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Abstract

Imaging of the human fundus of the eye with excitation wavelengths in the visible spectrum
reveals a natural autofluorescence, that in a healthy retina originates primarily from the
bisretinoids that constitute the lipofuscin of retinal pigment epithelial (RPE) cells. Since the
intensity and distribution of fundus autofluorescence is altered in the presence of retinal disease,
we have examined the fluorescence properties of the retinal bisretinoids with a view to aiding
clinical interpretations. As is also observed for fundus autofluorescence, fluorescence emission
from RPE lipofuscin was generated with a wide range of exciting wavelengths; with increasing
excitation wavelength, the emission maximum shifted towards longer wavelengths and spectral
width was decreased. These features are consistent with fluorescence generation from a mixture of
compounds. While the bisretinoids that constitute RPE lipofuscin all fluoresced with maxima that
were centered around 600 nm, fluorescence intensities varied when excited at 488 nm, the
excitation wavelength utilized for fundus autofuorescence imaging. For instance the fluorescence
efficiency of the bisretinoid A2-dihydropyridine-phosphatidylethanolamine (A2-DHP-PE) was
greater than A2E and relative to both of the latter, all-trans-retinal dimer-
phosphatidylethanolamine was weakly fluorescent. On the other hand, certain photooxidized
forms of the bisretinoids present in both RPE and photoreceptor cells were more strongly
fluorescent than the parent compound. We also sought to evaluate whether diffuse puncta of
autofluorescence observed in some retinal disorders of monogenic origin are attributable to
retinoid accumulation. However, two retinoids of the visual cycle, all-trans-retinyl ester and all-
trans-retinal, did not exhibit fluorescence at 488 nm excitation.

Introduction

The retina of the eye exhibits an inherent autofluorescence that is imaged clinically by
ophthalmoscopy!-2 and that has been studied by noninvasive spectrofluorometry? and
adaptive optics.# The spectral features, spatial distribution, age-dependent intensities and
disease-related characteristics of fundus autofluorescence indicate that this emission derives

TThis article is published as part of a themed issue on photosensitive visual pigments: opsins and retinoids.
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from the complex mixture of bisretinoid pigments that accumulate in retinal pigment
epithelial (RPE) cells as lipofuscin.>® The extensive system of conjugated double bonds
within these retinoid-derived fluorophores also explains the long wavelength fluorescence
emission of RPE lipofuscin.

The autofluorescence of the fundus is typically excited by wavelengths ranging from
approximately 488 nm, the excitation employed with a confocal scanning laser
ophthalmoscope (cSLO) to 550 nm.>6 The fluorescence emission of fundus
autofluorescence measured spectrophotometrically is broad and centered at approximately
610 nm.>7 The lipofuscin-related pigments of retina that have been identified thus far
exhibit various absorbance maxima in the visible spectrum including 430 nm (all-trans-
retinal dimer), 439 nm (A2E), 449 nm (A2PE), 426 nm (iS0A2E), 490 nm (A2-
dihydropyridine-phosphatidylethanolamine, A2-DHP-PE) and 510 nm (all-trans-retinal
dimer-phosphatidylethanolamine and all-trans-retinal dimer-ethanolamine).8-11

The lipofuscin of RPE cells is unique: the bisretinoids that constitute this material form as a
consequence of the light capturing function of the retina. Thus when the 11-cis- and all-
trans-retinal chromophores of visual pigment are absent, such as in patients with early-onset
retinal dystrophy associated with mutations in RPE65,12 RPE lipofuscin does not form and
fundus autofluorescence is absent.12 On the other hand, abundant accumulations of RPE
bisretinoids give rise to elevated fundus autofluorescence in retinal disorders such as
recessive Stargardt disease,13-17 dominant Stargardt-like macular degeneration,8 and in
Best vitelliform macular dystrophy.®19 The bisretinoids of RPE lipofuscin are also
implicated in disease processes associated with age-related macular degeneration
(AMD).20'23

In addition to generalized changes in fundus autofluorescence intensity, abnormal patterning
of autofluorescence is a feature of some retinal disorders. For instance, regions of reduced or
absent fundus autofluorescence can be indicative of RPE cell atrophy or death.2425
Localized areas of enhanced fundus autofluorescence are also often observed, most notably
the elevated signals at the margin of geographic atrophy24:26 and the intense
autofluorescence observed within the parafoveal rings in some patients with retinitis
pigmentosa.?®

Here we examine features of the lipofuscin fluorophores of retina that are significant to the
interpretation of fundus autofluorescence.

Experimental

Tissue

A human eye (age 52 years) was obtained from a donor through the National Disease
Research Interchange (Philadelphia, PA, USA).

Reagents and compound synthesis

All-trans-retinal, ethanolamine, trifluoroacetic acid (TFA), dipalmitoyl-
phosphatidylethanolamine (DP-PE), retinyl palmitate and formic acid were purchased from

Photochem Photobiol Sci. Author manuscript; available in PMC 2014 June 26.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Sparrow et al.

Page 3

Sigma-Aldrich (St. Louis, MO, USA); acetonitrile was purchased from Fisher (Fair Lawn,
NJ, USA) and PBS (Dulbecco’s phosphate buffered saline) was from Invitrogen (Carlsbad,
CA, USA). All other chemicals were obtained from Sigma-Aldrich. A2E was synthesized
from all-trans-retinal and ethanolamine® and A2PE (DP-A2PE) was generated by reaction of
all-trans-retinal and dipalmitoyl-phosphatidylethanolamine (DP-PE).2” All-trans-retinal
dimer was synthesized as formerly published,® as was A2-DHP-PE.1! The structures of
synthesized standards of these compounds have been corroborated.8:9.11.27-29
Photooxidized-A2E was obtained by irradiating (430 + 20 nm, 1.3 mW cm~2) A2E (100-200
UM in PBS with 1% DMSO) for the durations indicated.

Spectroscopy

Spectra in solvents were obtained at room temperature using a FluoroMax 4
spectrofluorometer (Horiba Scientific, USA), quartz cuvettes (Helma; Fisher Scientific) and
10 mm light path. Bandpass slit was set at 6-10 nm as indicated. Spectral width was
measured as the wavelength at which intensity was half maximal. With repeated excitation
(x10) of a single sample of retinoid or bisretinoid, the emission profile did not change; this
observation indicated that the samples were not subject to photo-oxidation under the
conditions utilized for spectroscopy.

Spectra from the lipofuscin in human RPE cells were obtained using cryostat sections and a
fluorescence microscope (Zeiss Axioskop2) equipped with a CCD camera (Orca 100,
Hamamatsu, Japan) and a Varispec liquid crystal tunable filter (Cambridge Research &
Instrumentation, Woburn, MA, USA), all of which were controlled by Metamorph
(Molecular Devices, Downingtown, PA, USA). The following filter sets (Chroma
Technology Corp., Bellows Falls, VT, USA) were used (wavelengths of excitation, dichroic
and barrier filter in nm): UV (330 + 40, 400, >400); cyan (436 + 10, 455, >460), blue (480 =
20, 505, >510), red (545 + 15, 565, >572). An average spectrum of five areas (3.3 um
diameter circle) was obtained after subtracting background areas within the image using
ImageJ (http://rsb.info.nih.gov/ij/).

HPLC and UPLC-MS

Compound elution was achieved using an Alliance HPLC (Waters Corp Milford, MA, USA)
with a Delta PaklcirclecopyrtiR ¢4 (5 ym, 3.9 x 150 mm; Waters) or an AtlantislcirclecopyrtR
dC18 (3 um, 4.6 x 150 mm; Waters) column. The mobile phase for the C4 column a
gradient of acetonitrile in water with 0.1% trifluoroacetic acid: 0-5 min; 75% acetonitrile,
flow rate, 0.8 ml min~1; 5-30 min, 75-100% acetonitrile; flow rate, 0.8 ml min~1; 30-35 min,
100% acetonitrile, flow rate, 0.8-1.2 ml min~1; 35-50 min, 100% acetonitrile, flow rate, 1.2
ml min~L. With the dC18 column a gradient of acetonitrile in water with 0.1% trifluoroacetic
acid was utilized: 75-90% acetonitrile (0-30 min); 90-100% acetonitrile (30-40 min); 100%
acetonitrile (40-100 min) with a flow rate of 0.5 ml min~1. Absorbance (Waters 2996
Photodiode Array) and fluorescence (Water 2475 Multi A Fluorescence Detector; 18 nm
bandwidth) were detected at wavelengths indicated. Fluorescence efficiency was estimated
as fluorescence peak area (UV s)/absorbance peak area (LV s).
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UPLC-MS analysis was performed on a Waters Acquity UPLC system (Waters, New Jersey,
USA) that was coupled on-line with a Waters SQD single quadrupole mass spectrometer and
both PDA e\ and fluorescence (FLR, Waters) detectors. The mass spectrometer was
equipped with ESCi (electrospray ion multimode ionization) and ion trap analyzer operating
in full scan mode from mass to charge ratio (m/z) 200-1200. For compound elution, an
XbridgelcirclecopyrtiR ¢18 column (2.5 um, 3.0 x 50 mm 1.D.) was used for the stationary
phase and for the mobile phase a linear gradient (65-90%) of a 1: 1 mixture of acetonitrile
and methanol (0-25 min) with 0.1% formic acid and a flow rate of 0.5 ml min~1.

Results and discussion

The emission maximum of RPE lipofuscin undergoes excitation-dependent shifts

Emission spectra of RPE lipofuscin measured from histological sections of human retina
were readily obtained with a broad range of excitation wavelengths (330-545 nm) (Fig. 1).
The spectra varied according to the excitation wavelength utilized (330, 436, 480, 545 nm)
with excitation at progressively longer wavelengths resulting in spectra that were reduced in
width. Specifically, spectral width was ~190 nm with excitation at 330 nm and was ~60 nm
with excitation at 545 nm. This observation likely indicates that with excitation at shorter
wavelengths, fluorescence arisesfrom a mixture of components (including photooxidized
forms of bisretinoid and bisretinoid photocleavage products) with varying emission maxima,
while with excitation at longer wavelengths, emission is generated from fewer compounds.
The transition from 436 to 545 nm excitation was also associated with a shift in emission
maximum toward longer wavelengths (from 590 to 630 nm) (Fig. 1). A similar red-shift in
fundus autofluorescence is observed as the excitation wavelength is increased.30 Overall,
these spectral characteristics are consistent with fluorescence emission from a complex
blend of compounds.

Bisretinoids exhibit fluorescence of different intensities

The fluorescence emission of the bisretinoid pigments of retina is generally maximal at
approximately 600-620 nm. With excitation at 488 nm, the wavelength typically utilized for
fundus autofluorescence imaging, we found that the emission maximum of A2E was
solvent-dependent: 612 nm in methanol and blue-shifted (to 605 nm) in the more
hydrophobic solvent, chloroform (Fig. 2A, B). The emission maximum of A2E in PBS with
2% DMSO was similar (604 nm) to that in chloroform (605 nm) (Fig. 2C). The foregoing
solvent-dependency is consistent with our previous findings.3! In both methanol and
chloroform, but not in PBS/DMSO, there was also a red-shift in emission maxima as the
excitation wavelength was increased from 430-488 nm (Fig. 2A, B). The bisretinoid all-
trans-retinal dimer exhibited even greater solvent-related variability, with emission maxima
at 540 and 570 nm (Aey 430 nm) for chloroform and methanol respectively, and a maxima at
610 nm for PBS/IDMSO (Aex 430 nm and 488) (Fig. 3A, B). For another bisretinoid, A2-
DHP-PE, the emission maximum was 610 nm (4ex 488) in methanol (Fig. 3C).

The contributions that individual bisretinoids make to fundus autofluorescence can be
influenced not only by their excitation and fluorescence spectra but also by their abundance
and fluorescence efficiency. Indeed the various bisretinoids exhibit fluorescence intensities
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that are different. For instance, at an excitation of 488 nm, the wavelength generally utilized
for fundus autofluorescence imaging, the fluorescence exhibited by A2-DHP-PE (Amax ~
337, 490) relative to absorbance was of greater efficiency than A2E and iSoA2E (Fig. 4)
(fluorescence efficiencies: A2E, 4074; iso0A2E, 24422; A2-DHP-PE, 385,869). On the other
hand, all-trans-retinal dimer-phosphatidylethanolamine (all-trans-retinal dimer-PE)
isweakly fluorescent (Fig. 4); this finding is consistent with our previous results.32

Altered fluorescence efficiency and hypsochromic shifts in fluorescence associated with
photooxidation

One can expect the excitation and emission spectra of fundus autofluorescence to be
determined by the fluorescence properties of the various lipofuscin constituents and their
relative abundance. In addition, however, photooxidation of the bisretinoids of lipofuscin
can also change their fluorescence intensities.32:33 Shown in Fig. 5 is the chromatographic
detection of A2E, isoA2E and oxidized forms of A2E with online monitoring of
fluorescence, UV-visible absorbance and mass (m/z). The starting sample of A2E/isoA2E
was photooxidized by exposure to 430 nm light. On the C18 column, all of the
photooxidized forms of A2E (Fig. 5: peaks 1, 2, 3) exhibit shorter retention times than A2E
(Fig. 5: peak 4) because of increased polarity. The fluorescence intensities of some
photooxidized forms of A2E are greater than A2E. Specifically, photooxidation at one
carbon-carbon double bond along the short-arm of A2E (Fig. 5: peaks 1 and 3) resulted in
fluorescence efficiencies (calculated as fluorescence peak area/absorbance peak area) that
were approximately 12-fold and 4-fold greater for the oxoA2E compounds identified as
peaks 1 and 3, respectively, as compared to A2E. For peak 3, selected ion monitoring
revealed m/z 608 indicative of the addition of one oxygen atom (+16) at a carbon-carbon
double bond while peak 1 exhibited m/z 624 indicative of the addition of 2 oxygen atoms.
From our previous work,3* we can assume that the corresponding oxygen-containing
moieties were a furan and endoperoxide. On the other hand, photooxidation of A2E within
the long arm of the molecule (Fig. 5: peak 2) reduced or negated fluorescence when excited
at 430 nm. This change would occur because the hypsochromic shift (blue-shift) associated
with loss of a carbon-carbon double bond on the long arm of A2E, displaces the excitation
maxima away from the 488 nm-wavelength utilized by fundus autofluorescence imaging.

Fundus autofluorescence emanating from photoreceptor cell outer segments

Bisretinoid lipofuscin compounds form in photoreceptor cells and are subsequently
deposited in RPE due to daily shedding of outer segments by photoreceptor cells and uptake
of the debris by RPE phagocytosis.2> Consequently in a healthy retina, the bisretinoids of
the lipofuscin synthetic pathway are present at minimal levels in the photoreceptor cells.
However, when photoreceptor cells are compromised, such as occurs in association with
failure of RPE cells to phagocytose,33 photoreceptor outer segments become an abnormal
but intense source of fundus autofluorescence.

At least some of the lipofuscin-associated pigments that form in photoreceptor cell outer
segments include A2-DHPPE, all-trans-retinal dimer, all-trans-retinal dimer-PE and A2PE.
The phosphatidyl-pyridinium pigment A2PE (excitation maximum ~449 nm) forms in
photoreceptor cell outer segments from reactions of all-trans-retinal with the phospholipid,
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phosphatidylethanolamine.827:36:37 Amongst the group of bisretinoids mentioned above,
A2PE of the A2E biosynthetic pathway is distinguished by the ease with which it undergoes
phosphate hydrolysis in RPE cell lysosomes resulting in cleavage of A2PE and release of
A2E.27:38 Consequently A2PE is not detected in RPE and can thus be used as a marker of
bisretinoid residency in outer segments.

Thus using A2PE as an example, we sought to understand contributions to fundus
autofluorescence from bisretinoids in photoreceptor cells. To this end we compared the
fluorescence emission of A2PE and A2E in PBS with 2% DMSO and in two organic
solvents, methanol and chloroform, the latter being the more hydrophobic of the two (Fig.
2). Like A2E, A2PE exhibited a redshift in emission maxima when excited at the longer
wavelength (430 nm versus 488 nm) in both methanol and chloroform; this redshift was not
observed with PBS/DMSO. Solvent dependency of the A2PE emission maximum was also
observed. The fluorescence intensity of A2PE was similar in PBS/DMSO and chloroform
but the difference in fluorescence intensity between A2E and A2PE was most pronounced in
PBS/DMSO with emission of A2PEbeing ~4-fold greater. The dual character of the PBS/
DMSO mixture would allow DMSO to solvate the hydrophobic arms of A2E and A2PE
while the hydrophilic side-arms of A2E would interact with the water molecules; thus this
system probably best mimics the cellular milieu. The fluorescence efficiency of A2PE at
488 nm excitation was also found to be more pronounced than A2E when both compounds
were injected into the HPLC and monitored for absorbance and fluorescence (Fig. 6).
Specifically, the fluorescence efficiency of A2PE was 1.8-fold greater than A2E (A2E:
20,069; A2PE: 36,103). The more pronounced fluorescence of A2PE may reflect, in part, an
excitation maximum (~449 nm) that is closer to 488 nm than is the excitation maximum of
A2E (~439 nm).

Another factor that may potentiate the contribution of A2PE to fundus
hyperautofluorescence is photooxidation. Like A2E, A2PE and the other bisretinoid
precursors are photoreactive compounds that upon photon absorbance can generate reactive
forms of oxygen.3439-41 Also like A2E (Fig. 5), A2PE undergoes photooxidation. Shown in
Fig. 7 are chromatographic (Fig. 7A, B) and mass spectrometric (Fig. 7C, D) analysis of 430
nm-irradiated samples of synthesized A2PE. Because of increased polarity, the multiple
peaks attributable to photooxidized forms of A2PE elute ahead of the parent A2PE
compound (Fig. 7A). Examination of irradiated samples of A2PE (Fig. 7A, B; black traces)
also revealed that some of these photooxo-A2PE species exhibit substantial increases in
fluorescence efficiency, since their fluorescence peak heights (Fig. 7B) were considerably
increased relative to absorbance peak heights (Fig. 7A). Photooxidation of the sample is
evidenced from the mass spectrometry profile: in addition to the m/z of 1223 attributable to
A2PE (synthesized from dipalmitoyl-phosphatidylethanolamine), a series of higher nmv/z
peaks appear at successive increments of mass 16 (the mass of oxygen).

Autofluorescence and retinoids

In addition to heightened autofluorescence in parafoveal rings and in the surround of
geographic atrophy, hyperautofluorescence associated with retinal disease can take the form
of diffuse puncta that on color fundus photographs present as scattered white dots.*? These
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lesions are typical of at least two autosomal recessive disorders: fundus albipunctatus due to
mutations in RDHS5, the gene that encodes 11-cis-retinol dehydrogenase,3 and punctata
albescens, most frequently associated with the RLBP1 gene for cellular retinaldehyde-
binding protein (CRALBP).# Since both of the affected proteins contribute to the
regeneration of 11-cis-retinal via the retinoid cycle, it is of interest to consider whether
autofluorescence in these disorders reflects accumulations of retinoid.*2

To begin to address this question, we measured the spectra of two of the retinoids of the
visual cycle. With all-trans-retinyl palmitate (60 pM), we observed a fluorescence peak at
476 nm in methanol and 505 nm in PBS (with 2% DMSO) with excitation at 380 nm (Fig.
8). However, no fluorescence was noted with excitations at 430 nm or 488 nm in either
solvent (not shown). Lack of a contribution of retinyl ester to fundus autofluorescence
would be consistent with the finding in RPE65-related disease that retinyl esters accumulate
in abundance in RPE cells,*® while at the same time, fundus autofluorescence is absent.1?

When all-trans-retinal was placed in methanol (60 M), we observed a fluorescence that
peaked at 535 nm with 380 nm excitation and peak emission at 570 nm with excitation at
430 nm (Fig. 8). Fluorescence was not observed with an excitation at 488 nm in methanol
(Fig. 8F). In PBS/DMSO with 380 nm excitation, all-trans-retinal fluorescence was
essentially absent at a concentration of 60 uM, but weak fluorescence was observed at a
concentration of 120 uM (Fig. 8H, I). With excitation at 430 and 488 nm and at
concentrations of both 60 and 120 uM, all-trans-retinal fluorescence was absent (Fig. 8K, L,
N, O). Recordings from solvent only are presented for comparison (Fig. 8F, G, J, M).

It is worth noting that the issue of whether all-trans-retinal exhibits fluorescence has been
notoriously difficult to resolve; this is in part because the fluorescence excitation spectra
observed have not corresponded to the absorption spectra and a strong concentration
dependence indicates that fluorescence is associated with molecular interactions between
molecules of all-trans-retinal 46: 47 Additionally, a contribution to fundus autofluorescence
from all-trans-retinal in photoreceptor cells would presuppose that all-trans-retinal is
released in a free state after it forms following photoisomerization of 11-cis-retinal. But all-
trans-retinal is a toxic aldehyde-bearing compound® and experiments indicate that
mechanisms?9: %0 are available to chaperone all-trans-retinal until it is reduced to all-trans-
retinol, thereby minimizing the opportunity for free all-trans-retinal to exist.5! Taken
together, the spectral data presented here do not support the notion that fluorescent puncta
observed in fundus autofluorescent images originate from all-trans-retinal.

Conclusions

The fundus autofluorescence that can be imaged in a healthy retina derives primarily from
RPE bisretinoid chromophores. Emission spectra obtained from the full complement of RPE
lipofuscin material present in histological sections of human retina, reflect fluorescence
from a complicated mixture of bisretinoid fluorophores that vary with respect to excitation
and emission spectra and fluorescence efficiency. Added to this complexity is the
solvatochromism exhibited by the lipofuscin bisretinoids along with hypsochromic shifts in
spectral profiles and changes in fluorescence efficiency that accompany photooxidation of
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these pigments. Retinyl esters and all-trans-retinal, two retinoids of the visual cycle, do not
exhibit spectral features consistent with a contribution to fundus autofluorescence.

Clinically noted increases in fundus autofluorescence, such as occurs in recessive Stargardt
disease, can represent disease-related augmentation of lipofuscin within RPE cells. It is
frequently supposed that accelerated phagocytosis of photoreceptor outer segment
membrane can also intensify lipofuscin levels in RPE. However, the bisretinoids of retinal
lipofuscin form in photoreceptor cell outer segments prior to disc shedding and phagocytosis
and not in the phagosome or RPE lysosome. Thus, the production of this material depends
on the availability of precursors inphotoreceptor cells,>! but is unlikely to be determined by
the rate at which outer segment membrane is cleared by RPE.

In summary, the contributions that the various bisretinoid species make to fundus
autofluorescence is determined by their excitation and emission spectra and is related to
abundance, fluorescence efficiency and the extent to which the bisretinoid pigments become
photooxidized. It is often assumed that fundus autofluorescence is derived only from
bisretinoids that have been deposited in RPE cells as lipofuscin; however conditions may
exist wherein aberrant autofluorescence can also originate from the bisretinoid precursors
located in photoreceptor cell outer segments.33 Understanding the source and reasons for
fundus hyperautofluorescence is essential to efforts aimed at using fundus autofluorescence
imaging to evaluate progression of retinal disease and to appraise the effectiveness of
treatments as they become available.
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Fig. 1.
Fluorescence emission spectra of whole lipofuscin in human RPE. Measurements were

taken using fluorescence microscopy, cryostat sections of the eye and a range of excitation
wavelengths (Aex). Inset above: fluorescence (A) and phase contrast (B) images of a
representative area of RPE monolayer. Emission maxima are presented in nanometres (nm).
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Emission spectra of A2E and A2PE in methanol (MeOH) (A) and chloroform (B) and
phosphate buffered saline (PBS) with 2% DMSO (C). Bandpass slit was 6 nm. Emission
was recorded with an excitation of 430 or 488 nm. The final concentration of each
compound in solvent was 30 M. The unit of fluorescence intensity is counts per second.

Emission maxima (nm) are indicated.
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Fluorescence emission spectra of the bisretinoid lipofuscin pigments all-trans-retinal dimer
(A, B) and A2-DHP-PE (C) in PBS, chloroform (CHCI3) and/or methanol (MeOH). The
final concentration of the compounds was 30 pM and the excitation wavelength (ex) was
430 or 488 nm. Unit of fluorescence intensity is counts per second. Emission maxima are
presented (nm). Bandpass slit was set at 8 nm for A2-DHP-PE and 6 nm for all-trans-retinal

dimer.
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Fig. 4.
Bisretinoids of retina exhibit differences in fluorescence efficiency. Reverse phase HPLC

(C18 column). Injectant was a hydrophobic extract of eyes from Abcad™'~ mice (age 11
months; homozygous for methionine at the Rpe65 450 variant) with absorbance (438 and
490 nm) and fluorescence [excitation (Aey), 488 nm; emission (Aern), 618 nm] monitoring.
mAU, milliabsorbance units; fluorescence intensity in arbitrary units. Inset: table of
fluorescence efficiency (lex 488 nm) for A2E, isoA2E and A2-DHP-PE.
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Fig. 5.
Fluorescence efficiency of the RPE lipofuscin bisretinoid A2E is increased following

photooxidation on the short arm of the molecule. Samples of A2E were irradiated at 430 nm
(2 min) to generate photooxidation products (oxo-A2E 1, 2, 3). Analysis by reversed phase
UPLC with monitoring of absorbance (430 nm), fluorescence (Aex 430 Nm; Aoy, 600 NM) and
selected ion monitoring at mass to charge ratio (m/z) 592, 608 and 624. Fluorescence
efficiency was 1.28 for di-oxo0-A2E (peak 1); 0.45 for monooxo-A2E (peak 3) and 0.1 for
AZ2E (peak 4).
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Fig. 6.

At an excitation of 488 nm the fluorescence emission of A2PE is greater than A2E. The
analyte was a 1: 1 mixture of A2E and A2PE, each at 30 uM in PBS with 0.6% DMSO.
Reverse phase HPLC (C4 column) with detection of absorbance (A) by photodiode array
(450 nm) and fluorescence (B) with multi A fluorescence detector (excitation, 488 nm;
emission, 618 nm; bandwidth, 18 nm). Insets in A: UV-visible absorbance spectra of A2E
and A2PE. *, oxidized A2E; **, oxidized A2PE. (C) Mass spectrometric analysis and planar
structures (insets) of the two chromatographic peaks in A and B, corresponding to A2PE
(top) and A2E (bottom). (+=), electronic transition assignments.
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Fig. 7.

Photooxidation of A2PE. A2PE (200 uM) in PBS with 2% DMSO was irradiated for 30 min
at 430 nm. Representative reverse phase HPLC chromatograms (C4 column) with
monitoring of absorbance and (A) and fluorescence (B) at indicated wavelengths. Inset in A:
expanded chromatogram between retention time 28-30 min. ESI-MS spectrometry of
unirradiated (C) and irradiated (D) A2PE. Inset in C: structure and electronic transition
assignments (++) of A2PE. The molecular ion peak at mass-to-charge (nVz) ratio 1223
corresponds to molecular mass of A2PE synthesized from dipalmitoyl-
phosphatidylethanolamine (DP-PE). Peaks differing in m/zby 16 (e.g. 1239, 1255, 1271
etc.) are indicative of A2PE photooxidation.
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Fig. 8.

Fluorescence emission spectra of retinyl palmitate and all-trans-retinal. Structures and
electronic transition assignments () for retinyl palmitate (A) and all-trans-retinal (B).
Emission of retinyl palmitate (C) and all-trans-retinal (D-F, H, I, K, L, N, O) recorded in
methanol (MeOH) < and phosphate buffered saline (PBS), both with 0.6-1.2% DMSO;
excitation wavelengths (1ex) and concentrations (uM) are indicated. Recordings with MeOH
(F) or PBS (G, J, M) alone are also presented. Bandpass slit: 6 nm for retinyl palmitate and
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all-trans-retinal in MeOH (Aex 380 nm) and in PBS; 10 nm for all-trans-retinal (in MeOH
Aex 430 nm).
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