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ABSTRACT The localization of calcium binding sites in
eyes was determined autoradiographically after extracting
endogenous Ca from tissue sections and replacing it with 45Ca.
The strongest labeling was associated with pigmented tissues
due to the high concentration of melanin, which was shown to
bind Ca effectively and in a pH-dependent fashion. The second
strongest binding was over the tapetum lucidum of the cat eye,
and moderate labeling was associated with eye muscles and
epithelium and endothelium of the cornea. The neural retina
was generally more lightly labeled than the surrounding tissue
of the eye; here the plexiform layers stood out in comparison to
the nuclear layers, as did a band located internal to the
photoreceptor outer segments. The possibility that the Ca
buffering capacity of melanin may represent the common
denominator for the various neurological defects found in
hypopigmentation mutants is discussed.

Hypopigmentation mutants in mammals have two types of
visual abnormalities that cannot be explained by insufficient
light screening but point to another, unidentified function of
pigment. The first abnormality is due to miswiring of optic
connections; it includes the extensively studied defect in
optic nerve crossing (1, 2) and probably also the eye move-
ment defects (3-5). The second type is a dynamic defect that
depends on direct contact of the neural retina with the retinal
pigment epithelium (RPE): in optic nerve recordings from
intact pearl mice, a hypopigmentation mutant not allelic with
the albino, visual thresholds were elevated about 100 times at
dim backgrounds, as compared to fully pigmented mice, but
were about normal at bright ambient illumination (6); when
recordings were done from ganglion cells in isolated retinas,
however, visual thresholds of normal and pearl mice were
indistinguishable (7). Defects in optic nerve crossing and eye
movements are caused by mutations at any of several genes
involved in pigmentation; severity of defects correlates
roughly with the degree of impairment in pigmentation of the
RPE and not with pigment in any other tissues (8-10). This
is consistent with the notion that the defects are expressed in
the embryo, because the RPE becomes pigmented at early
stages of eye development, long before any other pigment
appears in the organism; the choroid of the eye, for instance,
assumes pigment only several days after birth in mice, at a
time when optic connections are for the most part well
established. It is not known with which pigment, if any, the
light sensitivity defect may correlate, as it has only been
described in pearl mice; a similar defect does seem to be
present in albino mice (unpublished observations) and it may
also be reflected in visual abnormalities found in albinos of
several species, including humans, which cannot be ex-
plained by light scatter or aberrant crossing (11, 12).

METHODS AND RESULTS
Mice were perfused with paraformaldehyde and (in some
cases) glutaraldehyde, and their eyes were dissected as eye
cups, cut on a cryostat at 10 ,m, extracted with 20mM EGTA
and 20 mM EDTA, and washed in pH 7.4 Tris buffer that had
been stored over chelating resin. The sections were incubated
for an hour with about 5 Am 45Ca (New England Nuclear;
specific activity 14 mCi/mg; 1 Ci = 37 GBq), washed
thoroughly, and pressed for a few hours to a few days against
pieces of 35-mm film (Kodak Tech Pan or Ilford HP5)
together with controls to exclude chemography. Fig. lA
shows a direct print of the unstained, uncleared sections and
Fig. 1B shows a print of the autoradiograph. There were no
obvious indications of increased Ca binding to locations rich
in phosphorylated neurofilaments (13) such as the optic nerve
(arrow) under any of the conditions used here nor was there
a difference with the state of light adaptation (upper versus
lower eye cups in Fig. 1A). The one Ca binding site that
overshadowed all more subtle inhomogeneities was associ-
ated with pigmented tissues: the left, heavily labeled pair of
eyes was from a normally pigmented mouse (C57BL/6J) and
the right pair was from a congenic albino mouse (C57BL/6J-
c21). The back of the eye contains two layers of pigmented
tissue: the RPE, which derives from the neural tube, and the
choroid, in which the pigment is of neural crest origin. The
contributions of these two layers to the Ca autoradiography
were distinguished by comparing the eye of a steel-Dickie
mouse (DBA/2J-Sl/Sld) to the other two; steel mutant mice
are white with black eyes, because all neural-crest-derived
pigment is missing but the neural-tube-derived pigment is
normal (14). Fig. 1C shows autoradiographs of sections
through whole eyes with appendages: in the steel mouse the
Ca label in iris and ciliary body looks almost normal, but the
band around the back of the eye is substantially thinner, as
normally the choroid contributes the bulk of the pigment
here.

In the embryonic RPE accumulation of Ca began with
appearance of pigment at embryonic day Eli. Fig. 2 shows
coronal sections through heads of pigmented and albino
embryos (about E14): here and in other sections it was
evident that no tissue in the head or entire body labeled as
intensely as the pigmented RPE; no comparable labeling was
obvious in the albino. Affinity ofCa was not restricted to eyes
of mice, but rather was apparent in all pigmented tissues of
several vertebrates examined, and the intensity of the label
always correlated with the degree of pigmentation.
To test whether the Ca binding is a property of melanin

itself, synthetic melanin (Sigma) was put into dialysis tubing
(3500 or 8000 molecular weight cutoff), extracted with 20mM
EGTA and 20 mM EDTA, washed, and dialyzed to equilib-
rium with different concentrations of labeled Ca and at
different pH levels. Under all conditions the melanin fraction
accumulated a substantial amount of the label, but the

Abbreviation: RPE, retinal pigment epithelium.
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FIG. 1. Direct (negative) prints of unstained, noncleared sections
through pigmented and albino eye cups (A) and ofCa autoradiograph
(B). (C) Negative print of Ca autoradiograph from a section through
eyes of steel, albino, and black mice. The steel mutant has only
neural-tube-derived pigment. Note also labeling of the Harderian
gland (H) and eye muscles (m).

binding (at 1 mM Ca) was about four times higher at neutral
pH than at pH 4. This pH dependence resembled the pH
dependence of Ca binding to eye cups, where it was more
conveniently tested, as mouse eye cups are much smaller and
contain their melanin better than the dialysis tubing. Eye
cups, like the ones sectioned for Fig. LA, were dissected from
perfusion-fixed pigmented and albino mice, and endogenous

A

Ca was extracted and replaced by labeled Ca at pH levels
from 4 to 7.5, with; a combination of acetate/Mes/Hepes
buffers (Sigma). Fig: 3A shows the accumulations at 1 mM Ca
concentration: labeling 4cpreased with decrease in pH both
in the pigmented and albI p eye cups, indicating that protons
compete with Ca at most of the Ca binding sites.
Under the conditions of Fig. 3A the pigmented eye cups

accumulated about twice as much label as the albino ones:
this difference is obvious but it does not approximate the one
seen in the autoradiographs. The discrepancy appeared to be
due to the choice of affinity conditions: the sections were
incubated with 5 AM Ca and thoroughly washed, whereas the
eye cups were brought to equilibrium with 1 mM Ca. To test
this explanation, pigmented and albino eye cups were equil-
ibrated with 1 mM labeled Ca in pH 7.4 Tris buffer and then
vigorously washed; single eye cups were'removed at defined
times and assayed'for radioactivity. Fig. 3B shows that the
black eye cups again bound about twice as much Ca prior to
washing as the albino ones, but the difference increased with
washing time. After 5 hr the black eye cups contained about
15 times more label than the albino ones. This explains why
rinse times, ranging from S min to 5 hr, seemed rather
uncritical for the autoradiographical appearance of the pig-
ment label: the overall labeling intensity decreased slowly,
but the pigment signal-to-background noise increased; in the
10-pum sections the affinity difference, apparent in Fig. 3B,
must be reached within Minutes of rinse times. To illustrate
some of the more subtli Ca binding sites, sections were
rinsed for relatively short times or were overexposed with
respect to the pigment label (or both). Fig. 1C shows the
relatively high accumulation of label over eye muscles, and
other examples are given in Fig. 4: the corneal epithelium and
endothelium accumulated rather high amounts of Ca (Fig.
4A); in the neural retina the plexiform layers were relatively
more heavily labeled than the nuclear layers, as was a line
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FIG. 2. Positive prints of unstained and noncleared coronal

sections through heads of pigmented (C) and albino (D) embryos;

autoradiographs are shown in A and B; sections were washed for 30

mmn following 45Ca incubation and were exposed for 40 hr.
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FIG. 3. Ca binding to pigmented and albino eye cups as a function
of pH (A) and of rinse time (B). 45Ca ratio indicates the total
radioactivity of the eye cups divided by the total radioactivity of the
buffers; buffer volumes were 1 ml; single eye cups weighed between
6 and 6.7 mg.
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can interfere with the Ca binding. Ca-depleted sections ofblack
and albino eyes were incubated in 45Ca together with other
divalent cations-magnesium, manganese, zinc, and barium-
either at equimolar ratios (10 ,uM Ca2+ + 10 ,uM metal2+) or

with the other metals at higher concentration than Ca (10 ,uM
Ca2+ + 5 mM metal2+). Fig. 5 shows autoradiographs of such
experiments: at low concentrations and equimolar conditions
the Ca binding was not noticeably affected, but at 500 times
higher concentrations the other metals partially interfered with
the Ca binding; the effect ofMg was minimal, but Mn, Zn, and
Ba substantially reduced the Ca binding. The monovalent
cations sodium and potassium had no effect, even at 20,000
times the concentrations of Ca. The reduction of Ca binding
probably reflects binding of the other cations to melanin, either
at the same sites as Ca or at neighboring sites whose binding
causes a reduction in Ca sites.

If the Ca binding to pigmented layers of the eye is more
than a coincidence and serves a function in vision, it could be
argued (see below) that the light sensitivity defect in the
hypopigmentation mutant pearl might reflect a defect in Ca
regulation. There is, however, a problem: pearl's impaired
light sensitivity is only obvious at dim backgrounds, but there
is a large number of species adapted for night vision, which
lack black pigment over the most important part of their
retina, at the tapetum lucidum. This highly reflective layer
behind the neural retina, which serves to bounce off
nonabsorbed photons and give the photoreceptors a second
chance, differs widely between species in composition and
embryonic origin (15). In the cat, the species tested here, the
tapetum is made up of modified choroidal cells. Sections
through cat retina with tapetum and choroid were labeled
with 45Ca: as in mice there was massive accumulation in

E
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FIG. 4. Ca autoradiographs demonstrating nonpigment related

binding. (A) Section through eye of ferret, washed for 5 min and
overexposed (3 days): the heavy pigment labeling covers the entire
neural retina; note the lighter labeling of corneal epithelia and eye
muscles. (B and C) Print and autoradiograph of section through
mouse retina (wash time, 15 sec; exposure, 1 week). The labeling
seen here was the same in light- and dark-adapted retinas, and it wbas
not altered when all incubations were done in phosphate buffer in
order to inhibit phosphatases. Retinal layers: onl, outer nuclear
layer; opl, outer plexiform layer; inl, inner nuclear layer; ipl, inner
plexiform layer. (D and E) Autoradiographs ofembryo sections from
same block as in Fig. 2 (wash time, 15 sec; exposure, 4 days). The
left section is from an albino and the right one is from a pigmented
embryo at a somewhat more rostral level.

that localized to the outer edge of the retina but internal to the
outer segments (Fig. 4B and C); the embryo sections showed
labeling patterns over different tissues that were as repro-
ducible as a histological stain (Fig. 4 D and E).
An approximate value of the melanin content in the eye

cups (about 50 tug) was obtained by comparing the optical
density of Protosol-dissolved pigmented eye cups to albino
eye cups with known amounts of synthetic melanin added.
From the Ca binding to eye cups and from the dialysis
experiments with synthetic melanin it was estimated that at
1 mM Ca concentration 1 g of melanin binds between 10 and
100 mg of Ca. The estimate for natural melanin was higher
than for synthetic melanin, which might point to a Ca binding
factor in pigmented melanosomes in addition to melanin.
However, since the defect in the albino mutant is presumably
restricted to the tyrosinase locus and since no elevated Ca
binding was seen in albino RPE and choroid, it is more likely
that the higher Ca/melanin estimate for eye cups reflects the
tight and probably ordered packing of natural melanin in
melanosomes.
The next question asked was to what extent other cations
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FIG. 5. Autoradiographs of sections through pigmented and
albino eyes incubated with 45Ca in the presence of other cations as

indicated; 0 indicates no additional cation. [Direct (negative) prints.]
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pigmented sites, but, in addition, there was a weaker accu-
mulation over the tapetum, which, in Fig. 6, has been isolated
by scraping away on the slide the melanin-containing choroid
external to the tapetum; Fig. 6A shows a positive print of the
unstkined section, Fig. 6B identifies the tapetum through its
autdfluorescence (due to riboflavin-, ref. 16), adld Fig. 6C
shows the overexposed autoradiograph; on shorter expo-
sures the tapetum was labeled with about half the 'intensity as
the choroid. Internal to the band of label corresponding to the
tapetum a thin band can be seen in Fig. 6C over the neural
retina, which appeared to localize internal to the outer
segments, approximately to the level of the outer limiting
membrane. This line of label may correspond to the outer
band in the isolated mouse retina (Fig. 4C); what it represents
is not clear.

C

FIG. 6. Section through curled-up retina of cat. (A) Positive print

of unstained tissue; oni, outer nuclear layer. (B) Same section viewed

under fluorescence microscope (fluorescein isothiocyanate optics)

showing autofluorescence of the tapetum lucidum. (C) Ca autoradi-

ograph; note the labeling of the tapetum and of a thin layer internal

to the outer segments (arrow). The relative ratios of labeling were not

influenced by incubation of the sections in 10 mM ZnCl2 prior to

incubation with "5Ca in order to replace zinc removed from the

tapetum by the chelating agents.

DISCUSSION
Melanin consists of structurplly ill-defined polymers contain-
ing indole-5,6-quinone uthits (17). Except for a role in
photoprotection, its biological, function is unknown, although
its unusual chemical composition provides some clues: due to
the high content of quinone and hydroquinone groups, it
constitutes a biological redox polymer, and under all condi-
tions it has free radicals, which are thought to make it a
scavenger ,for photolytically or otherwise generated free
radicals (18). In addition, melanin complexes metals with an
affinity that increases with increasing valence and atomic
weight of the metal (19, 20).1 this explains reports of highly
variable and sometimes excessive Amounts of heavy metals
in pigmented tissues and fias'led to the proposal that one
function of melanin is to scavenge potentially harmful metals
(20, 21). Whenl Ca was inclUded in those studies, its binding
to melanin was found to be rather weak and reversible as
compared to heavier metals; the alkali metals did not bind at
all (18, 20). B3ecause under normal physiological conditions
Ca and Mg are the only metals with melanin affinity that are
present in more than traCe amounts, the Ca binding to
melanin must be strong enough to account for the very high
concentration found in pigmented tissues: Hess (22) mea-
sured 15 mM Ca in the RPE of frogs. Similarly, direct binding
of Ca to melanin would explain the present observation that
there is no structure in the eye and probably the entire
organism that binds Ca as effectively as pigmented tissue.
Since binding of an ion of such physiological relevance as Ca
is not likely to represent a scavenger function of melanin, the
possibility arises' that melanin may somehow contribute to Ca
regulation; howvever, so far only circumstantial arguments
favor this suggestion.
As most of the metabolic supply to the outer portions of

photoreceptors comes from the choroidal blood circulation
and via the RPE, unusual properties of the RPE are thought
to reflect the need ofphotoreceptors, and as Ca levels in outer
segments are tightly regulated, the high Ca concentration in
pigmented tissues behind the retina could indicate an involve-
ment of the RPE in this process. The limited observations on
the tapetum of the cat might suggest that alternate mecha-
nisms may exist in this species to partially compensate for the
lack of Ca binding to melanin in amelanotic fundus parts. It
is peculiar, hoWever, that this binding is in the choroid, which
is separated from the photoreceptors by the unpigmented
RPE. In view of the diverse nature of tapeta, in different
species, no general conclusions are possible here. Neverthe-
less, an asssociation of Ca binding structures with eyes may
be more than a coincidence, as it applies also to inverte-
brates, who use screening pigments that differ from melanin:
Schroder et al. (23) measured >100 mM Ca in the pigment
granules of crayfish eyes, which conitain ommochromes, and,
similarly, in Ca autoradiographs of eye pigment mutants in
Drosophila the highest binding correlates with the presence
of ommochromes (unpublished observations).

In vertebrate retinas the Ca concentration within rod outer
segments is thoulht to be regulated to a large extent by
exchange with the interphotoreceptor 90ace: cytoplasmic
free Ca is increased by the dark current and decreased by the
Na'/Ca2 exchahger; free Ca is relatively high in the dark
and low in the light (24-26). Recently it hias been shown that
Ca is probably not the internal messenger within rod outer
segments, but it may influence phototranisduction through
regulation ofcGMP metabolism (27, 28): through inhibition of
guanylate cyclase arid stimulation of phosphodiesterase, it
may adjust cGMP activity to a middle working range (29, 30).
As these actions should mimic the effects of light and as they
should be relatively more operative in the dark, when free Ca
levels are high, they could be described as possible mecha-
nisms in dark adaptation. Lowering Ca around and within
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photoreceptors increases the dark current but has different
effects on the light response depending on the level of Ca
depletion: relatively minor depletion results in sensitivity loss
for dim flashes but a steeper light/response curve ("supra-
linearity"), and severe Ca depletion causes an overall po-
tentiation in the light response (31-34). These effects evi-
dently require actions of Ca beyond those identified so far. It
is possible that the electrical events in the RPE triggered by
the electrical activity in photoreceptors (35) could result in
slight pH shifts in intracellular compartments, which may
cause rapid and massive changes in free Ca due to the high
capacity and affinity of the Ca buffer. Such a mechanism
could influence the rate of Ca changes in photoreceptors.
(There was no indication that the Ca binding tested here could
be directly influenced by light.)
The defect found in pearl mice, however, was related to the

steady state of dark adaptation rather than its rate (6). If it
were a reflection of a relative Ca deficit, one would have to
postulate that the RPE somehow takes part in the regulation
of Ca homeostasis in photoreceptors. In theory, it seems
possible that the Ca concentration in the interphotoreceptor
space may differ from the extracellular milieu, as the ionic
composition here is to some extent controlled by the RPE
(reviewed in ref. 36); in addition, in this context one wonders
about the significance of the band of Ca binding internal to the
outer segment layer (Figs. 4C and 6C). However, in record-
ings with Ca-sensitive electrodes from eye cups of light-
adapted frogs, no obvious deviations from general extracel-
lular levels were found (36). It may be of interest to measure
Ca levels around photoreceptors at different illumination
levels and to compare pigmented and albino eyes.
Hypopigmentation is also associated with defects in the
auditory system, which are believed to reflect a higher
susceptibility to noise trauma (37). The only pigment in the
auditory system is located in the inner ear, mainly in the stria
vascularis, the tissue thought to generate the endolymph and,
hence, to control the ionic milieu around the hair cells. Thus,
in this respect a loose parallel exists between the strategic
positions of the RPE and the stria vascularis.

In the developing rharhmaliAn visual system there is over-
whelming evidence of an involvement of pigment in the
correct formation of optic connections, although the mech-
anism is not clear. It has been proposed that pigment affects
the routing of optic axons (38, 39). In addition, it can be
argued that pigment is already involved earlier in the speci-
fication of the r.tina, since the RPE becomes pigmented at a
time when the first ganglion cells leave the mitotic cycle and
when the retina is presumably undergoing irreversible spec-
ification (40): lack of pigment does not infuence the retinal
map, but it affects the determination of a property that makes
optic axons either cross themidline of the brain or stay away
from it, and the defect in optokinetic nystagmus can be most
plausibly explained by a miswiring of inputs to one class of
ganglion cells in temporal retina, resulting in an axial rever-
sion in directional selectivity (41). When melanin is synthe-
sized at a high rate in early eye development, the RPE may
represent a temporary Ca sink, hence causing a lowering of
Ca in cells of the adjoining neural retina with which it is
connected via gap junctions at this stage (42,43); this, in turn,
might influence the timing sequence of other processes by
slightly delaying the closure of gap junctions. In this case the
albino abnormality may reflect a defect in temporal coordi-
nation (44). In addition, the emerging pigment may have an
effect on Ca-dependent cell adhesion mechanisms, and a
defect may relate to the abnormal course of optic axons found
in hypopigmentation mutants (39).
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