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ABSTRACT

The accumulation of lipofuscin, an autofluorescent aging marker, in the retinal pigment
epithelium (RPE) has been implicated in the development of age-related macular
degeneration (AMD). Lipofuscin contains several visual cycle byproducts, most notably
the bisretinoid N-retinylidene-N-retinylethanolamine (A2E). Previous studies with
human donor eyes have shown a significant mismatch between lipofuscin
autofluorescence (AF) and A2E distributions. The goal of the current project was to
examine this relationship in a primate model with a retinal anatomy similar to that of
humans. Ophthalmologically naive young (<10 yrs., N=3) and old (>10 yrs., N=4)
Macaca fascicularis (macaque) eyes, were enucleated, dissected to yield RPE/choroid
tissue, and flat-mounted on indium-tin-oxide-coated conductive slides. To compare the
spatial distributions of lipofuscin and A2E, fluorescence and mass spectrometric
imaging were carried out sequentially on the same samples. The distribution of
lipofuscin fluorescence in the primate RPE reflected previously obtained human results,
having the highest intensities in a perifoveal ring. Contrarily, A2E levels were
consistently highest in the periphery, confirming a lack of correlation between the
distributions of lipofuscin and A2E previously described in human donor eyes. We
conclude that the mismatch between lipofuscin AF and A2E distributions is related to
anatomical features specific to primates, such as the macula, and that this primate

model has the potential to fill an important gap in current AMD research.
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INTRODUCTION

Lipofuscin is the yellow autofluorescent lysosomal waste that accumulates within post-
mitotic cells throughout several organ systems in the human body" 2. In the eye,
lipofuscin is found most notably in the RPE®. Ocular lipofuscin is a normal aging marker
and is readily observed clinically by virtue of fundus AF, which may be detected as early
as infancy4* °. Lipofuscin AF continues to increase until approximately 70-75 years, with
the greatest accumulations observed in a perifoveal ring and a slight dip in the fovea® *
®. The age-related accumulation of lipofuscin has been suggested to be related to
several pathologies in different organs®®, including the RPE® '°. Abnormally high
amounts of RPE lipofuscin have been linked to several visual diseases, most notably

11,12

Stargardt disease, a form of juvenile macular degeneration , although little is

currently known about the mechanism by which this or other pathologies arise® % ',

The AF of lipofuscin allows to easily map and track its changing distribution within the
RPE through age and disease* °. However, due to its highly lipophilic nature, analyzing
the composition of lipofuscin has proven to be difficult. The understanding of lipofuscin
composition has mostly been limited to extractions of organic fractions, prohibiting the

1.'* have shown

observation of spatial molecular changes. Previous studies by Ng et a
that RPE lipofuscin is a complex mixture of lipids and proteins, but less than 2% by
weight of the analyzed extract is amino acid based. Specific molecular compositions

are still not well understood, and whole tissue distributions are even less so.
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Although the molecular content of lipofuscin is largely unknown, over 20 bisretinoid
constituents have been identified in the RPE'. A2E, a byproduct of the visual cycle,
was the first bisretinoid to be isolated from human eyes'® and is certainly the best
studied [see ref. 13 for a review]. The formation of A2E, begins with two 11-cis or all-
trans retinal molecules binding to phosphatidylethanolamine within the photoreceptor
outer segments, forming the precursor A2-PE'"'°. The photoreceptor outer segments
are then taken up via phagocytosis by the adjacent RPE cells and degraded within the
RPE lysosomes, resulting in the accumulation of A2E'®?°. Classical thinking based on
chloroform/methanol extractions indicated that A2E was a major component of
lipofuscin, although studies from several laboratories have suggested that human
lipofuscin is different in this regard®'?%. A2E has been found to be toxic in a number of
in vitro studies (see ref 13 for a review) but reports disagreed as to whether its presence
in vivo should be regarded as protective or pathological, as its retinaldehyde precursors

exhibit significantly higher toxicity compared to A2E** %

Through the utilization of our multimodal imaging techniques, it has recently become
possible to compare the spatial distribution of lipofuscin with distributions of numerous
small molecules in the same tissue. This multimodal imaging determines lipofuscin
distribution from the topography of fluorescence and generates the images of molecules
via the spatial distributions of their molecular weights utilizing matrix-assisted laser
desorption/lonization imaging mass spectrometry (MALDI-IMS)*?°. These studies
uncovered that the distribution patterns of lipofuscin and A2E vary with the species: in

the murine RPE they exhibited a marked correlation, whereas they exhibited a
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significant mismatch within the human tissue?”*°. A key difference here may be retinal
organization, because mice lack a macula and have different rod and cone
photoreceptor distributions. Therefore, we were interested in species, such as
macaques, which have a retinal anatomy similar to humans®'?*. Additional advantages
to using primate eyes are the ability of thorough longitudinal diagnostic documentation
during the lifetime and the controlled process of tissue acquisition (light, temperature,

enucleation, etc.).

Here we provide evidence that, as has previously been shown utilizing similar methods
in humans, the distributions of A2E and lipofuscin fluorescence exhibit significant spatial
mismatch in the macaque RPE. Thus, in terms of the relationship of lipofuscin and
A2E, humans resemble primate rather than murine species. These observations make
primate species an essential model for future studies regarding the development and

progression of degenerative macular pathologies.

RESULTS

Figure 1 represents fluorescence images of young (Fig. 1a; left eye; age: 7 years) and
old (Fig. 1b; right eye; age: 18 years) macaque RPE acquired with identical illumination
and exposure settings (Aexc = 430-480 nm; Ae, > 490 nm). There is an apparent increase
in lipofuscin fluorescence with age, a slight shift in color can be observed across the
RPE with age, and AF intensity exhibits a specific gradient. In all samples examined, AF

was highest in the central region of the RPE, peaking in a perifoveal ring, decreased in
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mid-periphery, and was lowest in far-peripheral tissue. The macroscopic gradient
observed in the whole eyecup images of Figures 1a and 1b was also recognized in the
fluorescence micrographs (Figs. 1c-1e) taken at identical excitation, light intensity, and
exposure time (Aexc = 450-490 nm; Aem, > 510 Nnm). These images were obtained from an
18 year old macaque RPE at the locations indicated in the inset to Figure 1f. Again,
lipofuscin AF is most intense in the micrograph taken in the central region (Fig. 1c),
tapering off to nearly undetectable levels in the far-periphery (Fig. 1e). Figure1f
provides quantitative intensity gradient data for the young and old cohorts compared in
the three above regions (center, mid-periphery, and far-periphery). Spectral analyses in
representative young (Fig. 1g) and old (Fig. 1h) animals provide evidence of emission
maxima at approximately 600 nm in the center. In comparison, the spectra from the
mid-peripheral regions are blue-shifted (575 nm), and the far-periphery exhibits an

additional shift toward blue (550 nm).

Figure 2 provides evidence that MALDI images of A2E (Fig. 2a) and oxidized A2E (Fig.
2b) display an inverse distribution: both species were more abundant in the periphery.

It is especially striking when compared to the AF image using the same false color
intensity scale (Fig. 2c), which shows that the highest AF is in a central perifoveal ring.
In order to further highlight this spatial mismatch, an overlay of the A2E and AF images
was generated (Fig. 2d), indicating that there was an almost complete spatial
segregation of the strongest AF and A2E signals (red and green areas) and only very

limited overlap (yellow) was found.
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Mass spectral analysis (Fig. 3) confirmed the presence of A2E (m/z 592) and oxidized
A2E (m/z 608) in the tissue as evidenced by the average mass spectrum shown in
Figure 3a. In addition to identifying A2E and oxidized A2E, MALDI-IMS is also useful
for identifying potentially relevant additional compounds. Table 1 represents the most
abundant recurrent molecules and in how many samples (from a total of 7) we identified
the particular molecular peak. The chemical identities of these peaks are, however,
unknown at this time and the identification of these abundant molecular species will

require further analysis.

As expected from the image of A2E (Fig. 2a) mass spectra from areas in the periphery
(Fig. 3b) and the center (Fig. 3c) exhibited significant differences in terms of the levels
of A2E. In these macaque tissues, we found an approximately 5 fold relative increase
in A2E in the periphery (50 au) compared to the center (10 au). In contrast, the relative
ratios of oxidized A2E to A2E did not appear to change, either topographically (within
the same eyes) or with age (between samples). This ratio was approximately 0.3

across the board (Fig. 4).

In order to confirm that the obtained mass peak is indeed A2E, FT-MS was employed.
While FT-MS provides limited advantages regarding spatial resolution, its sensitivity and
mass resolution are significantly higher, thus the technology allows for an extended
period of high resolution fragmentation analysis. While on tissue fragmentation is
challenging in itself, even more so on tissue which has been previously been analyzed

by MALDI-IMS. AZ2E standards have previously been shown to fragment into unique
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ions via mass spectrometric methods (Fig. 5), and we were able to obtain two of the 8
ions through our fragmentation re-analysis: m/z=468 and 392. The m/z 468 fragment
corresponds to nearly the entire A2E molecule, after loss of the terminal 1,3,3-
trimethylcyclohexene, consistent with it being a fragment unique to an A2E precursor.
The presence of the m/z 392 fragment ion also agreed with the precursor ion being from
A2E. The lack of other fragmentation ions is likely attributed to several factors,
including on-tissue isolation, repeated analysis, and MS/MS fragmentation
characteristics of the FT-MS instrument, which often yield only the most stable

fragmentation ions in a background of native tissue analysis.

DISCUSSION

Age-related macular degeneration is currently the most important cause of vision loss in
the elderly population of industrialized countries®®. One of the crucial in vivo diagnostic
signals in the eye, potentially linked to pathology, is the age-related accumulation of
lipofuscin AF. However, in order to assess its role in the disease, the molecules
responsible for this fluorescence need to be identified. Clinical imaging methodologies
utilized today lack the molecular specificity to achieve this task and previous ex vivo
analyses have provided conflicting results. A2E, identified as a major component of the
chloroform extract of lipofuscin, has an AF broadly similar to that of lipofuscin and is
toxic in cell cultures® *. Molecularly specific spatial investigations in various transgenic
models of mice have supported this idea. However, similar studies in humans have

identified that the concentration of A2E is highest at the ora serrata, in the far-periphery
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of the human eye, questioning the idea that A2E is responsible for the bulk of lipofuscin

AF or diseases broadly associated with that fluorescence.

A greater understanding of the role of lipofuscin and A2E is imperative for
understanding complex ocular pathologies such as Stargardt disease and AMD. Thus,
the relationship between A2E, lipofuscin, and retinal disease must be reexamined in
models, which more closely resemble the organization of the human eye. One
convenient model system is the primate, macaque, which have a macula just like
humans. Although macaque eyes are significantly smaller compared to those of
humans, additional similarities include a high degree of similarity in number and

topographical distributions of photoreceptor subtypes®'*.

The multimodal imaging approach utilized in our studies collects whole tissue AF, the
dominant signal of which originates from lipofuscin with screening from melanin and
some smaller contributions by Bruch’s membrane® *” %%, Our fluorescence studies
provided evidence that the spectral properties and spatial patterns of lipofuscin AF in
the macaque closely follow that of the human tissues. Similar to humans, the
fluorescence spectrum in the macaque RPE was also dominated by a peak with a
maximum and shape similar to that of A2E standards. Fluorescence intensity was
highest in a perifoveal ring, tapering off toward the periphery, a classic finding in the
human RPE*. Moreover, comparison of old and young samples showed that overall AF
intensity increased with age, again, consistent with results seen in the human RPE.

These data are not entirely surprising due to the high degree of similarity between the
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organizations of the macaque and human retinas, however, they agree with the notion

that RPE lipofuscin AF is a normal aging marker across species.

MALDI-IMS is a useful technique in the spatial localization of individual molecules but it
becomes particularly advantageous when combined with other imaging modalities. The
experiments in the macaques uncovered that, as established in the human, A2E was
present in higher quantities in the periphery23 when compared to the central RPE. In
lack of direct quantitative A2E measurements, these data do not show, however, that
AZ2E is solely present in the periphery and near absent from portions of the center,
rather that there is a 5-10 fold accumulation of A2E in the periphery compared to the
center. Following the pattern of A2E distribution, the detected oxidized states of A2E
also exhibited a preferential peripheral distribution, although in lower quantities.
Moreover, the relative ratios of the two species did not fluctuate appreciably across
samples in terms of topography or age. These data reinforce what was found in

rodents?®, that oxidized A2E is directly linked to the amount of A2E present.

Therefore, as has been previously demonstrated in humans, A2E in the macaque RPE
does not correlate with lipofuscin AF. These experiments validate the human studies in
an independent and practically preferential model system. The main advantages to
using macaques are the ability of longitudinal diagnostic documentation and the
controlled process of tissue acquisition. In consequence, these data justify the
reconsideration of the relationship between A2E and lipofuscin formulated over the past

several decades. The spatial analysis provides consistent evidence across species that

10
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221  AZ2E itself and its oxidized species are likely not the dominant fluorophore within RPE
222 lipofuscin. However, further investigation is required to quantitate absolute A2E levels
223 across the tissues; moreover, the essential biochemical pathways involved need to be
224  identified. From these data alone, it is not possible to determine whether it is a matter
225  of topographically-controlled higher clearance, less accumulation, or an entirely

226  separate biochemical process that is responsible for the respective gradients in

227  lipofuscin and A2E accumulations. One possibility could be the light-mediated

228  breakdown of the A2E molecule being more prevalent in the center versus the

229  periphery. The variable presence of rod photopigment across the retina may also

230  account for the topographical changes in A2E concentration®* *°. Another possibility, as
231 proposed by Bhosale et al, is the attenuation of A2E formation in the RPE by the

232 presence of ocular anti-oxidant carotenoids (lutein and zeaxanthin), which show an

233 inverse distributional correlation to that of A2E?%. An additional key issue is if lipofuscin,
234  or a specific component of it, is associated with disease.

235

236 MALDI-IMS has the ability to answer fundamental questions surrounding retinal

237  degenerative disorders, as molecularly-specific topographical information is collected on
238  numerous compounds at the same time. However, a crucial aspect is having an

239  appropriate model of the human RPE. The high degree of homology between human
240 and macaque retinas in key anatomical and biochemical features affords an

241  indispensable cross-species comparability. The work of Hunter et al. on light damage in
242 the macaque is one example emphasizing such utiIity‘”. The establishment of the

243  macaque model is also essential due to limited longitudinal follow-up in humans. One

11
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essential new approach may be careful longitudinal studies of lipofuscin fluorescence-
associated molecular changes throughout the life span, which is expected to allow for
greater insight into underlying causes of diseases as well as identifying potential

biomarkers.

In light of our results on A2E and lipofuscin distributions, the macaque model is clearly
preferential to rodents for understanding human pathology. While several important
animal models exist, most notably the Abca4 knockout mouse model of Stargardt’s *%,
these models only partially mimic human disease: Abca4 mice do not exhibit an
impairment of visual function similar to humans®’. More importantly, a model of AMD
has never successfully been established, likely due to the multifaceted nature of the
disease, leaving a void in this important field of vision research. These results indicate
that even though transgenic mice are invaluable as genetic models, they are too far
removed from human anatomy and physiology. However, as the accessibility of the
primate model is more limited, species exhibiting a marked and unique retinal
topography, such as the ground squirrel with their area centralis, could provide unique
information on the molecular origins of A2E/lipofuscin signals. These rodent models
could provide useful information regarding A2E, while being relatively higher throughput

as compared to primates, providing a more multidimensional approach to the study of

macular degeneration.

EXPERIMENTAL

12
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Tissue preparation: Tissues from ocularly naive primates were analyzed less than 24
hours post mortem. After shipment in ringer’s solution on ice, the tissues were placed
on fresh ice for the remainder of the dissection procedures, which followed the one
previously published for human tissue?. In short, the cornea was first removed, then
the sclera was carefully detached to yield the bulbus intact with the choroid, Bruch’s
membrane, RPE, and retina. Using flattening cuts, the tissues were mounted on
indium-tin-oxide-coated conductive slides (Bruker Daltonics, Billerica, MA) with the
retina on top. Then the retina was carefully lifted from the RPE and the remaining
tissues dried at room temperature under dim red light. All animal procedures were
designed and performed in accordance with the Office of Laboratory Animal Welfare
guidelines and were approved by the Medical University of South Carolina Animal Care

and Use Committee.

Fluorescence imaging: Immediately after drying, fluorescence spectra and color
images were collected using a Maestro 2 imager (Perkin Elmer, Waltham, MA), using
the blue filter set (Aexc = 430-480 nm; Aery > 490 nm) and an exposure time of 5.00
seconds. Similar to previous procedures?®, fluorescence intensity was also quantitated
in an VIS 200 imager (Perkin Elmer) utilizing the GFP filter (Aexc = 445-490 nm) for
excitation and the DsRed filter (Aem = 575-650nm) for emission with the exposure time
set to 2s. Color fluorescence micrographs were captured with a Nikon D5100 camera
(Nikon Inc., Melville, NY) set to 500 ms exposure time on a Zeiss Axioplan 2
microscope (Carl Zeiss, Thornwood, NY) using a 10x objective lens (Aexc = 450-490 nm,;

Aem > 510 nm).

13
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Mass spectrometry. Following fluorescence measurements, the samples were coated
with 40 mL of sinapinic acid (Sigma-Aldrich Corp.) matrix in 70:30 ethanol/water using a
hand thin layer chromatography sprayer (Kimble-Kontes, Vineland, NJ) and stored

under vacuum in the dark for further analysis.

Mass spectra and images were collected using an AutoFlex Il TOF/TOF instrument
(Bruker) with an acquisition range of m/z = 500 — 1400, a raster width of 350 um, a laser

diameter of 25 ym, operating at 200 Hz, and gating suppression set to m/z 490.

Tandem mass spectra of A2E were acquired on a Solarix 7T FT-ICR mass
spectrometer (Bruker) equipped with a MALDI source. The instrument collected 400

microsamples per spot operating at 1000 Hz and with a laser diameter of 25 pym.

Data analysis: Fluorescence spectral data were analyzed by selecting similar size
regions of interest (ROI) as well as a background that did not contain any tissue. In
Microsoft Excel (Microsoft Corp., Redmond, WA), background interference was
subtracted from the ROls. The spectra were corrected for artifacts introduced by filter
changes within the imager using normalization factors established through comparison
the spectrum for A2E to A2E spectra imaged using a confocal microscope (Leica Corp.,
Wetzlar, Germany). Total fluorescence intensity for each ROl was calculated the area
under the spectral curve. To better compare spectral shapes, the ROl spectra were

normalized to the most intense peak.

14
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For studies of age-related effects, tissues were classified into young (< 10 years; n=3)
and old (> 10 years; n=4) groups. Fluorescence characteristic to these groups was
calculated by averaging the total fluorescence values for the ROIls from each sample in

the age group.

Greyscale images of A2E and oxidized A2E distributions were visualized after
normalization to total ion current in Fleximaging 3.0 (Bruker) and saved into image
formats accessible with ImagedJ (NIH, Bethesda, MD) for further analysis. To create the
heat-map topographies, the images were translated to the intensity scale coded by the
look-up-tables indicated in the images and then they were smoothed using a 7 point blur
filter. Mass spectra were generated in Microsoft Excel from exported data. MS/MS
spectra were generated using FlexImaging 4.1 (Bruker) with a data reduction of 1 and

normalization by root mean squares.

CONCLUSIONS

The results obtained in this study mirror those collected previously with similar methods
in human RPE tissues. Thus, the macaque has proven to be an ideal and potentially
very useful model organism in the continued study of macular disease. In order to
further our knowledge of this multifaceted disease, it will be important to maintain both
high throughput non-primate models (for ease of therapeutic intervention), as well as a

primate model which very closely reflects uniquely human characteristics (to establish

15
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fundamentals). Our data show that the anatomical similarities between this macaque
model and humans have resulted in similarities in the accumulations and spatial
distributions of specific molecules, indicating an important biochemical link, which is
apparently missing to mice. Thus, this primate model has the potential to answer

several important questions surrounding AMD and other retinal degenerative disorders.
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TABLE 1. Abundant molecular peaks in the macaque RPE. A total of 7 data sets were
included in the analysis. Molecular weight (m/z) and the number of datasets the
molecule was prominent (n) are shown.

m/z n
527 6
543 6
550 6
573 6
583 6
566 5
758 5
775 5
1032 4
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FIGURE LEGENDS

Figure 1. Color AF images and associated spectra of macaque RPE. AF images of
whole RPE eyecups from a 7 year-old (a) and an 18 year-old (b) macaque (Aexc = 430-
480 nm; Aem > 490 nm). Bright green autofluorescent spots are dissection artifacts.
Microscopic imaging (10x len, Aexc = 450-490 nm; Aer, > 510 nm) of an 18 year-old RPE
and lipofuscin in the center (c), mid-periphery (d), and far-periphery (e). Approximate
regions are indicated in the schematics of the whole RPE (f). Comparison of overall
average (£ SD) fluorescence intensities from old (n=4) and young (n=3) RPE samples
from central, mid-peripheral, and far-peripheral regions across the RPE (f). Spectra
from 7 year-old (g) and 18 year-old (h) whole RPE tissues indicating changes in the
spectral composition of lipofuscin at the regions across the eyecup denoted in the
insets. The location of the optic nerve head is denoted by an asterisk on each sample.

Scale Bars: a,b=5 mm; ¢, d, e = 60 um.

Figure 2. Lipofuscin AF and MALDI images of A2E. a) The distribution of A2E across
the RPE in a 7 year-old macaque. b) MALDI image of singly oxidized A2E (m/z 608)
across the macaque RPE in the same tissue. c¢) Lipofuscin AF image collected utilizing
an VIS 200 bioluminescence imaging system (Aexc = 450 — 490 nm, Aem = 575 — 650 nm)
shown on the indicated false color scale. d) Overlay of lipofuscin AF (green) and the
molecular image of A2E (red) in the same tissue. All Scale bars =5 mm. The optic

nerve head is denoted by an asterisk.
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Figure 3. Mass spectral data in macaque RPE. a) Average mass spectrum (MALDI
profile) of the 7 year-old macaque across the entire RPE eyecup in the m/z 550-1000
range. The peaks for A2E and single oxidized A2E (A2E+ox.) are indicated. All peaks
were normalized to the A2E peak. Mass spectra from central (b) and peripheral (c)
regions indicated on the tissue outline in the m/z range of 550-1000. Spectra are shown

on the same scale.

Figure 4. The ratio of oxidized A2E to A2E. The values represent data from average
mass spectra of young (< 10 years, n=3) and mature (> 10 years, n=4) macaque

tissues.

Figure 5. The fragmentation of the A2E molecule. Structure of A2E with expected sites

of fragmentation. The sites of the fragments recovered in the tissue analysis are

highlighted with masses listed.
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