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INTRODUCTION

The phagosomes which were not digested com-
pletely by lysosomal enzymes are accumulated into
lipofuscin granules during aging of retinal pigment epi-
thelium (RPE). In turn, the phagosomes consumed by
RPE cells contain debris of outer segments of retinal
rods and cones. The size of a single lipofuscin granule
is 0.5 x 1.0 micron. In addition to the remains of pro-
teins and lipids, it contains more than ten fluorophores
and photosensitizers which, probably, are the products
of conversion of all-trans-retinal which is released
from the molecule of visual pigment due to pigment
photolysis.

Chemical nature was established only for two fluo-
rophores. They are bis-retinylidene ethanolamine
(A2E) [1] and the dimer of all-trans-retinal with phos-
phatidylethanolamine [2]. Under the exposure to visi-
ble light, lipofuscin granules generate reactive oxygen
species which, in turn, may damage proteins, lipids,
and DNA and initiate apoptosis in of pigment epithelial
cells [3—6]. It was found that the development of degen-
erative deceases of the retina correlates with the accu-
mulation of lipofuscin granules in the RPE cells, and
light may intensify progression of these deceases. It is
possible to hypothesize that the damaging effect of
light on the RPE cells is determined mainly by the pho-
tochemical activity of lipofuscin granules and their flu-
orophores. Therefore, it is important to study the struc-
tural, spectral, and photochemical characteristics of
lipofuscin granules from the RPE cells to understand
the pathogenesis of these severe eye diseases and to
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develop prophylactic measures against them and, pre-
sumably, the methods of their treatment.

In this study, we investigated the ultrastructural
organization and fluorescent properties of single lipo-
fuscin granules by the methods of atomic force micros-
copy and near-field microscopy. We found that the
inner structure and the distribution of fluorescence in
the granule were not homogeneous. Note that the fluo-
rescence of lipofuscin granule during irradiation with
visible light was decreased.

MATERIALS AND METHODS

Preparation of lipofuscin granules. Lipofuscin
granules were obtained from retinal pigment epithe-
lium (RPE) of eyes of 50- to 75-year-old donors as
described in [3, 4]. Donor eyes were obtained from the
eye bank of Moscow Institute of Eye Microsurgery. The
donor eyes did not have any ophthalmologic deceases.
The RPE cells were separated from the tissue with the
aid of a coarse brush, placed in phosphate buffer, and
sonicated at 4°C for 60 s at a frequency of 22 kHz and
the maximum resonance. The undestroyed remains of
RPE cells were removed by centrifuging at 60g for
10 min. The supernatant was centrifuged at 6000g for
15 min to pellet pigment granules. The pellet of gran-
ules was suspended in 0.3 M sucrose, layered on a
sucrose density gradient (molar densities, 2.00 : 1.80 :
1.60:1.55:1.50:1.40:1.20 : 1.0), and centrifuged at
103000 g for 1 h. The pellets containing lipofuscin
granules (1.0-1.4) were collected and centrifuged in
the sucrose density gradient. Finally, lipofuscin gran-
ules were washed three times from sucrose by 0.1 M
phosphate buffer. The concentration of granules was
determined in the Goryaev chamber by the standard
method. The initial concentration of granules was
3x 10% granules/ml. In the experiments, lipofuscin
granules were resuspended in 0.1 M potassium phos-
phate buffer (pH 7.3).
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To prepare samples for microscopy, the suspension
of lipofuscin granules was diluted with water in 100-
200 times and placed in the ethanol-containing solu-
tion. A drop of the granule suspension was placed on a
cover slip which was then placed in a desiccator for
drying.

Atomic force microscopy and near-field microscopy.
The experimental device was made with the use of an
Olympus IX71 inverted optical microscope equipped
with the heads of an atomic force microscope or a near-
field microscope. A silicon needle (radius, approxi-
mately 10 nm) was used as a probe in the atomic force
microscope. We used a semi-contact mode which may
be used to study soft biological samples.

Single-mode optic fiber whose end was sharpened
by chemical pickling was used as a probe for near-field
microscope. The fibers were covered with a thin alumi-
num layer which reflects the most part of light back into
the fiber to prevent discharge of light through the fiber
sides. An aperture with a diameter about 100 nm was
made on the fiber end. The use of such a small aperture
allowed us to achieve spatial resolution which was less
than the wavelength.

The second harmonic (420 nm) of a femtosecond
laser or the irradiation of a continuous-wave laser (wave-
length, 532 nm) was applied to the free end of the fiber.
The power applied to the fiber was less than 1-3 mW to
prevent the destruction of the sharpened part of the
probe. The light coming through the sample and probe
aperture was collected by the microscope objective
(40%, NA = 0.65) and recorded in each point of the sam-
ple with the use of a photo amplifier (PA). The map of
optical transmission of the sample was obtained by suc-
cessive recording of light coming through each point of
the sample. An Acton SP-300 polychromator and a
Pi-MAX highly sensitive PZS camera with a bright-
ness amplifier were used as a detector instead of PA to
record the fluorescence spectra in the single points of
the sample.

RESULTS
Atomic Force Microscopy

Figure la shows the image of a single lipofuscin
granule. The size of scanning region was 4.1 X 4.1 wm;
the height of the granule, 700 nm; and the diameter of
the bottom, 2.9-3.3 nm. The granule had two “humps”.
The distance between them was 800 nm; the depth of
hole between them, 100 nm. Such shape and character-
istic sizes were typical of all lipofuscin granules stud-
ied. A similar shape of the granules was also described
in [7].

Figure 1b shows the image obtained during scan-
ning of the central region of the granule by means of
phase contrast. Two types of formations with character-
istic sizes of 100-120 nm or 30—40 nm are seen in the
image. The method of phase contrast may provide addi-
tional data on rigidity of the granule material. The gran-
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ule contains mainly a soft material (shown with dark
colors), whereas it central part contains aggregates of a
more rigid material (shown with bright colors).

Near-Field Microscopy

Figure 2a shows the height profile of a single gran-
ule obtained with the aid of a near-field microscope. We
marked six points in which we recorded the fluores-
cence spectra. All points were in the central part of the
granule. The distance between them varied from 0.5 to
3.5 um.

As it was mentioned, the sample fluorescence was
excited with the use of a probe fiber of the near-field
microscope. A very small volume is excited in each
point, therefore, it is necessary to measure very small
fluorescent signals. A PZS camera equipped with a
brightness amplifier and cooled by Peltier elements was
used to record these signals. However, the fiber which
was used to prepare the probe had self-fluorescence. We
recorded self-fluorescence of the fiber during the appli-
cation of 420-nm light to the fiber. However, the inten-
sity of this parasitic signal was comparable with the
intensity of the useful signal (the sample fluorescence)
and was shifted a little towards the longwave range. The
fluorescence spectra of lipofuscin granule were
obtained by subtraction of the baseline signal. We are
planning to eliminate self-fluorescence of the probe
fiber by selection of a special optical fiber.

As shown on Fig. 2a, the fluorescence spectra at the
points /-3 were very similar by both shape and inten-
sity. The maximum of these spectra was at 575 nm. The
spectrum with a similar shape was observed in the point 6;
however, its intensity was smaller almost by an order of
magnitude. We did not observe any fluorescence in the
point 5. A small signal with the maximum at 675 nm
was recorded at the point 4. These data suggest that the
fluorophore distribution in a single lipofuscin granule is
heterogeneous.

Figure 2b shows a decrease in the fluorescence
intensity during long-term irradiation of several lipo-
fuscin granules with green light (wavelength, 532 nm).
Samples were excited using the probe of the near-field
microscope. The fluorescence spectra recorded after a
continuous irradiation with increasing light doses from
0 to 24 x 103 J/cm? are shown. It is seen that an increase
in the dose considerably decreased the fluorescence
intensity. Moreover, the fluorescence spectra were
changed. These data indicate that irradiation of lipofus-
cin granule at 532 nm induces a decrease in the concen-
tration of fluorophores, their bleaching and conversion
into the products absorbing light shorter than 420 nm.
A change in the spectrum shape may be determined by
the presence or appearance in the granule of fluoro-
phores which differ from A2E.
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Fig. 1. (a) Topography of a single lipofuscin granule obtained with the use of an atomic force microscope (semi-contact mode). The
image size is 4.1 X 4.1 um; the diameter of the granule bottom, ~3 pm; the size of middle part of the granule, 1 um; and the height,
700 nm. (b) Image of the central part of the granule obtained by the method of phase contrast. The image size is 1.6 X 1.6 um. Two
types of formations with characteristic sizes of 30—40 and 100-120 nm are seen.
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Fig. 2. (a) Topography of a single lipofuscin granule obtained with the use of a near-field microscope. The points in which we
recorded the fluorescence spectra are marked. The respective fluorescence spectra are shown. (b) Decrease in the fluorescence inten-
sity during long-term irradiation of a cluster of lipofuscin granules with light with a wavelength of 532 nm.
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DISCUSSION

The data obtained with the use of electron micros-
copy suggest that the lipofuscin granule is homoge-
neous [8]. However, atomic force microscopy and near-
field microscopy showed that it is not the fact. The
granule is heterogeneous and consists of smaller aggre-
gated particles. It is possible that these particles consist
of “linked” insoluble proteins which, according to the
data of chemical analysis, form granule by 30-70% [9].
Further ultrastructural, photo- and biochemical studies
are required to understand the process of biological
synthesis of lipofuscin granules in the RPE cells under
normal and pathological conditions.

It is known that the excitation of lipofuscin granules
with blue light induces fluorescence in the yellow range
of spectrum (A, = 600 nm) [10]. It was hypothesized
that this fluorescence is emitted by one of the main flu-
orophores (such as A2E and/or iso-A2E).

However, the study of single lipofuscin granules
showed that the coincidence of the spectra of the gran-
ule fluorescence and the fluorescence of the fluorphore
A2E does not mean that this fluorophore is the main flu-
orphore in all granules [11]. We found that, in addition
to A2E, these granules contain several fluorophores
which absorb light in the blue range of the spectrum.
Moreover, it was hypothesized that yellow fluorescence
of A2E is a result of energy transfer from other fluoro-
phores.

We showed that the fluorescence of lipofuscin gran-
ule is heterogeneous. Not all granules fluoresced during
excitation at 410 nm and, even in the fluorescing gran-
ule, fluorescence was detected only in single parts of
the granule.

We found that, as a result of long-term irradiation of
lipofuscin granule with visible light (wavelength,
532 nm), its fluorescence considerably decreased
(Fig. 2b). This may mean that the fluorophore (or fluo-
rophores) absorbing light in the range of 410 nm are
destructed and converted into the products absorbing
light in a more shortwave range of the spectrum. A
change in the spectrum shape may be determined by the
presence or appearance in the granule of other fluoro-
phores which differ from A2E.

Indeed, in the experiments in vitro during irradiation
of A2E with blue light we detected the appearance of
several epoxy-forms of A2E (including nanoepoxides)
and the main product, 7,8,7',8'-bis-epoxide [12]. It was
recently shown that the main product of A2E photolysis
is the relatively stable oxide of A2E, 5-8,5'-8-bis-fura-
noid [13].

An enhanced A2E synthesis and its conversion into
oxidized products, epoxides, under the exposure to
light was shown in the experiments in vivo with retina
and pigment epithelium of knockout mice (abcr™")
which are characterized by an excessive accumulation
of lipofuscin granules in RPE cells [14]. Note that the
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oxidation product of A2E (A2E monoepoxide) was
found in the lipofuscin granule of pigment epithelium
of human eye [15].

Bleaching of lipofuscin granule during irradiation
with visible light and generation of new photooxidized
products in the granule may be very important for the
understanding of the mechanism of the intensifying
effect of light on the development of degenerative
deceases of retina.
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