a result of the
well ordered feline dLGN (Guillery, 1986). In the mouse, where
the dLGN is less ordered, this defect is manifest as a decrease in
the extent of the dLGN innervated by ipsilateral projections (Jef-
fery et al., 1994).

To ensure that ganglion cells project to the dLGN on the ap-
propriate side of the brain, tyrosinase activity could be required
during any or all phases of ipsilateral retinogeniculate pathway
development. In the RPE, tyrosinase is first expressed on embry-
onic day (E) 10 (Beermann et al., 1992), and pigment formation
starts at E11 (Drager, 1985a). The onset of melanin formation is
graded across the retina, with peripheral regions becoming pig-
mented first and melanin present in the entire RPE by E12.5
(Drager, 1985a). This occurs at the same time as the initial pattern
of neuroblast divisions and cell cycle exit. Thus, the initiation of
tyrosinase expression and the graded onset of pigment formation
might be a developmental signal that sets up positional informa-
tion in the retina, committing the ganglion cells produced from
the neuroblasts to ipsilateral or contralateral projections at a later
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time. Ipsilaterally projecting retinal ganglion cells are produced
between E11 and E16 (Drager, 1985a). Tyrosinase expression
might be necessary throughout this period to ensure that neuro-
blasts properly divide and give rise to postmitotic cells. A third
possibility is that tyrosinase might be necessary during ganglion
cell pathfinding, which occurs between E12.5 and E18.5, as axons
grow out of the eye, traverse the optic chiasm, and form their
initial connections to the lateral geniculate nucleus (Silver, 1984;
Guillery et al., 1995). After the ganglion cell axons reach the
dLGN, there is a period of refinement of connections and gan-
glion cell death [E18 to postnatal day (P) 7] (Young, 1984; Stell-
wagen and Shatz, 2002). Thus, a final possibility is that tyrosinase
expression in the eye is necessary to ensure that cells die or are
maintained appropriately during this period.

To distinguish between these possibilities, we used a regulat-
able Tyrosinase mouse model to limit tyrosinase expression to
discrete periods during development. Regulation of tyrosinase
expression in this model is based on control with the lac operator-
repressor gene regulatory system. The endogenous lac regulatory
system of Escherichia coli controls the expression of the gene
products responsible for lactose metabolism. In the absence of
lactose, the lac repressor protein (encoded by the lacI gene) oc-
cupies the lac operator sequences (lacO) in the promoter, block-
ing transcription of the downstream coding sequences. When
lactose, or a lactose analog such as isopropyl-thio-�-D-
galactoside (IPTG), binds to the repressor, it causes the repressor
to lose its affinity for the operators, thereby relieving repression
and allowing transcription to proceed. As we have shown (Cro-
nin et al., 2001), this system has been adapted successfully to
control expression from the mouse genome.

Experimental control of tyrosinase expression is achieved by
the introduction of two transgenes onto an albino background
strain of mice. The first transgene codes for ubiquitous expres-
sion of the lac repressor protein. The target transgene used in
these studies was generated by introducing lac operator DNA
sequences into the murine Tyrosinase promoter and then using
the modified promoter to drive the expression of a wild-type
Tyrosinase cDNA. As described previously, the Tyrosinase trans-
gene confers a pigmented phenotype on the albino recipient
strain (Cronin et al., 2001), and because a cloned Tyrosinase pro-
moter is used, the transgene is expressed in the same tissues and
with the same developmental time course as the endogenous
gene. In animals transgenic for both the regulatable Tyrosinase
transgene and the lac repressor transgene, expression of the in-
troduced functional Tyrosinase gene is repressed, and the pheno-
type is albino. When double-transgenic animals are exposed to
IPTG in their drinking water, repression of the Tyrosinase trans-
gene is relieved, and the mice are pigmented. To investigate the
role of tyrosinase in retinogeniculate pathway formation, females
pregnant with double-transgenic pups were fed IPTG during dis-
crete periods of visual system development, and the degree of
ipsilateral retinogeniculate innervation in the dLGN of the pups
once they had reached adulthood was examined.

Materials and Methods
Preparation of mice and IPTG treatment. The Tyrosinase and lacI trans-
genes were introduced into the albino ICR strain of mice (Harlan
Sprague Dawley, Indianapolis, IN) [for details on transgene construc-
tion, see Cronin et al. (2001)], and albino control animals used for this
study were also from the ICR strain. The wild-type pigmented animals
used for comparison were generated from a DBA � ICR F1 intercross.
Transgenic animals were hemizygous for the indicated transgene(s). The
Tyrosinase transgenic animals were from the Tyr lacO-43 line (Cronin et

al., 2001). Some ICR mice were found to have retinal degeneration;
therefore all mice used for these experiments were genotyped with the
diagnostic PCR (Pittler and Baehr, 1991), and only those mice either
heterozygous or homozygous wild-type at the rd locus were used for the
studies. Pregnancies were timed by observation of a vaginal plug on day
E0. When indicated, pregnant or nursing females had their drinking
water replaced with a 10 mM solution of IPTG (Inalco) that was changed
at least every 4 d. Mice were kept on a 14 hr light/10 hr dark cycle and
were between 1.5 and 7 months of age at the time of analysis. Animal
housing and treatment were in accordance with institutional and Na-
tional Institutes of Health guidelines.

Determining the size of the ipsilateral retinogeniculate pathway. Mice
were anesthetized with 2.5% avertin (0.017 cc/g, i.p.), and 4 �l of
peroxidase-conjugated wheat germ agglutinin (40 mg/ml; Vector Labo-
ratories) was injected into the right eye. One day later, mice were given a
lethal dose of Nembutal sodium and perfused transcardially (1.25%
paraformaldehyde, 1.5% gluteraldehyde, in 0.1 M phosphate, pH 7.4).
Brains were removed and postfixed in the perfusate for an additional 2– 4
hr, cryoprotected in 20% sucrose in 0.1 M phosphate, pH 7.4, overnight,
and frozen on dry ice. Floating sections (50 �m) through the entire
dLGN were collected in 1% Triton X-100/PBS, and reacted for peroxi-
dase activity with 3,3�,5,5�-tetramethylbenzidine (TMB) (TMB substrate
kit; Vector Laboratories), and the reaction was stopped in water acidified
to pH 3 with acetic acid. Sections were mounted onto gelatinized slides,
air dried, and coverslipped in DPX. Only those animals with uniform
labeling of the contralateral dLGN and low background were used for the
analysis (n � 5–12 animals per group). Sections were analyzed using a
digital imaging system (MCID, Imaging Research), and the area of label
in the ipsilateral dLGN for each section was determined. Total volume of
the ipsilateral projection to the dLGN was calculated for each animal
from the sum of the areas of label in each of the sections through the
dLGN multiplied by the thickness of the sections, and an average for each
group of animals was obtained.

Determining the levels of ocular pigmentation. Pregnant females were
killed by cervical dislocation, and E16.5 embryos were surgically re-
moved from the uterine horns. Embryos were immersed in 10% formalin
for �2 weeks. The eyes were then enucleated, the cornea, lens, and nu-
clear layer of the retina were removed, and the perioptic mesenchyme
(future choroid and sclera) was microdissected from the RPE. The sam-
ples were then mounted in glycerin on Superfrost Plus slides and cover-
slipped. The slides were imaged using an Olympus BH-2 microscope
equipped with a digital camera. RPE from the different groups was cap-
tured in succession to minimize any possible variation resulting from
changing input light levels. Images of comparable regions of each RPE
were analyzed using the Image Pro Plus image processing package to
determine the percentage of pigmented area of each image. All images
were filtered using the Hi-Gauss and Erode options of Image Pro Plus,
and albino background levels were subtracted from each of the other
groups. Each group contained from 7 to 27 animals.

Statistical analysis. Data for each group were averaged, and SE of the
mean was calculated. A one-way ANOVA showed a significant effect of
either genotype or IPTG treatment conditions in each set of experiments
( p � 0.005). Individual groups were compared by t test with Bonferroni
correction at a significance level of p � 0.05.

Results
As described previously (Cronin et al., 2001), embryonic expres-
sion of tyrosinase follows the normal developmental time course
in the Tyr lacO-43 line of regulatable Tyrosinase transgenic mice,
with pigment first appearing at E11.5. As a probable consequence
of insertion site effects on the Tyrosinase transgene, the
Tyr lacO-43 transgenic animals do not achieve the levels of pig-
mentation seen in wild-type mice. To determine the degree of
RPE pigmentation more precisely, images of E16.5 RPE were
compared from the different experimental groups. The Tyrosi-
nase transgenic animals, although significantly darker than albi-
nos (Fig. 1A, Tyr), are not as pigmented as wild-type animals
(22.3 � 0.9 vs 49.2 � 0.8% pigmented area, as assessed by densi-
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tometry). Nevertheless, these Tyrosinase transgenic animals pro-
vide a highly regulatable model for control of pigment levels dur-
ing development, as shown in Figure 1, B and C. In animals
doubly transgenic for the Tyrosinase transgene and the lac repres-
sor, in which tyrosinase expression was repressed, the RPE was
essentially unpigmented. Continuous administration of the lac-
tose analog IPTG to females pregnant with double-transgenic
embryos allowed for expression of tyrosinase, resulting in RPE
pigmentation at E11.5 (data not shown), as occurs for wild-type
animals. Restricting IPTG treatment to discrete periods of devel-
opment differentially affected pigmentation. Discontinuing
IPTG treatment on E13.5 resulted in significantly less pigment
than continuing treatment through E16.5; however, delaying the
onset of IPTG treatment until E12.5 did not produce pigment
levels significantly different from treatment starting at E0.

Although the precise time relationship between IPTG treat-
ment and expression of tyrosinase has not been determined, the
fact that there was a clear difference in RPE pigment levels when
IPTG was stopped at E13.5 versus those animals in which it was
continued up to E16.5 suggests that the effect of IPTG on tyrosi-
nase activity is rapid. This is not surprising given that tyrosinase
mRNA and protein both have relatively short half-lives [4 and 3.5
hr, respectively (Burchill et al., 1988; Rungta et al., 1996)]. Also, it
has been shown previously that there is a rapid uptake of IPTG
into mouse tissues (Wyborski and Short, 1991) and rapid IPTG
derepression of gene expression (Lee et al., 1997; Wu et al., 1997),
with detectable expression at 4 hr after injection. Taken together,
these data show that the time from addition or withdrawal of the
IPTG to a change in the levels of tyrosinase in our transgenic
model is short. The Tyr lacO-43 model system, therefore, can be
used to regulate the timing of tyrosinase expression, and thus the
degree of pigmentation during development. We used this regu-
latability to analyze the effects of limiting tyrosinase expression to
discrete periods of development on the formation of the ipsilat-
eral retinogeniculate projection.

We compared retinal ganglion cell projections to the dLGN in
transgenic and control animals (an example of the staining in the
dLGN is shown in Fig. 2). In agreement with previous results
(Jeffery et al., 1994), albino mice had a smaller ipsilateral retino-
geniculate projection than wild-type pigmented animals. In the
Tyrosinase transgenic group, the volume of the ipsilateral projec-
tion was similar to wild-type, indicating that the full wild-type
level of tyrosinase activity and pigmentation are not necessary for
development of the retinogeniculate pathway. When the Tyrosi-
nase transgene was repressed in the Tyr, LacI double-transgenic
group, the volume of the ipsilateral projection was reduced to
albino levels (Fig. 3A). These data demonstrate that the albino
abnormality in ganglion cell pathfinding is rescued by the Tyrosi-
nase transgene and that repression of transgene expression with
the lac repressor is tight enough to reverse this phenotype.

Next, we restricted tyrosinase expression to discrete periods of
development and analyzed its effect on the development of the
ipsilateral retinogeniculate pathway (Fig. 3B). Tyrosinase was de-
repressed in Tyr, LacI double-transgenic animals by adding the
lactose analog IPTG to the mother’s drinking water. As shown in
Figure 1, this treatment results in pigmentation of the embryonic
RPE. When IPTG was administered throughout the entire period
of embryogenesis and until weaning at P21, ipsilateral projection
volumes were the same as those in the unrepressed Tyr single-
transgenic animals. This result is in agreement with the idea that
the albino abnormalities are determined developmentally and
shows that continued tyrosinase expression after P21 is not nec-
essary for the normal ipsilateral projection to be present in the

Figure 1. Induction of RPE pigmentation by treatment with the lactose analog IPTG in
mouse embryos doubly transgenic for a regulatable Tyrosinase transgene and the lac repressor.
A, Photomicrographs of the RPE from E16.5 embryos show that Tyrosinase transgenic animals
are highly pigmented relative to albino control animals. B, For Tyr, LacI double-transgenic
animals, treatment with IPTG during development allows for differential control of the level of
pigmentation achieved. C, The percentage of area containing detectable pigment (as assessed
by densitometry; see Materials and Methods) was determined from images of the RPE from
E16.5 animals. Repression of the Tyrosinase transgene in the Tyr, LacI double-transgenic ani-
mals results in an essentially unpigmented RPE. Treatment of double-transgenic animals with
IPTG derepresses the Tyrosinase transgene, leading to pigmentation of the RPE (beginning at
E11.5, as in wild-type animals). Treatment up to the time of the assay (E0 –E16.5) and a delayed
treatment (E12.5–E16.5) both lead to increased pigmentation, whereas termination of treat-
ment at E13.5 yields a level of pigmentation close to that of the untreated animals. Asterisk
indicates significantly different from both the albino baseline and the untreated Tyr, LacI group.
Scale bar, 20 �m.
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adult. The result also suggests that there may be a threshold level
of tyrosinase activity necessary for correct development of the
ipsilateral retinogeniculate pathway, because treatment of Tyr,
LacI double-transgenic animals with IPTG did not result in the
same level of pigmentation seen in Tyr single-transgenic animals
(Fig. 1C).

Animals treated from the beginning of embryogenesis to
E16.5, throughout the phase of neuroblast divisions that produce
the ipsilateral ganglion cells, also had ipsilateral retinogeniculate
projection volumes like those of the unrepressed Tyr animals;
however, a shorter early treatment, from E0 through E13.5, re-
sulted in a smaller ipsilateral projection volume that was not
statistically different from the repressed Tyr, LacI animals that
had received no IPTG. Similarly, treatment with IPTG starting
later than tyrosinase normally begins to be expressed in the RPE,
from E12.5 to weaning, resulted in a smaller ipsilateral projection
volume that was not statistically different from the repressed Tyr,
LacI animals (Fig. 3B). Thus, treatment from E0 to E16.5 was
necessary for correct formation of the ipsilateral retinogeniculate
pathway, but treatment for a shorter period (E0 –E13.5) or only
during a later period (E12.5–P21) was insufficient.

Discussion
These studies define a small window of time during which treat-
ment with IPTG changes the developmental phenotype of the
ipsilateral retinogeniculate pathway in the mouse. Tyrosinase,

which normally begins to be expressed at E10, must be expressed
until after E13 but before E16 for correct development of this
pathway. As depicted schematically in Figure 4, E11.5–E16.5 is
the time during which neuroblasts are dividing and giving rise to
prospective ipsilaterally projecting ganglion cells. Thus, tyrosi-
nase might be required for correct neuroblast divisions or for
some developmental event that occurs as the newly formed gan-
glion cells leave the cell cycle.

There is controversy in the literature based on studies using
different pigment mutants as to whether the degree of pigmenta-
tion correlates with the severity of visual system abnormalities
(Sanderson et al., 1974; LaVail et al., 1978; Mangini et al., 1985;
Balkema and Drager, 1990; Donatien and Jeffery, 2002; Donatien
et al., 2002; Rachel et al., 2002b). The Tyrosinase transgenic ani-
mals used in our studies had less RPE pigmentation than wild
type, but there was no significant difference between the volumes
of the respective ipsilateral retinogeniculate projections (al-
though it is possible that there was a small difference between
these groups that did not reach statistical significance in our stud-
ies). Similarly, delaying IPTG treatment until E12.5 did not affect

Figure 2. Anterograde labeling of the dLGN after unilateral eye injection of peroxidase-
conjugated wheat germ agglutinin (WGA-HRP). A, A model of the retinogeniculate pathway is
shown, highlighting ganglion cells from one eye labeled after injection of the neuronal tracer
WGA-HRP into the eye. B, A brain section showing the pattern of labeling in the ipsilateral and
contralateral dLGN after the injection of WGA-HRP into one eye. Brains were sectioned and
reacted for peroxidase activity to determine the volume of the dLGN containing projections on
the ipsilateral side. This section is from approximately the middle of the nucleus of a wild-type
pigmented mouse.

Figure 3. Derepression of tyrosinase expression at specific time points in development res-
cues a defect in ipsilateral dLGN projection. The ipsilateral projection volume of the dLGN is
graphed. A, Albino mice have a deficit in ipsilateral projection volume in the dLGN. The Tyrosi-
nase transgene rescues this deficit, and the rescue is reversed in the Tyr, LacI double-transgenic
animals, in which expression of the Tyrosinase transgene is repressed. B, IPTG treatment
throughout embryogenesis and until weaning at P21 rescues the albino deficit, as does treat-
ment E0 –E16.5. Treatment E0 –E13.5 and E12.5–P21 fail to rescue the deficit. Asterisk indi-
cates significantly different from both the albino and the Tyr, LacI groups.
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the degree of pigmentation achieved at E16.5 but did cause a
decrease in the amount of ipsilateral dLGN innervation. This
suggests that, at least for our Tyr transgenic animals, it is the
timing of tyrosinase expression or pigment formation, or both,
and not the total amount of pigmentation that is the important
developmental determinant of this effect.

Our result that tyrosinase is necessary during the period of
neuroblast divisions is consistent with an earlier finding that the
retina is the site of action for the tyrosinase effect on development
of the ipsilateral retinogeniculate pathway (Marcus et al., 1996).
When cultured with midline chiasmatic cells from either wild-
type or albino animals, ganglion cell axons from the ventrotem-
poral area of wild-type retinas, which project ipsilaterally, grew
shorter neurites than axons from “crossed” parts of the retina,
which project contralaterally and grow more freely. This response
was found to be independent of the source of the chiasm cells. In
contrast, axons from albino ventrotemporal retinas grown on
either wild-type or albino chiasm cells grew longer neurites, as if
they emanated from the crossed part of the retina. This experi-
ment led to the conclusion that the albino mutation has its effect
in the retina, and not at the chiasm, and causes the abnormally
small ipsilateral retinogeniculate projection that is seen in the
adult albino visual system. Our studies on intact developing ani-
mals correlate with the early culture experiments and further
define the developmental time during which tyrosinase exerts its
effect on ganglion cell development.

The necessity for tyrosinase during neuroblast divisions is
consistent with the observation that early phases of neurogenesis
and cell cycle kinetics are disrupted in albinos (Ilia and Jeffery,
2000; Rachel et al., 2002a). It remains to be determined how
changes in tyrosinase expression and pigment formation in the
RPE affect the neuroblast divisions in the adjacent cell layer.
There is evidence for an effect of altered levels of DOPA, a mela-
nin precursor with known effects on cell cycle (Wick, 1977; Akeo
et al., 1994; Ilia and Jeffery, 1999). It has also been suggested that
melanin could alter calcium levels in the retina by acting as a
calcium sink (Drager, 1985b), with resultant effects on the cell
cycle. It could also be a combination of these mechanisms with
some as yet unidentified molecular signal that leads to perturbed
neurogenesis in the albino retina.

Neuroblast divisions in the retina and subsequent cell fate
determination have been studied for some time (for review, see

Livesey and Cepko, 2001). It appears that both factors intrinsic to
the neuroblast and environmental cues after cell birth are impor-
tant in the determination of cell fate. This has been studied in
relation to whether particular neuroblasts give rise to neurons of
a certain class, for instance, amacrine cells versus cone photore-
ceptors (Belliveau and Cepko, 1999). The results presented here
suggest that for ganglion cells, ipsilateral versus contralateral pro-
jection is also a cell fate determination that is made during the
period of neuroblast divisions.

Taken together, these results suggest that the choice between
ipsilateral and contralateral pathways is specified by ganglion
cells while their axons are still in the retina and that tyrosinase
expression during the period of neuroblast divisions alters this
specification. Although a number of signaling molecules have
been identified that influence retinal ganglion cell pathfinding
(Snow et al., 1991; Deiner et al., 1997; Erskine et al., 2000; Niclou
et al., 2000; Ringstedt et al., 2000), none have been shown to affect
ipsilateral and contralateral cells differentially. Thus, it is not
known what signals are disrupted to cause the inappropriate
crossing of some temporal retinal ganglion cell axons in albino
mammals. Our results suggest that whatever the guidance cues
may be, tyrosinase expression early in development affects the
ability of some ganglion cells to express or recognize the appro-
priate guidance cues once they reach the chiasm.
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