may be a major principle of organization
in other regions of the primate cortex as
well.
PaTrICIA S. GOLDMAN-RAKIC
MICHAEL L. SCHWARTZ
Yale University School of Medicine,
New Haven, Connecticut 06510
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Lipofuscin: Resolution of Discrepant Fluorescence Data

Abstract. Lipofuscin granules (age pigments) emit yellow light under ultraviolet
excitation in the fluorescence microscope. The reported blue emission maximum of
extracts of lipofuscin-laden cells may result from instrumental bias. The major
fluorescent components that accumulate with age in these lysosomal residual bodies
of human retinal pigment epithelium are yellow-emitting fluorophores. Different age-
related fluorophores, which do emit blue light, are derived from other intracellular
sources. A reevaluation of the connection between blue-emitting lipid peroxidation
products and the age-related lipofuscin granules of classical pathology is necessary.

Postmitotic cells of various aging tis-
sues accumulate heterogeneous nonde-
gradable lipophilic materials in lysosom-
al residual bodies called lipofuscin gran-
ules. The residues are believed to be
damaged cell membrane components
that have been autophagized or phagocy-
tized during the life of the cell (7). In situ,
lipofuscin granules fluoresce upon exci-
tation with ultraviolet light (2). The iden-
tity of the fluorophores is not estab-
lished, however, in part because fluores-
cence microscopists have consistently
reported the color of lipofuscin fluores-
cent emission to be yellow or red (3),
whereas extracts of lipofuscin-rich cells
have been reported to exhibit a blue
fluoresence ¢, 5).

Retinal pigment epithelium (RPE) con-
sists of postmitotic cells that phagocytize
photoreceptor outer segment disks (6),
the major source of the lysosomal resi-
due in these cells. Human RPE accumu-
lates lipofuscin with age (7) and is there-
fore a good model for our spectral stud-
ies.

To decide whether the fluorescence of
lipofuscin is yellow or blue and whether
the reported blue peak of extracts (5)
could arise from unusually large solvent
effects (8), we analyzed both intact cells
and extracts in calibrated spectrofluoro-
meters. In addition, high-performance
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thin-layer chromatography (HPTLC)
was used to separate and detect the
fluorescent materials.

The emission spectra were corrected
for the overall spectral sensitivity of the
instruments used. The microspectro-
fluorometer was a Leitz Dialux fluores-
cence microscope with appropriate de-
tecting, amplification, and recording
equipment (9). Interference filters were
placed in front of the photomultiplier
tube (PMT) to select specific wave-
lengths. For corrected spectral analysis,
calibrations were made on the transmis-
sion of all components of the optical path
and on the spectral sensitivity of the
PMT (10). Extracts were measured in
both the microspectrofluorometer and a
spectrofinorometer (Turner model 430)
whose emission monochromator and
PMT unit were spectrally calibrated for
subsequent correction of emission data
(I11) and whose monochromator wave-
length settings were calibrated with a
quinine sulfate standard.

The RPE samples were separated into
two age groups, those from persons over
40 years of age and those from persons
under 40 years of age. For microspectro-
fluorometry, sheets of RPE were dissect-
ed, placed on slides to dry and covered
with immersion oil of very low fluores-
cence. Emission from about seven cells

was analyzed. The RPE from a young
person was matched with the RPE from
an old person, and their respective emis-
sion spectra were measured. The spec-
trum of the RPE from the young donor
was subtracted from that from the old
donor. This difference spectrum elimi-
nates background fluorescence (such as
that from cellular flavinoids or stored
retinol derivatives). In all, 11 matched
pairs were analyzed, the difference spec-
tra were calculated, and the results were
pooled.

In the microscope, lipofuscin granules
appeared to emit broad-band yellow light
when excited with 366 nm. The age-
related cellular emission showed a major
peak at 540 to 640 nm (yellow-orange)
and a minor peak at 460 nm (blue) (Fig.
1A). Thus, a substance accumulating
with age in human RPE cells emits yel-
low light.

To separate the component fluoro-
phores, we lyophilized human RPE cells
(12) and extracted them by the Folch
chloroform-methanol procedure (13). All
solvents contained butylated hydroxy-
toluene (5 mg/100 ml), and tissues and
HPTLC plates were stored under argon
to retard peroxidation (/4). In polar ex-
tracts, the chromatographic profile (/5)
showed a weak blue fluorescence, but
only in the RPE from old donors (Fig. 2,
left). However, most of the fluorescence
was in the nonpolar extract.

The corrected emission spectrum of
the highly fluorescent nonpolar extracts
of RPE from old donors (Fig. 1B) was
similar to that of the intact cells (Fig.
1A). A smaller blue emission peak was
largely overshadowed by a broad peak at
540 to 580 nm. Chromatographic separa-
tion of this extract (I6) revealed two
intense blue bands that were not detect-
ed in similar extracts from young individ-
uals (Fig. 2, middle). Several other bands
common to samples from young and old
donors were intensely fluorescent in the
yellow and orange range of the spec-
trum. The RPE from young donors also
contained some fluorescent granules, but
quantitation of fluorophores was not at-
tempted.

To determine whether the age-related
blue-emitting fluorophores had originat-
ed in the lipofuscin granules, we frac-
tionated the RPE homogenates from old
donors (17) and isolated the lipofuscin
granules. Analysis of nonpolar extracts
of the lipofuscin granule fraction by
HPTLC (i8) revealed only yellow-emit-
ting components, the major one being a
band at the origin (Fig. 2, right).

Our study reemphasizes that the spec-
tral characteristics of all components of

0036-8075/82/0514-0757$01.00/0 Copyright © 1982 AAAS 757



spectrofluorometric equipment must be
scrutinized so that long-wavelength flu-
orophores are not overlooked (/9). The
spectral efficiency of the emission mono-
chromator and spectral sensitivity of the
PMT combined in their effects to render
our spectrophotometer at least an order
of magnitude less sensitive to light at the
yellow and red end of the spectrum than
to the blue wavelengths (Fig. 1C). If
these instrumental shortcomings had not
been corrected, we would have failed to
detect the fluorescent yellow compo-
nents in the extracts (Fig. 1B). The same
phenomenon has been encountered in
other lipofuscin studies. For example,
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neuronal lipofuscin emission is yellow in
the fluorescence microscope (20), and
although an early spectral study reported
dual emission peaks at 440 to 460 nm and
530 to 560 nm (21), the yellow compo-
nents were not detected in more recent
spectral analyses in situ (22) and in vitro
(23). Difficulty in correlating morpho-
metric data of lipofuscin granule accu-
mulation with assays of the extractable
blue fluorophore was reported in another
study (24). Awareness of instrumental
limitations may help to strengthen lipo-
fuscin research.

Speculation as to the possible nature
of the lipofuscin fluorophores in various
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Fig. 1. Spectrofluorometric analysis of fluo-
rescent emission (illuminated at 366 nm) of
intact human RPE cells and cell extracts. (A)
Corrected age-related emission spectrum of
intact RPE cells. The background cellular
emission was eliminated by subtracting the
spectral emission of the RPE of young donors
from that of old donors. Each point represents
the mean *+ standard deviation of 11 paired
samples. (B) Emission spectra of nonpolar
chloroform extracts of whole human RPE

from donors over 40 years of age. Dashed curve indicates spectrally corrected fluorometric
equipment (Leitz and Turner); solid curve, no spectral correction (Turner). (C) Spectral
sensitivity curve of the Turner spectrofluorometer. The curve combines the spectral efficiency
of the emission monochromator and the spectral sensitivity of the PMT.

Fig. 2. Fluorescence chromatograms of RPE extracts under 366-nm illumination. (Left)
Fluorophores of polar extracts of (left to right in groups of three) human RPE from donors over
40 years of age and human RPE from donors less than 40 years of age (5 mg each). Cellulose
HPTLC plate developed with butanol, acetic acid, and water (/5). (Middle) Fluorophores of
nonpolar extracts of (left to right in groups of three) human RPE from donors over 40 years of
age and human RPE from donors less than 40 years of age. Silica gel HPTLC plate developed
with n-heptane, chloroform, methanol, and acetic acid (16). (Right) Fluorophores of nonpolar
extracts of whole human RPE from donors over 40 years of age (left three columns) and isolated
lipofuscin granules from human RPE of the same age group (right three columns). Silica gel
HPTLC plates developed with hexanes, chloroform, methanol, and acetic acid (18).
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tissues has centered on retinoids (24) and
on by-products of lipid peroxidation,
such as malondialdehyde, which can
cross-link amine-containing compounds
via N,N’-disubstituted 1-amino-3-imino-
propene linkages (—NH-CH=CH-
CH=N-) (25). This imine-conjugated
Schiff base structure fluoresces with an
emission of between 430 and 480 nm
(blue) regardless of the amine donor mol-
ecule. No yellow-emitting products have
been reported to originate by this mecha-
nism. The formation of blue fluorescence
in cell organelles under peroxidative
stress has been well documented (26), as
has the accumulation of blue fluoro-
phores with age (27). Indeed, in our
studies, at least two blue-emitting fluoro-
phores were associated with old, but not
young, whole cell extracts, and these
may indicate membrane damage. How-
ever, the absence of blue-emitting fluo-
rophores from extracts of isolated lipo-
fuscin granules suggests that the blue flu-
orophores are not main contributors to
the lipofuscin granule fluorescence in
situ. The relationships, if any, between
the blue-emitting fluorophores and the
yellow-emitting fluorophores associated
with lipofuscin granules remains to be
determined.

Thus, while the term lipofuscin has
come to be used for blue-emitting ex-
tracted fluorophores, we suggest that the
word lipofuscin be reserved as a generic
term for the age-related lysosomal resid-
ual bodies of classical pathology and cell
biology. This will avoid implications as
to the chemical structure of the fluoro-
phores in the granules until they have
been unequivocally identified and their
etiology has been elucidated.
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Early Chronic Low-Level Methylmercury Poisoning in Monkeys

Impairs Spatial Vision

Abstract. Five monkeys were treated from birth with oral doses of mercury as
methylmercury (50 micrograms per kilogram of body weight per day); concentrations
in the blood peaked at 1.2 to 1.4 parts per million; and declined after weaning from
infant formula to a steady level of 0.6 to 0.9 part per million. There were no overt
signs of toxicity. When tested between 3 and 4 years of age under conditions of both
high and low luminance, treated monkeys exhibited spatial vision that was impaired

compared with that of control monkeys.

In the outbreaks of human poisoning
from methylmercury in Japan and later
in Iraq, one of the most consistent signs
in adults was deficits in visual function.
The deficit that has received the most
emphasis is constriction of the visual
fields, although other visual deficits, par-
ticularly changes in visual acuity, have
been reported with equal frequency (1).
Human data suggest that the fetus or
neonate exposed to methylmercury in
breast milk may be at greater risk from
methylmercury poisoning than the adult
and that the signs may be different from
those of adult methylmercury poisoning
2, 3.

The visual system of macaque mon-
keys resembles that of humans (4) and
exhibits the same signs and pathological
lesions as that of humans when exposed
to methylmercury (5-7). Macaques are
therefore excellent models for testing the
effects of methylmercury on the visual

system. We separated cynomolgus mon-
keys (Macaca fascicularis) from their
mothers within 12 hours after birth and
raised them in a primate nursery (8).
They were given oral doses of mercury
(0 or 50 pg per kilogram of body weight
per day) as methylmercury starting at
birth and continuing throughout the pe-
riod of testing. Blood concentrations
peaked at approximately 1.2 to 1.4 ppm
and dropped after withdrawal of infant
formula at 200 days of age to a steady
level between 0.6 and 0.9 ppm (9). None
of the monkeys showed any overt signs
of toxicity. Food intake and weight gain
were indistinguishable from those of
control subjects and routine hematolog-
ical measures were normal. No abnor-
malities were detected during regularly
scheduled clinical neurological examina-
tions, and treated monkeys were as agile
in the large exercise cages as controls.
Optic head and macula appeared nor-
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Fig. 1. Diagram of the apparatus.
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