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PURPOSE. The accumulation of lipofuscin in the RPE is a hallmark of aging in the eye. The best
characterized component of lipofuscin is A2E, a bis-retinoid byproduct of the normal retinoid
visual cycle, which exhibits a broad spectrum of cytotoxic effects in vitro. The purpose of our
study was to correlate the distribution of lipofuscin and A2E across the human RPE.
METHODS. Lipofuscin fluorescence was imaged in flat-mounted RPE from human donors of
various ages. The spatial distributions of A2E and its oxides were determined using matrixassisted laser desorption-ionization imaging mass spectrometry (MALDI-IMS) on flat-mounted
RPE tissue sections and retinal cross-sections.
RESULTS. Our data support the clinical observations of strong RPE fluorescence, increasing
with age, in the central area of the RPE. However, there was no correlation between the
distribution of A2E and lipofuscin, as the levels of A2E were highest in the far periphery and
decreased toward the central region. High-resolution MALDI-IMS of retinal cross-sections
confirmed the A2E localization data obtained in RPE flat-mounts. Singly- and doubly-oxidized
A2E had distributions similar to A2E, but represented <10% of the A2E levels.
CONCLUSIONS. This report to our knowledge is the first description of the spatial distribution of
A2E in the human RPE by imaging mass spectrometry. These data demonstrate that the
accumulation of A2E is not responsible for the increase in lipofuscin fluorescence observed in
the central RPE with aging.
Keywords: lipofuscin, A2E, retinoids, mass spectrometry, imaging, retinal degeneration,
human

ipofuscin is undigested cellular waste that accumulates with
increasing age in the lysosomes of postmitotic cells,
including those of the nervous system. The composition of
lipofuscin is characterized best in the eye, but varies among
tissues. In the retina/RPE, where retinoid content is high and
lipofuscin accumulates, over 20 bis-retinoid products have
been extracted from lipofuscin (for a recent review, see the
report of Sparrow et al.1). The best characterized of these
compounds, and the first component of lipofuscin to be
identified, is N-retinylidene-N-retinylethanolamine (A2E).2
Lipofuscin in the eye has been measured principally by
fluorescence.3 In the human RPE, lipofuscin has been detected
as early as one year of age,4 and increases until the age of 70 to
75 years.5 The concentration of lipofuscin has been shown to
be elevated in the posterior pole,5 with a sharp drop in the
region of the optic nerve head.3 This pattern is maintained with
aging. Studies on the composition of lipofuscin usually are
conducted on total extracts from the RPE, which prevents any
spatially-resolved measurements of components. Unfortunately,

the approach is hampered further by the relative insolubility of
the material. The proteomics study by Ng et al.6 showed that
lipofuscin is a complex mixture of lipids and protein
components, with less than 2% of the material by weight
having amino acid content.
The accumulation of lipofuscin (as measured by fluorescence) was proposed to depend on the availability of all-trans
retinal, a potentially highly toxic allylic aldehyde, produced in
the photoreceptor outer segments upon light exposure.7
However, recent studies suggest that 11-cis retinal also can
give rise to lipofuscin.8 In animals where the production of 11cis retinal is suppressed (such as in the RPE65/ mouse), the
level of fluorescence associated with lipofuscin is decreased.9,10 Likewise, in mouse models where all-trans retinal
is not removed, lipofuscin is increased.11 Thus, retinal
metabolites clearly are part of lipofuscin in the mouse. Based
on mass spectrometry of total retinal extracts, many of the yet
unidentified products in lipofuscin may be chemically-modified
forms of A2E.12
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Localization of A2E in the Human RPE
A2E has been shown to increase with age, and more
prominently in certain disease processes, such as Stargardt and
Best diseases.13–15 The A2E molecule is formed from the Nretinylidene-phosphatidylethanolamine-derivative (A2-PE) which
can be generated in the photoreceptor outer segments from alltrans retinal16; however, at least in certain mouse models, the
precursor has been shown to be 11-cis retinal.8 In the RPE,
where A2E accumulates, the molecule has been found to
interfere with the lysosomal degradation of lipids,17 destabilize
cellular membranes,18 and cause photo-oxidative damage in
vitro.19,20 However, even though A2E is a major component of
the organic extract of lipofuscin,15,21 it has not been possible to
correlate disease pathology to A2E in vivo. Moreover, the role of
A2E as the principal phototoxic component in lipofuscin has
been questioned.22 In RPE cells, the generation of singlet oxygen
by A2E is less efficient than by all-trans retinal.23 Activation of the
retinoic acid receptor, which is detrimental to photoreceptor
survival, also is more affected by all-trans retinal than by A2E.22 A
detoxifying role for A2E has been suggested based on recent data
showing that the removal of reactive all-trans retinal by amines
results in protection from light-induced retinal degeneration.24
A direct spatial correlation of A2E with lipofuscin is not
possible by traditional immunolocalization techniques. However, we recently reported a technique using matrix-assisted
laser desorption/ionization (MALDI) imaging in which we have
developed a high resolution and molecule-specific method to
collect spatial information on A2E and its oxides across the
RPE. Our experiments demonstrated that in the mouse, the
distribution of A2E and lipofuscin correlate well.25 However
the Bernstein group, using 8 mm punches from human RPE
followed by extraction with organic solvents and analysis by
HPLC, has shown that A2E concentration is lowest in the
posterior pole of the eye, contrary to what was expected from
lipofuscin fluorescence patterns.26 In the current study, we
have applied the MALDI imaging technique to human RPE, and
report that we did not find a correlation between the spatial
distribution of A2E and lipofuscin fluorescence in humans.

MATERIALS

AND

METHODS

Human Tissues
Human cadaver eyes (age 0–98 years, 24–48 hours postmortem)
were obtained from the San Diego Eye Bank (San Diego, CA), the
National Disease Resource Interchange (Philadelphia, PA), the
Charleston Eye Bank (LifePoint, Inc., Charleston, SC), and
Advanced Bioscience Resources (San Francisco, CA). The period
between death and dissection of the tissue varied from 24 to 48
hours. All protocols were approved by the Medical University of
South Carolina Institutional Review Board. Eyes were placed on a
moist pad, the cornea was removed, and the sclera was separated
gently from the underlying tissue. The eyecups were flattened
onto indium tin oxide-coated conductive glass slides (50 3 75
mm; Delta Technologies Ltd., Stillwater, MN). Through small
incisions in the anterior tissue, the neural retina was removed,
and the tissue was desiccated in the dark. Care was taken to
document the orientation of each eye. All protocols complied
with the Declaration of Helsinki and were approved by the
Medical University of South Carolina Institutional Review Board.

Synthesis of A2E
A2E was synthesized as described previously from ethanolamine (Sigma-Aldrich Corp., St. Louis, MO) and all-trans retinal
(Sigma-Aldrich Corp.).27 The product was characterized by
HPLC retention time and absorption spectra27 (Breeze 2 with a
2998 photodiode array detector; Waters Corp., Milford, MA),

Downloaded from iovs.arvojournals.org on 03/01/2021

IOVS j August 2013 j Vol. 54 j No. 8 j 5536
and NMR (Avance II with a 600 MHz Ultrashield magnet;
Bruker Corp., Billerica, MA). The data are in agreement with
those reported previously.27

Fluorescence Measurements
Tissues were imaged using a Zeiss Axioplan-2 Fluorescent
Microscope (Carl Zeiss Microscopy, Thornwood, NY) with two
objectives 310 (numerical aperture [NA] = 0.3 or 320 NA =
0.5) using 450 to 490 nm excitation. Color images were
collected with a Nikon D200 DSLR camera (Nikon, Inc.,
Melville, NY). Fluorescence images of entire eyecups were
collected with a bioluminescent imaging system (IVIS 200;
Caliper Life Sciences, Hopkinton, MA) at two distinct
wavelength ranges (515–575 nm, GFP filter; and 575–650
nm, DS red filter) with 450 to 490 nm excitation. The absolute
intensities were calculated by selecting a region of interest in
the instrument software (Living Image 4.3.1; Caliper Life
Sciences) around the tissues and provided by the software in
units of photon/(steradian 3 cm2 3 h). The spatial resolution of
these images was 500 lm. The IVIS instrument (IVIS 200;
Caliper Life Sciences) has a cooled CCD camera capable of <5
electrons RMS readout noise, <100 electrons/s/cm2 dark noise,
and 70 photons/s/sr/cm2 detection limit. The instrument uses
a 150 W quartz halogen lamp with an autofluorescence
background of 1 in 107. The intensities in these images were
shown on a color scale compared to maximal intensity (red
100%, orange ~90%, yellow ~75%, green ~50%, light blue
~30%, and dark blue ~15%, with continuous shades between).

MALDI Imaging of Flat-Mounted RPE Tissue
The flat-mounted tissues were hand sprayed with 20 mL of 10
mg/mL 2 0 ,5 0 -dihydroxyacetophenone (Sigma-Aldrich Corp.) in
70:30 ethanol (Thermo Fisher Scientific, Inc., Waltham, MA)
water (vol:vol) using a 5 mL TLC sprayer (Thermo Fisher
Scientific, Inc.). MALDI data were collected in the positive ion
mode at þ25 kV accelerating potential on an AutoFlex II TOF
mass spectrometer (Bruker Corp.) operating in reflector mode
with the laser repetition rate set to 500 Hz. Before data
collection, a linear external calibration was applied using leucine
enkephalin (mass-to-charge ratio [m/z] 556.28; Bruker Corp.) and
angiotensin II (m/z 1046.54; Bruker Corp.). These standards
flank the mass of A2E to facilitate best calibration for the A2E
molecule. Imaging data sets were acquired in the m/z 420 to
1400 range, with a raster step size of 300 lm and 200 laser shots
per spectrum. After data acquisition, MALDI images were
constructed using FlexImaging 2.0 software (Bruker Corp.).
Each m/z signal was plotted 60.5 m/z units. For display
purposes in each individual sample, the data were normalized
to the maximum of A2E signal in that sample, and pixel
intensities were plotted on a color scale compared to maximal
intensity (red 100%, orange ~90%, yellow ~75%, green ~50%,
light blue ~30%, and dark blue ~15%, with continuous shades
between).

High-Resolution MALDI Imaging of Human Retina
Cross-Sections
Retina tissue from an 82-year-old eye was prepared for high
spatial resolution MALDI ionization imaging mass spectrometry
(MALDI-IMS) experiments by removing the lens and drawing
out the vitreous humor with a pipette, and replacing it with
carboxymethyl cellulose (CMC, 1.0% in water). The tissue and
CMC then were frozen to preserve the native structure and
shape of the remaining eye cup. To obtain sections from the
embedded eye cup, the CMC and sclera were removed from
the outside of the eye using a Dremel rotary tool (Dremel,
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for 10 minutes at 50 mTorr using a custom in-house apparatus.
Four retina regions from the central retina region to the
periphery of the eye cup were selected for MALDI imaging
using Fleximaging 3.0 (Bruker Corp.) software and data were
acquired in positive ion mode using a Bruker UltrafleXetreme
II (Bruker Corp.) with a spatial resolution of 20 lm. Calibration
was performed with a series of phosphorus cluster ions before
image-data acquisition.28 The data obtained were processed
using FlexImaging 3.0 and the A2E signal was normalized to
the total ion current.

RESULTS
Lipofuscin Fluorescence Increased Centrally With
Age in the Human Eye
We analyzed for lipofuscin 35 human eyes across the lifespan
(11–98 years) and two fetal human eyes (18–22 weeks). Flatmounted tissues were examined under the fluorescent
microscope, and fluorescence across the entire tissue was
recorded using a bioluminescent imager in two ranges (goldenyellow, 575–650 nm and greenish-yellow, 515–575 nm).
Fluorescence images of the entire RPE (with a 575–650 nm
emission filter) from 21-, 41-, and 65-year-old human eyes are
shown in Figures 1A to 1C, respectively. With increasing age,
there was a gradual 1.5 order of magnitude increase in total
fluorescence intensity, with the highest lipofuscin fluorescence intensities in the central area of the RPE. Regression
analysis of the data showed that total lipofuscin fluorescence
increases monotonically with age (Fig. 1D).5
The Table summarizes the total fluorescence intensities
averaged by decades of age. Lipofuscin has been reported
previously in eyes as early as 7 weeks of age.4 Our data showed
that lipofuscin is abundant by 11 years, although fetal human
eyes did not contain lipofuscin (data not shown). Lipofuscin
increases until the age of 70 to 80 years. Fluorescence spectra
of the RPE from eyes of different ages and within different
topographic locations in individual eyes showed a similar
spectral shape, with the emission maxima varying between
560 and 590 nm (data not shown). In all samples, the
fluorescence was more intense (approximately one order of
magnitude) in the golden-yellow range than in the greenishyellow range. The consistent intensity ratios between the two
ranges indicated no significant increase in a major fluorophore
in either of these ranges with age.

FIGURE 1. The spatial distribution of lipofuscin fluorescence in the
human eye. Fluorescence images of the entire RPE from 21- (A), 41(B), and 65-year-old (C) human eyes. The images were recorded with a
bioluminescent imaging system with a 575 to 650 nm emission filter
(DS red). Fluorescence intensity was coded by a false color scale. The
images were oriented: superior (top); inferior (bottom); nasal (right);
temporal (left); kexc ¼ 450 to 490 nm (GFP). Scale bar: 1 cm. (D) The
measured total intensity of lipofuscin fluorescence (DS red filter)
increased with age. The unit is 109 photons/(steradian 3 cm2 3 s).

Mount Prospect, IL) with a 100 high-speed cutter attachment,
which was cooled on dry ice. Great care was taken to ensure
only the outer scleral tissue was removed and the retinal layers
on the interior of the sclera were not damaged. The tissue was
kept frozen during the entire procedure. After the majority of
the sclera was removed, the tissue was re-embedded in 2.7%
CMC. Sagittal sections 12 lm thick across the whole breadth of
the eye cup were obtained with minimal wrinkling of the
section as it passed over the cryostat blade. Sections were
thaw-mounted onto gold-coated MALDI target plates (AB Sciex,
Concord, Ontario, Canada) and placed in a vacuum desiccator
until dry. An adjacent section was thaw-mounted to a
microscope slide, and stained using hematoxylin and eosin
before an optical scan was acquired using a Mirax scanner
(HistechKft, Budapest, Hungary). The Mirax scanner acquired
images at a 0.33 lm per pixel resolution, and the file was
exported at a 1:16 ratio resulting in a 50 DPI resolution for the
image.
The MALDI matrix, 2,5-dihydroxyacetophenone (DHA;
Sigma-Aldrich Corp.) was applied via sublimation at 1108C

A2E in the Human Was Not Concentrated in the
Central RPE
As the fluorescence emission spectrum of A2E is similar to that
of other bis-retinoids as well as to the collected lipofuscin
spectra,29 the presence of A2E cannot be inferred unequivo-

TABLE. Total Lipofuscin Fluorescence in the RPE With Age
Age Range
10–19
20–29
40–49
50–59
60–69
70–79
80–89
90–99

N Tissues

Fluorescence,
515–575 nm*

SD,
515–575 nm*

Fluorescence,
575–650 nm*

SD,
575–650 nm*

I515575
I515650

1
3
1
1
6
5
6
1

1.18
1.46
5.94
6.44
6.84
7.35
8.97
14.10

–
0.30
–
–
0.99
0.25
1.26
–

1.85
2.14
8.35
9.23
10.20
12.20
13.80
18.80

–
0.11
–
–
1.67
1.16
2.08
–

0.64
0.68
0.71
0.67
0.67
0.60
0.65
0.75

* Units are 109 photons/(steradian 3 cm2 3 s). Fluorescence is total fluorescence intensity in the tissue.
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FIGURE 2. The spatial distribution of A2E in the human eye. MALDI images of A2E (m/z 592) in flat-mounted RPE from 21- (A), 41- (B), and 62-yearold (C) human eyes. The pixel intensity was proportional to A2E quantity, with the scale normalized to total ion current. The relative amount of the
appropriate molecule was coded by a false color scale. The images were oriented: superior, top; inferior, bottom; nasal, right (A, B) or left (C);
temporal, left (A, B) or right (C). Scale bar: 1 cm. Comparisons of mass spectra from different areas of the human eye (D). The MALDI spectra in the
m/z 580 to 625 range are from the same tissue as in (C) and are shown with the same intensity scale. The graph on the top (black trace) is the
average mass spectrum (MALDI profile) from the entire tissue. The lower traces show individual mass spectra from selected points from the
periphery (red trace), the center (blue trace), and the ciliary epithelium outside the RPE (green trace) were shown. The peak at m/z 592.5 was
identified by tandem mass spectrometry directly from the tissue as A2E and the peak at m/z 616 was identified as heme. Oxidized A2E (singlyoxidized, m/z 608; and doubly-oxidized A2E, m/z 624) also were indicated in the red trace. The locations of the individual spectra are indicated in
(C). Scale bar: 5 arbitrary intensity units (D).

cally on this basis. However, the MALDI-IMS technique is able
to confirm the presence of A2E in the tissue as shown
previously.25 Flat-mounted tissues were analyzed by MALDI-IMS
with mass spectra collected in the 500 to 2500 m/z range at a
resolution of 300 lm. A signal at m/z 592, the expected
molecular weight of A2E, was observed in mass spectra
acquired from the tissue. The tandem mass (MS/MS) spectrum
confirmed that this peak was A2E by comparison to the
fragmentation pattern of synthetic A2E as shown previously for
the mouse model.25
The spatial distribution of A2E was determined by charting
the relative abundance of m/z 592 over the tissue surface
analyzed by MALDI. Figure 2 shows representative tissue
images of A2E in flat-mounted RPE from 21- (Fig. 2A), 41- (Fig.
2B), and 62-year-old (Fig. 2C) human eyes. The intensities were
proportional to the quantities of A2E detected and were
normalized to the maximal level of A2E in the tissue. The
distribution of A2E was not uniform at any age, but showed a
pattern with the highest intensity in the far periphery (just
below the ora serrata), with a gradual decrease toward the
center. With increasing age, there was an apparent increase in
A2E. Significant quantities of A2E in the mid periphery were
detected by 42 years (Fig. 2B), and continued to be observed
until 62 years of age (Fig. 2C). Beyond the age of 70 years the
detection of A2E revealed lower levels, but without a change in
the overall distribution. The cell density of the RPE is known to
decrease with age, which may account for these old-age
changes.30–32 Considerable levels of A2E (compared to the
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periphery) were not measured in the central area of the RPE in
any of the tissues examined.
To demonstrate that the absence of A2E signal in the center
of the RPE was not due to cell loss, mass spectra in the range of
580 to 625 m/z from random points in the periphery, in the
center, and from the area of the ciliary epithelium outside the
RPE were compared on the same intensity scale (Fig. 2D). This
was the same eye as shown in Figure 2C, and the arrows in
Figure 2C indicate the locations of the traces in Figure 2D. For
comparison, Figure 2D also contains the MALDI profile or
average mass spectrum over the entire tissue (black trace). In
the average spectrum, the intensity of A2E (m/z 592.5) was
quite low; however, in the periphery A2E was more abundant
than the prominent m/z 616 ion (Fig. 2D, red trace). Using
tandem mass spectrometry, m/z 616 was identified as heme
(data not shown). A2E and heme were present with their
expected isotopic distribution peaks. Although we did not
detect A2E in the central region (Fig. 2D, blue trace), a strong
signal for heme was observed in that region. In the ciliary
epithelium, outside of the RPE, neither A2E nor heme was
present in quantities higher than the background (Fig. 2D,
green trace).

A2E Distribution as Measured in Retinal CrossSections
A potential concern with the MALDI imaging measurements
was whether there was more A2E present deeper (>5 lm)
within the tissue than could be detected in the flat-mounted
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FIGURE 3. A2E detection in retinal cross-sections. Hematoxylin and eosin stain of an 82-year-old eye cup sagittal section (A). In the retina overview,
black boxes (1–4) indicate the regions where the MALDI-IMS data were acquired, spanning from the center (1) to the periphery (4) of the tissue as
shown enlarged. Scale bar: 1 mm. (B) MALDI images of m/z 592 (A2E) in the regions (1–4) indicated in (A), taken from the adjacent section. (A)
shows the A2E signal (m/z 592.5) alone (top row) and also superimposed on the histologic images of ([A], bottom row). The images display the
distribution of A2E across the breadth of the tissue, normalized to total ion current. The panels are aligned vertically around the location of the RPE.

tissue. For this reason, we made measurements on crosssections of human retinal tissue. Figure 3A displays a
hematoxylin and eosin stained image from a sagittal section
through the whole eyecup (neural retina intact) of an 82year-old donor (enlarged in Supplementary Fig. S1). The
areas outlined by the boxes labeled 1 to 4 indicate the
regions where MALDI-IMS data were acquired with 20 lm
spatial resolution. The images spanned the retina cell layers
from sclera to inner neural retina. Figure 3B shows the A2E
signal (m/z 592.5) for these regions in corresponding
adjacent sections both alone (top row) and also superimposed on the histologic images of Figure 3A (bottom row).
The RPE (indicated by the arrow in Fig. 3A) produced an
intense signal for A2E in periphery of the eye (Fig. 3B,
region 4) with decreasing intensity observed in more central
regions of the eye (Fig. 3B, regions 2–3). The signal was
present in a one pixel (20 lm) width cell layer, which is
consistent with its presence in the RPE (approximately 14

FIGURE 4. The spatial distribution of A2E oxides in the human eye.
MALDI images of (A) A2E (m/z 592), (B) singly-oxidized A2E (m/z ¼
608), and (C) doubly-oxidized A2E (m/z ¼ 624) in flat-mounted RPE
from a 62-year-old human eye. The pixel intensity was proportional to
the quantity of the molecule of interest, with the scale normalized to
total ion current. The relative amount of the appropriate molecule was
coded by a false color scale, but the intensities of the oxidized A2E
images have been enhanced (~30-fold) to emphasize signal distribution. The images were oriented: superior (top); inferior (bottom); nasal
(left); temporal (right). Oxidation states higher than doubly-oxidized
A2E were not detected. Scale bar: 1 cm.
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lm wide).33 The data were in agreement with that from the
flat-mounted tissue, as significant signal was not observed in
the central region (Fig. 3B, region 4). Considerable amounts
of A2E were not observed in any of the layers of the retinal
tissue other than the peripheral RPE in these MALDI
experiments, although more sensitive techniques detected
some low levels of A2E signals in the central RPE and also in
photoreceptor cells (data not shown).

Oxidized A2E Species Followed a Spatial Pattern
Similar to That of A2E
Oxidized A2E has been reported from in vitro studies to form
under blue light and oxidative conditions, and the oxidized
products have been shown to be more toxic than A2E itself.34
In all the human RPE tissues analyzed, the distribution patterns
of singly- and doubly-oxidized A2E closely followed that of A2E.
Examples of images for oxidized A2E products are shown in
Figure 4 for the flat-mounted RPE from a 62-year-old human eye
(Fig. 4A, A2E, m/z 592; Fig. 4B, singly-oxidized A2E, m/z 608;
and Fig. 4C, doubly-oxidized A2E, m/z 624). The identities of
these products were confirmed by tandem mass spectrometry.21 For comparison of the distribution patterns, the signal
intensities in the panels of Figure 4 were normalized to the ion
of interest in the panel; however, the measured levels of
oxidized A2E products always were lower (<10%) than those
of A2E. The addition of more than two oxygen atoms could not
be confirmed in any of the human RPE tissues studied,
although higher oxidation levels have been reported previously
from in vitro experiments.35

No Correlation Between A2E Levels and Lipofuscin
Fluorescence Intensities
A profile distribution analysis was prepared to demonstrate the
lack of correlation of lipofuscin fluorescence intensity and A2E
distribution, as calculated from MALDI-IMS imaging. Figure 5A
represents the lipofuscin fluorescence (blue) and A2E levels
(red) in a 63-year-old healthy eye across the same section
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DISCUSSION

FIGURE 5. The comparison of lipofuscin fluorescence and MALDI
images of A2E in human eyes. (A) Cross-section profile of lipofuscin
fluorescence and A2E levels in a 63-year-old eye showed lack of
distribution correlation. Both quantities were normalized to their
maximal values. The cross-section was drawn through the optic nerve
head and central areas; kexc ¼ 450 to 490 nm. (B) Lipofuscin and A2E
do not colocalize. The left flat-mount showed lipofuscin fluorescence
(kexc ¼ 450–490 nm) in an 11-year-old eye. The right flat-mount
showed the MALDI image of A2E (m/z 592) in the same eye. Scale bar:
1 cm. The fluorescent micrograph in the inset was from the indicated
central area and shows the visible presence of golden-yellow lipofuscin
(kexc ¼ 488 nm), while A2E is minimal in the same area. The melanin
pigment is seen as the brownish color and the areas where the RPE is
transparent show up as green (the color of the underlying collagenous
layers). Scale bar: 50 lm.

(which contained the optic nerve head and central area). The
intensities were proportional to normalized pixel intensities in
the respective images. The strongest A2E signals were in the
peripheral tissue, while the lipofuscin fluorescence distribution was strongest in the center of the RPE tissue. To confirm
these observations further, Figure 5B shows a direct comparison of lipofuscin fluorescence (left flat-mount) and A2E (right
flat-mount) in the same 11-year-old RPE tissue, and indicating a
representative area that was photographed in the fluorescence
microscope (inset). The micrograph shows cells of a hexagonal
pattern, characteristic of the RPE, with golden-yellow fluorescent lipofuscin material. No A2E signal was detected in this
area.
To date, we have analyzed two dozen tissues from normal
human eyes of ages fetal to 98 years. In all tissues, there was a
lack of correlation in the spatial distribution when comparing
the tissue images of lipofuscin fluorescence and A2E. Contrary
to lipofuscin, which was distributed first uniformly, then
centrally with increasing age in all samples, A2E showed a
higher accumulation in the far periphery which, independent
of age, tapered-off toward the center. In none of the samples
analyzed did the distribution pattern of A2E correlate with that
of lipofuscin.
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Lipofuscin accumulation in the RPE has been shown to be
associated with aging in humans. There is a clear pattern of
increased lipofuscin as measured by fluorescence toward the
center of the RPE and our data supported numerous earlier
findings. Although the procedure collects whole tissue
fluorescence, and not specifically that emitted by lipofuscin
granules, it is likely to be a good measure of lipofuscin
fluorescence. Tissue fluorescence measurements may be
affected slightly by melanin screening, as the light used for
fluorescence excitation (445–490 nm) also is absorbed by
melanin, potentially resulting in an underestimation of the
fluorescence in the central region compared to that in the rest
of the eye.36 However, the peak fluorescence excited with
wavelengths ranging from 420 to 560 nm shows good
correlation with the fluorescence of lipofuscin, measured
using 550 nm excitation and collecting the emission from 650
to 750 nm (conditions that minimize interference).36
A2E, a principal component of lipofuscin, also has been
shown to increase with age in humans and animal models (for a
review, see the report of Sparrow et al.1). A2E is a byproduct of
the normal visual cycle and is one of a class of over 20 bisretinoids that have been identified in the RPE.1 Currently, A2E
levels usually are determined by ESI-MS/MS from whole tissue
homogenates after extraction from the tissue with organic
solvents and subsequent HPLC separation.21 The methods used
to detect A2E are highly sensitive and molecularly selective,
but preclude spatial information unless small sections are
assayed and compared, as was done by the Bernstein group.26
Our goal was to determine the spatial distribution of A2E
across the human RPE and to correlate this distribution with
lipofuscin fluorescence, which is not specific for molecular
identification. With the ability of collecting molecularly
specific information over the surface of the tissue, MALDIIMS is an ideal technique for this task.25 The comparison of the
mass spectra from the various points on the surface to the
average mass spectrum (Fig. 2D) provided clear evidence that
MALDI imaging detects information (local concentrations) that
is lost to traditional extraction-based methods (the results of
which are comparable to the average MALDI mass spectrum).
Using the MALDI-IMS imaging technique, we have found
that, unlike in the mouse,25 there was no correlation of A2E
distribution with lipofuscin fluorescence in the 35 human eyes
examined. These tissues were not controlled for sex or race.
The donor health history was unknown, although no major
ocular disease was reported. Our results confirmed the earlier
findings using extraction of A2E from small regions of the
RPE,26 that the greatest concentration of A2E is in the
peripheral RPE. The extraction data of Bhosale et al.26 show
that some A2E is present in the center of the RPE. However, it
is not detected in these MALDI experiments due to the limited
dynamic range of the MALDI, which prohibits detection of low
abundance signals when other highly intense ions are present.
We have not measured absolute quantities; however, we can
estimate this potential error using the data from their
measurements (~0.1 ng/mm2 A2E density in the center and
approximately 3-fold that in the periphery). The MALDI data
are collected at a single spot from a circular area with a
diameter of half of the instrument resolution (25 lm);
therefore, 80 attomol A2E/MALDI spot (in the center) was
undetected, but 240 attomol A2E/MALDI spot (in the
periphery) was detectable. Consequently, we do not wish to
imply that no A2E is in the center area of the RPE, but rather
that its greatest concentration is in the peripheral RPE. The
oxides of A2E follow the pattern found for A2E and, like in the
mouse model, we only see the addition of two oxygen atoms,
representing <10% of A2E. Data on the distribution of other
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modified forms and metabolites of A2E are needed for an indepth analysis of the effect of bis-retinoids on the overall health
and function of the retina.
A2E is extracted readily from the RPE and the synthetic
standard can be prepared to confirm its identity. There is
compelling evidence from in vitro experiments that this
compound is highly cytotoxic. Further, it has been shown
that this compound is a normal byproduct of the visual
process. As A2E accumulation has been linked to lipofuscin
increases and aging, there has been considerable interest in
developing pharmacologic approaches to reduce the rate of
A2E accumulation. The data presented here suggested that A2E
and its oxides are not major contributors to the fluorescence
associated with lipofuscin in the posterior pole of the human
eye. Still, it remains unclear if breakdown products or
metabolites of A2E could be deleterious to the retina/RPE,
and if controlling those levels could affect retinal degeneration.
To address some of these fundamental questions, we currently
are developing technologies to identify the major lipofuscin
fluorophores in the posterior pole of the human eye.
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