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segments ( 1 ). The lipid phase of the disc membrane is 
dominated by phospholipids (87 mol % of total lipid in 
human outer segment membrane) with the major species 
being phosphatidylcholine (PC) (32.5 mol %), phosphati-
dylethanolamine (PE) (37.6 mol %), and phosphatidylser-
ine (PS) (12.1 mol %) ( 2 ). A remarkable feature of the 
phospholipids of the outer segment disc membrane is 
their unusually high content of long-chain polyunsatu-
rated (e.g., 22:6 n -3) fatty acids; in human outer segments, 
22:6 n -3 accounts for 34.2% of the fatty acid in PE, 19.5% 
of the fatty acid in PC and 34.1% of the fatty acid in PC 
( 2 ). Indeed, docosahexaenoic acid (DHA) is more abun-
dant in photoreceptor outer segments that in any other 
mammalian cell membrane ( 2 ). These unsaturated acyl 
chains provide the high fl uidity necessary for proper sig-
nal transduction in the disc membrane. 

 Following absorption of a photon, the 11- cis -retinal 
chromophore of visual pigment rhodopsin isomerizes to 
all- trans -retinal and initiates a series of conformational re-
arrangements leading to formation of metarhodopsin II, a 
380-nm absorbing species that consists of all- trans -retinal 
bound to opsin by a deprotonated Schiff base linkage (  Fig. 
1  ).  Metarhodopsin II is distinguished by its ability to acti-
vate the G protein transducin ( 3 ). This activation initiates 
the phototransduction cascade leading to hyperpolariza-
tion of the photoreceptor cell and altered neurotransmit-
ter release. Movement of phospholipid species during the 
rhodopsin to metarhodopsin II transition has been re-
ported by multiple groups ( 4, 5 ). For instance, this transi-
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 PHOSPHOLIPID ASSOCIATIONS WITH RHODOPSIN 

 Throughout the outer segment compartment of the 
photoreceptor cell, visual pigments (rhodopsin in rods 
and cone pigments) are densely packed within the plasma 
membrane and disc membranes; low levels of rhodopsin 
are also present in the plasma membrane of the rod inner 
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and PE appear to chaperone all- trans -retinal, thereby pre-
venting the toxicity that would otherwise be associated 
with free aldehyde. As will be discussed in the next section, 
 N -retinylidene-PE is recognized as the ligand that binds 
the photoreceptor-specifi c ATP-binding cassette trans-
porter (ABCA4/ABCR) in outer segments ( 11–14 ). 

 THE SCHIFF BASE ADDUCT OF 
PHOSPHATIDYLETHANOLAMINE AND ALL- TRANS -

RETINAL IS THE SUBSTRATE FOR ABCA4 

 The translocation of lipid across cell membranes is es-
sential to cell structure and function. One well known fam-
ily of lipid transporters is the ABCA4 subgroup of the ABC 
transporters. A number of these transporters have been 
identifi ed in association with genetic disorders ( 15 ). 
ABCA4/ABCR ( 11–14 ), in particular, is primarily ex-
pressed in photoreceptor cells of retina and is the gene 
that is defective in recessive Stargardt disease, a form of 
macular dystrophy with usual onset in the second decade 
of life ( 16 ). More severe mutations in ABCA4 are also re-
sponsible for some cases of cone-rod dystrophy and a sub-
set of cases of autosomal recessive RP ( 17–19 ). 

 Measurements of the ATPase activity of ABC4 in lipid 
vesicles revealed that the most pronounced activity 
occurred in the presence of all- trans -retinal and within 
PE-enriched vesicles, thus identifying the ligand as 
 N -retinylidene-PE, the condensation product formed from 
PE and all- trans -retinal ( 13, 14, 20–23 ). Recent experiments 
indicate that the Schiff base linkage of  N -retinylidene-PE 
is unprotonated when transported by  ABCA4  ( 15 ). It is 

tion is marked by a redistribution of PS to the membrane 
leafl et facing the cytoplasm and for each molecule of rho-
dopsin, two PC and two PE molecules form associations 
that render them less extractable. The phospholipids of 
the outer segment are also essential for the formation of a 
stable complex between photoactivated rhodopsin and 
the G-protein transducin ( 6 ). 

 ALL- TRANS -RETINAL AND PHOSPHOLIPID 

 As noted above, photoisomerization of 11- cis -retinal 
leads to the generation of all- trans -retinal ( Fig. 1 ). As an 
aldehyde-bearing agent that can permeabilize and kill cells 
(  Fig. 2A  )  ( 7 ), all- trans -retinal necessitates careful handling 
by the photoreceptor cell. Accordingly, it has been shown 
that in addition to the well-known internal protein pocket 
(site I) wherein 11- cis -retinal is bound covalently via a 
Schiff base linkage, opsin contains two additional hydro-
phobic cavities housing retinoid, one that serves as en-
trance site for 11- cis -retinal and the other that is occupied 
by all- trans -retinal after its release from site I upon deacti-
vation of metarhodopsin II ( 8 ). The implication of this 
work is that, as opposed to being released freely into the 
lipid phase of the photoreceptor membrane, all- trans -
retinal remains bound to opsin while being reduced to all-
 trans -retinol by NADPH-dependent retinol dehydrogenases 
(RDHs) ( 8, 9 ) ( Fig. 1 ). An aldehyde can react with a pri-
mary amine to form an adduct via a Schiff base linkage 
(C = C � N); accordingly, all- trans -retinal, upon release 
from photoactivated rhodopsin, has been shown to react 
with PE in the disc membrane to form the Schiff base ad-
duct,  N -retinylidene-PE ( 10 ). Thus, both the opsin protein 

  Fig.   1.  Retinoid cycling in the eye. The visual chromophore 11- cis -retinal forms a covalent Schiff base bond with lysine 296 (Lys 296) of 
opsin. Vision is initiated when a photon ( hv ) is captured by 11- cis -retinal; as a result, the chromophore is isomerized to all- trans -retinal. With 
all- trans -retinal still covalently bound to opsin, the activated pigment transitions to the metarhodopsin II conformation, the Schiff base is 
hydrolyzed, and all- trans -retinal is reduced to all- trans -retinol by retinol dehydrogenases (RDHs). Alternatively some all- trans -retinal reacts 
with phosphatidylethanolamine (PE) in the lipid bilayer to form  N -retinylidene-PE, which is transported by ABCA4 and then hydrolyzes to 
release PE and all- trans -retinal. The latter is subsequently reduced to all- trans -retinol. Within the retinal pigment epithelium (RPE) cell, 
all-trans-retinol is esterifi ed by the enzyme lecithin retinol acyl transferase (LRAT) and is isomerized from the all- trans  confi guration to the 
11- cis -retinol by RPE65. The alcohol is then oxidized by 11- cis  retinol dehydrogenase (11cRDH) to 11- cis -retinal. The bisretinoid pathway is 
initiated when  N -retinylidene-PE, rather than hydrolyzing to all- trans -retinal and PE, reacts with a second molecule of all- trans -retinal. A 
multi-step pathway leads to formation of the intermediate dihydropyridinium-A2PE. Automatic oxidation of dihydropyridinium-A2PE with 
loss of two hydrogens ( � 2H) generates A2PE, the immediate precursor of A2E. Loss of one hydrogen ( � H) generates A2-dihydropyridine-
PE (A2-DHP-PE); phosphate hydrolysis of the latter produces A2-DHP-E. Via an alternative path, all- trans -retinal dimer forms from the 
condensation of two all- trans -retinal. Reaction all- trans -retinal dimer with PE with formation of a protonated Schiff base linkage generates 
all- trans -retinal dimer-PE (atRALdi-PE), and phosphate hydrolysis of the latter yields all- trans -retinal dimer-ethanolamine (atRALdi-E).   
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  N -RETINYLIDENE-PE IS AN INTERMEDIATE IN THE 
BISRETINOID BIOSYNTHETIC PATHWAY 

  U nder some circumstances, not all of which are fully un-
derstood,  N -retinylidene-PE reacts with a second molecule 
of all- trans -retinal instead of hydrolyzing to PE and all-
 trans -retinal; one condition under which this occurs is re-
duced or absent ABCA4 activity. This second condensation 
reaction initiates a nonenzymatic synthetic pathway that 
leads to the formation of fl uorescent di-retinal com-
pounds within the lipid bilayers of the photoreceptor 
outer segment. These compounds include the phosphatidyl-
pyridinium bisretinoid, A2PE, the phosphatidyl-dihydro-
pyridine bisretinoid, A2-DHP-PE, and both all- trans -retinal 
dimer and the related PE conjugate, all- trans -retinal dimer-
phosphatidylethanolamine ( 30–34 ). It is probably, at least 
in part, to prevent the build up of these chromophores 
that the outer segment undergoes constant turnover with 
the membrane that is shed being cleared by retinal pig-
ment epithelial (RPE) cell phagocytosis ( 35 ). As a result, 
the bisretinoid chromophores that form in the outer seg-
ment are deposited in the adjacent RPE cell where they 

generally considered that the function of ABCA4 is to 
transport or fl ip  N -retinylidene-PE across the lipid bilayer 
from the interior of the disk to the cytoplasmic face of the 
disc membrane. With exposure to water in the cytosol,  N -
retinylidene-PE is expected to undergo hydrolysis to all-
 trans -retinal and PE ( Fig. 1 ) and the terminal aldehyde of 
all- trans -retinal is subsequently reduced to the less reactive 
alcohol (all- trans -retinol) by NADPH-dependent RDHs 
such as RDH8, RDH11, and RDH12 ( 24, 25 ). However, 
only a portion of all- trans -retinal that is generated by pho-
toisomerization of 11- cis -retinal is handled via the ABCA4 
pathway; it is estimated that this fraction could be 30% 
( 9 ). 

 Although ATP-dependent transport of  N -retinylidene-
PE across the membrane has not yet been demonstrated 
( 26 ), evidence for this role is provided by studies of  Abca4  
knock-out mice wherein elevated levels of  N -retinylidene-
PE are observed in retina ( 27, 28 ). PE is also increased in 
these mutant mice, although, as compared with wild-type 
mice, there is little difference in all- trans -retinal levels in 
the retinas of light exposed  Abca4  null mutant mice ( 29 ). 

  Fig.   2.  All- trans -retinal is generated within photoreceptor cell outer segments upon visual pigment photoi-
somerization. A: Free all- trans -retinal bears a reactive aldehyde that is toxic to cells. All- trans -retinal (30 
microM) was incubated with ARPE-19 cell at 37°C for 16 h after which the cells were incubated with fresh 
media for 3 days. Cell viability was measured by MTT assay as described in ref.  95 . B: Free all- trans -retinal has 
an absorbance maxima at 380 nm. C, D: In the presence of lipid bilayers, all- trans -retinal reacts to form 
several bisretinoid compounds including A2E, isoA2E, all- trans -retinal dimer, and A2PE. All- trans -retinal was 
incubated with ARPE-19 cells as in A; cells were extracted in chloroform/methanol and analyzed on reverse 
phase C18 and C8 columns as described in ref.  33 .   
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nal G protein-coupled receptor) and is of low abundance 
( 43 ). 

 Evidence for the involvement of the visual cycle as the 
major source of RPE lipofuscin originated with experi-
ments documenting that the deposition of lipofuscin gran-
ules and the presence of lipofuscin autofl uorescence is 
dependent on dietary vitamin A ( 44, 45 ). Additionally, 
when the 11- cis - and all- trans -retinal chromophores of vi-
sual pigment are not generated, as in  Rpe65   � / �   mice, RPE 
lipofuscin measured as fl uorescence intensity is severely 
diminished ( 46 ) and the many lipofuscin chromophores 
absorbing in the visible range of the spectrum are absent 
( 34, 47 ). Similarly, in patients with early-onset retinal dys-
trophy associated with mutations in RPE65, the absence of 
fundus autofl uorescence ( 48 ) refl ects RPE cells that are 
devoid of lipofuscin. 

 The lipofuscin of RPE is amassed within organelles of 
the lysosomal compartment of the cells; because of their 
ultrastructural appearance, these bodies are known as li-
pofuscin granules ( 49–52 ). Other macromolecules phago-
cytosed by the RPE are degraded by lysosomal enzymes to 
small molecules that leave the lysosome assisted by per-
meases ( 53 ). However, after an initial phosphate cleavage 
that occurs to varying degrees (discussed below), the bis-
retinoid compounds deposited in RPE appear to largely 
defy further hydrolytic degradation. The failure to de-
grade is evident from the propensity of these bisretinoids 
to accumulate. Due to the complex structures of these bis-
retinoid compounds, it is conceivable that the lysosomal 
enzymes of the RPE cell do not recognize them. 

accumulate ( 36 ). In addition to elevated levels of  N -reti-
nylidene-PE, mice defi cient in  Abca4  exhibit an abundant 
accumulation of the bisretinoids that constitute the lipo-
fuscin of RPE cells ( 28, 29, 33, 37 ). 

 RPE lipofuscin bisretinoids originate in photoreceptors 
cells and are deposited secondarily in RPE 

 Although the bisretinoids of RPE lipofuscin ( Fig. 3 )  are 
particularly abundant in ABCA4-associated retinal dystro-
phy, these pigments also accumulate in the RPE of healthy 
eyes, albeit at lower levels ( 37, 38 ). Indications that RPE 
lipofuscin formation occurs in photoreceptor outer seg-
ments were fi rst provided by studies of a blind strain of rat 
(Royal College of Surgeon rat, RCS) in which RPE cells 
are unable to phagocytose shed outer segment discs; un-
der these conditions, RPE is devoid of lipofuscin ( 39, 40 ). 
Lipofuscin was also found to be diminished when photore-
ceptor cells were caused to degenerate ( 41 ). 

 Early investigators also considered the possibility that 
lipofuscin fl uorophores of RPE cells might form within 
the acidic environment of the lysosome. However, an ori-
gin from photoreceptor cells is indicated by the detection 
of RPE lipofuscin bisretinoids in photoreceptor outer seg-
ments (  Fig. 4  ).  Moreover, all- trans -retinal, the precursor 
essential to the formation of these bisretinoids, is not avail-
able in RPE cells. Specifi cally, the fl ow of retinoid is such 
that all- trans -retinal is reduced to all- trans -retinol before 
transfer of retinoid from photoreceptor cells to RPE ( 9, 
24, 42 ). In addition, all- trans -retinal generated by retinol 
dehydrogenase activity in RPE is complexed to RGR (reti-

  Fig.   3.  Structures and absorbance maxima ( �  max ) of the fl uorophores that constitute the bisretinoids of retina lipofuscin. Phosphate 
cleavage of A2PE, A2-DHP-PE, and all- trans -retinal dimer-PE releases A2E, A2-DHP-E, and all- trans -retinal dimer-E, respectively. Absorbance 
maxima of these bischromophores can be assigned to the shorter and longer side-arms of the molecules. For all- trans -retinal dimer-PE and 
all- trans -retinal dimer-E, the absorbance generated from the long-arm exhibits a bathochromic shift (red-shift) due to protonation of the 
imine functional group (— CH = N —).   
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 We have proposed that the biosynthesis of A2E ( 30, 31, 
38 ) begins in photoreceptor outer segments with conden-
sation reactions between PE and all- trans -retinal ( Fig. 1 ) 
that generate  N -retinylidene-PE, the Schiff base conjugate 
that is the substrate of ABCA4. Within the eye, 
 N -retinylidene-PE is generally found to be protonated. 
 N -retinylidene-PE likely then undergoes a [1,6]proton 
tautomerization generating the phosphatidyl analog of 
enamine. After reaction with a second molecule of all-
 trans -retinal, we suggested that an iminium salt would form 
and, following electrocyclization, a phosphatidyl dihydro-
pyridinium molecule (dihydro-pyridinium-A2PE) ( 56 ). 
Subsequent automatic oxidation under a drive to aroma-
ticity ( 57 ) would eliminate two hydrogens to yield A2PE 
( Fig. 1 and 3 ), a phosphatidyl pyridinium bisretinoid that 
is the immediate precursor of A2E. Cleavage of A2PE to 
generate A2E occurs in RPE cell lysosomes and is likely 
mediated by the enzymatic activity of phospholipase D 
(PLD) ( 31, 58 ) (discussed below). 

 Analysis of A2PE, the immediate precursor of A2E, has 
shown that this bisretinoid originates in photoreceptor 
outer segments. For example, the formation of [ 14 C 2 ]A2PE 
was measured in outer segments isolated from excised 
whole retinas submitted to [ 14 C 2 ]ethanolamine incorpora-
tion and irradiation to release endogenous all- trans -retinal. 
A2PE also formed in outer segments incubated with exog-
enous all- trans -retinal ( 30, 31 ). Indeed, it can be readily 
demonstrated that exposure of cell membranes to exoge-
nous all- trans -retinal results in the facile production of 
A2PE and other bisretinoids such as all- trans -retinal dimer, 

 It has been assumed that the lipofuscin material in RPE 
includes partially degraded or oxidized protein, but in a 
recent proteomic study of purifi ed lipofuscin granules, 
amino acid analyses revealed very little protein ( � 2%). 
On the other hand, several previously identifi ed bisret-
inoid compounds (discussed below) were detected that 
likely accounted for the phototoxicity measured in the 
isolated granules ( 54 ). Also present were carboxyethyl 
pyrrole protein (CEP)-adducts, modifi cations that are 
generated from the oxidation of docosahexaenoate-
containing lipids in photoreceptor cells. Presumably, the 
photooxidative process responsible for generating these 
products of lipid oxidation could occur in the photorecep-
tor cells or within the lipofuscin granule or both. 

 A2E, isomers, and precursors.   A prominent component 
of RPE lipofuscin is the di-retinal conjugate A2E ( 55 ) 
( Figs. 1, 3 ). The polar head of A2E consists of an aromatic 
ring carrying a permanent positive charge conferred by a 
quaternary amine nitrogen. The charge on the pyridinium 
nitrogen is neutralized by a counter ion, probably chlo-
ride. Two side-arms extend from the ring, a long arm and 
a short. In this unprecedented structure, each arm is de-
rived from a molecule of all- trans -retinal ( 55 ). The alter-
nating double and single bonds that extend the length of 
the long arm and into the pyridinium and ionone rings of 
A2E provide the extended conjugation system that imparts 
absorbance at wavelengths in the visible range of the spec-
trum ( � 440 nm) ( Fig. 3 ). The absorbance at  � 335 nm is 
generated within the short arm. 

  Fig.   4.  Detection of bisretinoids in RPE and neural retina from bovine eyes. Bovine RPE/choroid (A, C) and neural retina (B, D) were 
extracted with chloroform/methanol and analyzed by reverse-phase HPLC with C8 (A, B) and C18 (C, D) columns and monitoring at 430 
and 490 nm. Tissue extracts pooled and concentrated from 15 eyes for RPE analysis and 20 eyes for neural retina analysis. Top insets in A 
and C: UV-visible absorbance spectra of the indicated bisretinoids. Insets on the right in A–D: Chromatograms expanded between reten-
tion times indicated. C: The shorter wavelength absorbance of atRAL dimer-PE presents as  � 265 nm; a strong absorbance in this region 
from unsaturated fatty acids (such as DHA) in the phosphatidic acid moiety can sometimes mask the 290 nm absorbance generated from 
the shorter of the two retinoid-derived side-arms of the molecule.   
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nm absorbance can be assigned to the long arm of A2-
DHP-PE and the 333 nm absorbance to the short arm ( 34 ) 
( Fig. 3 ). 

 The all-trans-retinal dimer series of lipofuscin fl uorophores.   Al-
though A2E absorbs in the visible spectrum at about 440 
nm, the ‘blue’ region, at least two bisretinoids in RPE lipo-
fuscin have  � 510 nm absorbance ( Fig. 3 ). One of these, 
the pigment all- trans -retinal dimer-phosphatidyletha-
nolamine (all- trans -retinal dimer-PE;  �  max   � 290, 510 nm) 
is produced when two molecules of all -trans- retinal con-
dense to form an aldehyde-bearing dimer (all- trans -retinal 
dimer) ( Figs. 1, 3 ) that can proceed to form a conjugate 
with PE via a Schiff base linkage that exhibits pH-depen-
dent protonation ( 32, 33 ) ( Figs. 1, 3 ). The second  � 510 
nm absorbing species, all- trans -retinal dimer-ethanolmine 
(all- trans -retinal dimer-E) ( Figs. 1, 3 ) can be generated 
subsequently by phosphate cleavage of all- trans -retinal di-
mer-PE. Moreover, with deprotonation and Schiff base hy-
drolysis of all- trans -retinal dimer-PE and -E, unconjugated 
all- trans -retinal dimer can reform. As with the other lipo-
fuscin pigments, the all- trans -retinal dimer series of com-
pounds are housed in lysosomes (pH  � 5). We detected 
the protonated (all- trans -retinal dimer-PE and -E) and un-
protonated unconjugated (all- trans -retinal dimer) forms 
of this group of compounds in extracts of RPE lipofuscin 
from humans and mice ( 32, 33 ). Thus, conditions in the 
lysosome appear to support both protonated and unproto-
nated forms with the relative levels of these three pigments 
probably being pH dependent. 

 The pigments all- trans -retinal dimer-PE and all- trans -
retinal dimer-E are composed of long (seven double-bond 
conjugations) and short (four conjugations) polyene arms 
extending from a cyclohexadiene ring ( Fig. 3 ) ( 60 ). The 
relatively long wavelength absorbance of all- trans -retinal 
dimer-PE and all- trans -retinal dimer-E in the visible spec-
trum ( �  max   � 510 nm) is attributable to protonation of the 
Schiff base linkage in these compounds. Conversely, the 
absorbance spectrum of unconjugated all- trans -retinal di-
mer exhibits maxima at  � 290 and 430 nm. In the lipofus-
cin-fi lled RPE of  Abca4  null mutant mice, all- trans -retinal 
dimer-PE and all- trans -retinal dimer-E are present at ele-
vated levels ( 33 ). 

 Photooxidized forms of bisretinoid pigments.   The complex 
mixture of lipofuscin pigments in the RPE includes several 
photooxidized species of A2E and all- trans -retinal dimer 
( 33, 61 ) that form by established mechanisms. In particu-
lar, A2E, when irradiated at an excitation maximum in the 
blue region of the spectrum, serves as a photosensitizer 
generating various reactive forms of oxygen with singlet 
oxygen adding to A2E at carbon-carbon double bonds 
along the side-arms of the molecule ( 61–65 ). Indeed, the 
photooxidation of A2E can involve the incorporation of as 
many as nine oxygens into the retinoid-derived side-arms 
of A2E resulting in multiple oxygen-containing moieties 
situated within an A2E molecule. The reactive species gen-
erated within photooxidized A2E include endoperoxides, 
epoxides, and furanoid moieties that have been identifi ed 

which will be discussed below ( Fig. 2C, D ). In addition, 
bisretinoid precursors have been identifi ed in outer seg-
ments isolated from  Abca4   � / �   mice ( 29 ), and mass spectro-
metric analysis verifi ed that bisretinoid compounds 
account for at least some of the autofl uorescent pigments 
that accumulate in the orange-colored degenerating pho-
toreceptor outer segment debris in RCS rats ( 31, 40 ), the 
strain having an inability to phagocytose shed outer seg-
ment membrane. 

 The double bonds along the side-arms of A2E are all in 
the  trans  ( E ) position, a lower energy confi guration ( Fig. 
3 ). However, photoisomerization of A2E generates several 
cis-isomers, the most abundant of which is iso-A2E, wherein 
the double bond at the C13-14 position assumes the  cis  ( Z ) 
confi guration ( 38 ). A2E and isoA2E are present in the eye 
in approximately a 4:1 ratio. Other  cis -isomers having 
 Z -olefi ns at the C9/9’-10/10’ and C11/11’-12/12’ positions, 
are also detected in eye extracts ( 31 ). For all of these pho-
toisomers of A2E, absorbance spectra are slightly blue 
shifted relative to A2E (e.g., A2E:  �  max  334, 438; iso-A2E: 
 �  max  337, 428). A2E and its isomers have been detected in 
isolated human RPE ( 38 ) and in eyecups harvested from 
mice ( 33, 34, 37 ). The levels of A2E and corresponding 
isomers are increased at least 5-fold in the  Abca4  null mu-
tant mouse, a model of recessive Stargardt macular degen-
eration ( 27–29, 37, 59 ). 

 A2-DHP-PE.   We have recently shown that oxidation of 
dihydropyridinium-A2PE, the intermediate discussed 
above, can lead to a second pathway ( Fig. 1 ). Here hydro-
gen transfer and one hydrogen elimination leads to the 
formation of an uncharged dihydropyridine compound 
that we refer to as A2-dihydropyridine-phosphatidyletha-
nolamine (A2-DHP-PE) ( Fig. 3 ), to indicate both its struc-
ture and its formation from two vitamin A-aldehyde (A2) 
( 34 ). That the core of this compound is a dihydropyridine 
ring was confi rmed by high performance liquid chroma-
tography-electrospray ionization-tandem mass spectrome-
try with corroboration by Fourier transform infrared 
spectroscopy and modeling using density functional 
theory. 

 The stability of this lipofuscin bisretinoid is indicated by 
its detection in mouse eyecups, in human and bovine ret-
ina ( Fig. 4 ), and by studies demonstrating that A2-DHP-PE 
accumulates with age ( 34 ). In human RPE, A2-DHP-PE 
was observed at levels that were similar to A2E; however, in 
 Abca4  � / �    mice, the content of A2E was greater than that of 
A2-DHP-PE. This fi nding could be explained by either ac-
celerated formation of A2E versus A2-DHP-PE in  Abca4  � / �    
mice or greater loss of A2-DHP-PE such as could occur due 
to photooxidation (discussed below). 

 As with the other bisretinoid compounds, A2-DHP-PE 
presents with two side-arms and has two absorbance max-
ima ( �  max  490 and 333 nm) ( Fig. 3 ). The conjugation sys-
tem present within the long arm of A2-DHP-PE extends 
into the dihydropyridine ring, thereby allowing for a sys-
tem with six double bonds. The short arm of A2-DHP-PE 
also extends into the dihydropyridine ring giving fi ve con-
jugated double bonds. With this confi guration, the 490 
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shown) whereas A2-DHP-PE was ( Fig. 4 ). Conversely, the 
relative abundance of A2-DHP-PE in mouse eyecups and 
human and bovine RPE indicates that A2-DHP-PE is more 
refractory to cleavage. This is also the case for all- trans -
retinal dimer-PE ( 33 ); PLD-mediated cleavage of all- trans -
retinal dimer-PE was found to be less effi cient than 
PLD-mediated hydrolysis of A2PE ( 33 ). The reasons for 
these differences are not known but could refl ect the ease 
with which the enzyme gains access to the phosphate 
moiety. 

 PROPERTIES OF LIPOFUSCIN BISRETINOIDS 

 Amphiphilic properties 
 Properties of A2E that may be injurious to the RPE cell 

include an ability to destabilize cell membranes ( 67–70 ). 
An amphiphilic structure conferred by a hydrophilic head 
group and a pair of hydrophobic side-arms accounts for 
this behavior ( Fig. 3 ). Accordingly, A2E has a tendency to 
aggregate ( 55, 71 ). This behavior was initially predicted 
from the broadening of the  1 H-NMR signal with A2E in 
deuterated chloroform (CDCl 3 ); this observation indi-
cated that the protonated pyridinium moieties of A2E 
were packed within the interior of micelles whereas the 
hydrophobic chains extended within the solvent. When 
confronted with a membrane bilayer, A2E, because of its 
cationic head group, may distribute preferentially in the 
inner leafl et of the membrane due to an attraction to neg-
atively charged PS that is concentrated on the cytoplasmic 
side of the bilayer ( 72 ). Fluorescence anisotropy studies 
( 71 ) indicate that electrostatic attractions between A2E 
and PS may operate despite the presence of a counterion. 
Within the cytoplasmic leafl et of the membrane, wedge-
shaped A2E would orient with its polar pyridinium moiety 
interacting with the polar heads of the phospholipids and 
its broadly-spaced hydrophobic side-arms intermingling 
with the phospholipid hydrocarbon tails ( 67 ). Accord-
ingly, the bulky side-arms of A2E could force a large sepa-
ration of the lipid acyl chains and expand the inner leafl et 
relative to the outer, the negative curvature of the inner 
leafl et producing a surface protrusion or bleb. Thus, it is 
not surprising that A2E has been shown to provoke mem-
brane blebbing ( 69 ). Further evidence of the detergent-
like behavior of A2E has been revealed in experiments 
demonstrating the ability of A2E to induce concentration-
dependent membrane leakage ( 67 ). Work with unilamel-
lar vesicles has also demonstrated that A2E at critical 
micellar concentrations can solubilize membranes ( 71 ). 
Because A2E is housed within lysosomal organelles of the 
cell, A2E at suffi cient concentration may exert similar 
effects on the lysosomal membrane. Accordingly, the 
ability of A2E to act like a detergent may explain other 
A2E-mediated effects that have been observed such as the 
detachment of pro-apoptotic proteins from mitochondria 
( 73 ), inhibition of the lysosomal proton pump ( 74 ), alka-
linization of lysosomes ( 75 ), and reduced degradative 
function ( 76 ). A direct effect of A2E on activities of lyso-
somal enzymes is not observed ( 77 ). 

in hydrophobic extracts of human RPE and  Abca4  � / �    
mouse eyecups and that likely account for the adverse ef-
fects of A2E photoreactivity ( 61 ). Oxidized all- trans -retinal 
dimer is readily detectable in mouse eyecups. Indeed, in 
both wild-type and  Abca4  � / �    mice, the levels of oxidized 
all- trans -retinal dimer exceed the amounts of all- trans -
retinal dimer. Moreover, as compared with wild-type, oxi-
dized all- trans -retinal dimer is almost 3-fold higher in the 
 Abca4  � / �    mice. 

 Oxidized forms of A2E and all- trans -retinal dimer ex-
hibit hypsochromic absorbance shifts refl ecting oxidation-
associated loss of double bond conjugations. For every 
double bond lost, a shift of  �  30 nm results. The oxidation 
of these compounds also confers increased polarity. Ac-
cordingly, mono- and bis-peroxy-A2E, mono- and bis-
furano-A2E, mono- and bis-peroxy- all- trans -retinal dimer, 
and mono-and bis-furano- all- trans -retinal dimer can be 
detected in extracts from human and mouse eyes ( 33, 
61 ). 

 PHOSPHATIDYL-BISRETINOID SPECIES 
DEMONSTRATE DIFFERENT RESISTANCES TO 

HYDROLYTIC CLEAVAGE 

 Because shedding of outer segment membrane with de-
position in RPE cells leads to complete replacement of the 
outer segment every 10–14 days ( 66 ), the bisretinoids that 
form in photoreceptor cells are not continually amassed 
in outer segments; instead, these pigments are transferred 
to RPE cells within the phagocytosed outer segment 
material. 

 We have cumulated evidence that once the pigment 
A2PE is deposited in RPE cells together with the phago-
cytosed outer segment membrane, the bisretinoid un-
dergoes phosphate hydrolysis within RPE lysosomes to 
generate A2E ( 30, 31, 58 ). For instance, although acid 
hydrolysis of A2PE may occur at a slow rate ( 30, 31 ), the 
lysosomal enzyme PLD can readily generate A2E from 
A2PE. The appropriate hydrolytic activity is also present 
in lysosomal fractions from RPE and liver cells and the 
lysosomal activity that is able to release A2E from A2PE 
is efficiently suppressed by the PLD inhibitor calphos-
tin C and by a protease inhibitor cocktail ( 58 ). Hydro-
lytic cleavage of A2PE appears to be quite facile because 
A2E is always a substantial peak in RPE extracts and 
A2PE is present at relatively low levels ( Fig. 4 ). For in-
stance, in a sample of pooled RPE from four bovine 
eyes, A2E and A2PE levels were found to be 279.8 and 
23.1 pmole/eye, respectively (J. Sparrow and Y. Wu, un-
published observations). 

 A2-DHP-PE also serves as a substrate for PLD-mediated 
cleavage, the resulting phosphate hydrolysis releasing A2-
DHP-E ( Figs. 1, 3 ) and presumably phosphatidic acid ( 34 ). 
Cleavage of A2-DHP-PE can take place in the eye because 
we also detected the product A2-DHP-E in mouse eyecups, 
albeit at low levels. Moreover, the cleavage presumably oc-
curs within RPE, as A2-DHP-E was not detected in concen-
trated extracts of pooled bovine neural retina (data not 
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(590–620 nm) of native RPE lipofuscin. The excitation 
spectrum of A2E/isoA2E peaks at  � 440 nm and is nar-
rower than that of whole lipofuscin (F. Delori and J. R. 
Sparrow, unpublished observations) ( 36 ). Unconjugated 
all-t rans -retinal dimer presents with greater fl uorescence 
emission than A2E and all- trans -retinal dimer-PE when ex-
cited at 430 but peak emission occurs at  � 510 nm and the 
spectral width is reduced ( Fig. 5 ). When considered rela-
tive to the corresponding absorbance, A2-DHP-PE also ex-
hibits fl uorescence (emission monitored at 630 nm; 
excitation at 430 nm) of greater intensity than A2E and 
all- trans -retinal dimer-PE (  Fig. 6  ).  

 Interestingly, photooxidized forms of A2E and all- trans -
retinal dimer can also display fl uorescence emission of 
greater intensity than the parent compounds (  Fig. 7  ).  
When the oxidation occurs on the short arm of the mole-
cule, the increase in fl uorescence emission can occur with-
out a change in the absorbance maximum in the visible 
range (S. Kim, Y. Yang, and J. Sparrow, unpublished 
observations). 

 Photoreactivity 
 Given their origin from all- trans -retinal, it is perhaps not 

surprising that the bisretinoid lipofuscin pigments are 
photoreactive. For instance, when A2E is photoexcited, 
singlet oxygen is generated. Quantum yields of singlet oxy-
gen produced are low when measured in polar solvents 
(0.0008–0.03) ( 79–82 ). The use of nonpolar solvents in 
such studies is more relevant because spectroscopic stud-
ies indicate that within its native environment, A2E most 
likely associates with the hydrophobic interior of phospho-
lipid membranes ( 67 ). With outcome measured as cell 
death in an in vitro model, the release of singlet oxygen is 
corroborated by the modulating effects of an enhancer 
(D 2 O) and quenchers (histidine, DABCO, azide) of sin-
glet oxygen ( 62 ). The photooxidative processes initiated 
in RPE cells through blue light-induced sensitization of 
A2E can lead to DNA base lesions ( 83 ), modifi cation of 
protein by lipid peroxidation products and advanced gly-
cation end products (AGEs), proteasome stress and accu-
mulation of endogenous ubiquitin-conjugates ( 84 ), 
upregulation of RAGE (the cell surface receptor that trans-
duces the effects of AGEs) ( 85 ), elevations in vascular en-
dothelial growth factor (VEGF) ( 85 ), and cell death ( 63, 
86, 87 ). The greater damage evoked by blue light as com-
pared with green light refl ects a wavelength dependency 
that is consistent with the excitation spectra of A2E ( 63 ) 
and is of interest as work in animal models has shown that 

 Protonation/deprotonation that is pH dependent 
 Efforts to explain the tendency of A2E to accumulate in 

lysosomes lead to the suggestion that A2E may behave as a 
deprotonated alkyl amine that crosses membranes, is pro-
tonated in the acidic environment of the lysosome, and 
becomes trapped in these organelles ( 78 ). However, A2E 
is a pyridinium salt carrying a quaternary amine nitrogen 
that confers a permanent positive charge on the head 
group; A2E cannot deprotonate or reprotonate ( 38, 67 ). 
Interestingly, however, another bisretinoid lipofuscin pig-
ment, all- trans -retinal dimer-PE ( Figs. 1, 3 ), is a Schiff base 
with an imine nitrogen that is protonated. The detection 
of protonated all- trans -retinal dimer conjugates (all- trans -
retinal dimer-PE and all- trans -retinal dimer-E) and unpro-
tonated unconjugated all- trans -retinal dimer, though at 
lesser abundance, in extracts of RPE lipofuscin suggests 
conditions permitting both protonated and unprotonated 
forms. On the other hand, experiments in vitro have dem-
onstrated that increasing pH in the environment of all-
 trans -retinal dimer-PE is associated with a hypsochromic 
shift in absorbance as the Schiff base deprotonates. Thus, 
all- trans -retinal dimer-PE and all- trans -retinal dimer-E have 
the potential to undergo pH-dependent deprotonation in 
response to a change in the acidity of lysosomes ( 33 ). 

 Spectroscopic properties 
 For all of the bisretinoid compounds of RPE lipofuscin, 

the two-armed polyene structures ending in  � -ionone rings 
at one end and six-membered rings at the other provide 
the extended conjugation systems that confer absorbance 
maxima in both the UV and visible ranges of the spectrum: 
all- trans -retinal dimer-PE/ all- trans -retinal dimer-E,  �  max  
 � 510, 290 nm; all- trans -retinal dimer,  �  max   � 430, 290 nm; 
A2E,  �  max   � 438, 334 nm; and A2-DHP-PE,  �  max   � 490, 333 
nm ( Fig. 3 ). When present, the phospholipid moieties as-
sociated with these bisretinoids make contributions to the 
UV-visible absorbance at wavelengths less than 250 nm. 

 Of course, all of the known bisretinoids of RPE lipofus-
cin are fl uorescent compounds. When excited at 430 nm, 
A2E and isoA2E have relatively broad emission spectra 
with maxima at  � 600 nm ( 67 ), an orange fl uorescence 
(  Fig. 5  ).  Excitation of all-t rans -retinal dimer-PE and all-
t rans -retinal dimer-E at approximately their absorbance 
maxima (500 nm) also produces an emission centered at 
 � 600 nm but the fl uorescence intensity is weaker and the 
maxima are less clearly defi ned. The emission spectra of 
A2E/isoA2E and all-t rans -retinal dimer-PE/all-t rans -retinal 
dimer-E also correspond well to the emission maximum 

  Fig.   5.  Fluorescence emission spectra of A2E, all-
 trans -retinal dimer, and all-trans- retinal  dimer-etha-
nolamine (all- trans -retinal dimer-E), all- trans -retinal 
dimer-phosphatidylethanolamine (all- trans -retinal 
 dimer -PE). Spectra were recorded at excitation wave-
lengths of 430 nm (left) and 500 nm (right). Fluores-
cence intensity is presented in arbitrary units.   
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photooxidation of A2E is indicated by the phosphores-
cence detection of singlet oxygen upon 430 nm irradia-
tion of A2E; by the potentiation of A2E photooxidation in 
deuterium solvent and by experiments demonstrating 
that, as a surrogate for 430 nm light irradiation, endoper-
oxide-produced singlet oxygen can serve to oxidize A2E 
( 64 ). Because singlet oxygen with its short life-time cannot 
account for damage distant from the lysosome (e.g., DNA 
damage) ( 62, 83, 94 ), photooxidation products of A2E are 
also implicated. 

  Fig.   6.  The bisretinoid A2-DHP-PE exhibits fl uo-
rescence intensity that is greater than that of A2E 
when considered relative to the absorbance peaks of 
each compound. Reverse-phase HPLC chromato-
gram using C18 column. Overlay of UV-visible absor-
bance (black) and fl uorescence (red; excitation, 430 
nm, emission, 600 nm) profi les. AU, absorbance 
units; a.u., arbitrary units of fl uorescence intensity. 
Insets above, absorbance spectra of A2E, isoA2E, 
and A2-DHP-PE. B: Chromatogram in A is expanded 
between retention times 40–50 min; Inset above, 
absorbance spectra of all- trans -retinal dimer-PE 
(atRALdi-PE).   

  Fig.   7.  Oxidation of A2E is associated with increased autofl uorescence emission. Monitoring of UV-visible 
absorbance (A) and fl uorescence (B) in a mixture of A2E, isoA2E, peroxy-A2E, and peroxy-isoA2E by 
reverse-phase HPLC. Peroxy-A2/isoA2E was produced by oxidation with endoperoxide of 1,4-dimethylnaph-
thalene. Presented as absorbance units (A) and arbitrary units of fl uorescence intensity (B). Comparison of 
the absorbance and fl uorescence traces for A2E/isoA2E with the same traces for peroxyA2E/peroxy-isoA2E 
reveals that the fl uorescence intensities (peak heights) of bisperoxyA2E and peroxy-isoA2E were consider-
ably increased relative to A2E and isoA2E. C: Structures of A2E, isoA2E, and peroxy-A2E.   

RPE cells are particularly susceptible to injury from short 
wavelength visible light (type 2 retinal light damage) 
( 88–93 ). 

 As noted above, A2E also undergoes photochemical 
changes that involve the insertion of oxygens at carbon-
carbon double bonds to generate reactive oxo-A2E com-
pounds ( 62, 64 ) that by mass spectroscopy are observed as 
a series of peaks, the sizes of which increase by increments 
of mass 16, starting from the  M+  592 peak attributable to 
A2E ( 62, 64 ). The participation of singlet oxygen in the 
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ceptor cell death will follow RPE cell loss. Action spectra 
that peak at both  � 500 nm and  � 440 nm have been de-
scribed ( 104–112 ). The site of origin of short wavelength 
( � 440 nm) damage in primates appears to be both photo-
receptor outer segments and RPE cells, although the 
greatest damage is reported in RPE cells ( 88–90, 108, 113, 
114 ). Photooxidative mechanisms are clearly involved, be-
cause antioxidants can protect against photic damage and 
increased oxygen availability lowers the threshold ( 89, 
115, 116 ). A comparative study of the damaging effects of 
narrow band light of wavelengths between 408 and 485 
nm in rabbits revealed that RPE cells sustain maximal in-
jury at 439 nm and melanin played neither a damaging or 
protective role ( 92 ). 

 Light exposure must be accompanied by 11- cis -retinal 
isomerization in order for photoreceptor cell degenera-
tion to occur but phototransduction is not necessary ( 110, 
117 ). All- trans -retinal, the product of photoisomerization 
of 11- cis -retinal, has been suggested as the damaging agent, 
the mechanism being either the toxicity associated with 
the aldehyde moiety in the chromophore or the photore-
activity of all- trans -retinal ( 7, 118 ). Because the concentra-
tion of rhodopsin is approximately 3 mM, there is the 
potential for release of a considerable amount of all-t rans -
retinal under conditions of intense light and yet, a single 
extensive bleach of rhodopsin, for instance, in a wild-type 
mouse, does not induce photoreceptor cell death ( 110 ); 
instead, repetitive photon absorption seems to be re-
quired, perhaps because of the need to produce the pho-
toreactive bisretinoid byproducts generated by reaction of 
the aldehyde moiety in all- trans -retinal. As noted above, 
compelling evidence indicates that the photoreceptor cell 
has processes in place to chaperone all- trans -retinal upon 
its formation by photoisomerization of 11-cis-retinal ( 8, 
10 ). Furthermore, all- trans -retinal has an absorbance max-
imum at 380 nm ( Fig. 2B ); as the primate lens and cornea 
block wavelengths below 400 nm, all- trans -retinal is largely 
shielded from light in the human eye ( 119, 120 ). How-
ever, as a cautionary note, it should be mentioned that 
lenses of both the mouse and rat transmit a signifi cant 
amount of UV light to the retina ( � 80% at 360 nm) ( 121 ); 
thus, fi ndings related to all- trans -retinal in these rodents 
do not necessarily translate to the human. 

 A number of chromophores in RPE have been sug-
gested as candidates responsible for short-wavelength 
damage to this cell; these include melanin, the mitochon-
drial enzyme cytochrome-c oxidase, and ribofl avin ( 105, 
122–125 ). All- tran s-retinal cannot account for light dam-
age to RPE because, as discussed above, retinoid process-
ing is such that all- trans -retinal is reduced to all- trans -retinol 
within photoreceptor cells and is essentially absent from 
the RPE ( 9 ). Melanin has been excluded as a mediator on 
the basis that light damage can be induced in albino ani-
mals ( 125, 126 ); in addition, the action spectrum of blue-
light damage does not correspond to the action spectrum 
for uptake of oxygen by melanin ( 105 ). Given that light 
damage is selective for RPE and photoreceptor cells of 
retina, it is diffi cult to attribute the effect to chromophores 
such as cytochrome-c oxidase ( �  max  445 nm) and ribofl a-

 Although A2E has been the most intensively studied of 
the bisretinoid compounds of RPE lipofuscin, unconju-
gated all- trans -retinal dimer is a more effi cient generator 
of singlet oxygen than A2E and the all- trans -retinal dimer 
series is also more readily photooxidized ( 33 ). Differences 
in electron distribution within the molecules likely ac-
count for the greater susceptibility to oxidation exhibited 
by these compounds. 

 The antioxidants vitamins E and C and resveratrol have 
been shown to reduce A2E photooxidation, at least in 
part, by quenching singlet oxygen ( 94 ). Phytochemicals, 
specifi cally anthocyanin and sulforaphane offer similar 
protection, the latter by inducing cellular increases in glu-
tathione and the phase 2 enzymes NAD(P)H:quinone re-
ductase and glutathione-S-transferase ( 95, 96 ). Protection 
offered by the iron chelator salicylaldehyde isonicontinoyl 
hydrazone suggests that iron-mediated Fenton chemistry 
and particularly, hydrogen peroxide toxicity, may also be 
operating during the process of bisretinoid photooxida-
tion ( 97 ). 

 PHOTORECEPTOR LIPIDS AND LIGHT DAMAGE 

 The lipids of photoreceptor cells also participate in the 
propagation of retinal light damage. For instance, acute 
light exposure to rats and mice causes photoreceptor and 
retinal pigment epithelial cell damage, including lipid 
peroxidation ( 85, 98 ), which leads to the modifi cation of 
proteins by reactive aldehydes (4-hydroxynonenal, 4-HNE; 
4-hydroxyhexenal, 4-HHE) ( 99 ) that are the products of 
light-induced oxidation of n-6 and n-3 polyunsaturated 
fatty acids. In addition, experimentally induced increases 
in the DHA (22:6 n -3) content of photoreceptor outer seg-
ment membrane are associated with a heightened vulner-
ability to light damage that is evidenced by enhanced lipid 
aldehyde-adducted proteins and increased photoreceptor 
cell apoptosis ( 100 ). Conversely, rats raised on a diet defi -
cient in DHA precursor ( � -linolenic acid, 18:3n-3) are 
protected against retinal light damage ( 101 ). 

 Oxidation of DHA, the most abundant of the long-chain 
polyunsaturated fatty acids in photoreceptor outer seg-
ments, also gives rise to aldehyde bearing seven-carbon 
CEP fragments that forms adducts with amino groups on 
proteins. As noted above, CEP-adducts are present in lipo-
fuscin granules ( 54 ). These adducts have also been identi-
fi ed in drusen and elevated levels of CEP-adducted proteins 
are also found in the plasma of age-related macular degen-
eration (AMD) patients ( 102, 103 ). Conditions in the 
outer retina that are permissive for CEP formation include 
high oxygen levels and light but photosensitizing mole-
cules in the outer segments, molecules that can transfer 
energy from photons to generate reactive oxygen species, 
are a corequisite. As known photosensitizers in the outer 
segments, bisretinoids such as A2PE and all- trans -retinal 
dimer are candidates for this role as they are also in light 
damage. 

 Retinal light damage can ensue from primary injury to 
photoreceptor cells or to RPE cells but secondary photore-
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In the visual cycle, RPE65 serves as the isomerase that con-
verts all- trans -retinyl esters to 11- cis- retinol ( 136–138 ). The 
absence of RPE65 results in a failure to produce the 11- cis -
retinal chromophore, so all- trans -retinal, which is the es-
sential precursor for bisretinoid formation, is not generated 
and bisretinoid lipofuscin does not form. Even an amino 
acid variant that slows the visual cycle because of reduced 
levels of Rpe65 in mouse RPE ( 139, 140 ) can modulate 
A2E formation ( 37 ) as can small molecule inhibitors that 
target RPE65 function ( 59, 141 ). 

 RDH defi ciency 
 Mutant mice defi cient in enzymes such as Rdh8 and 

Rdh12, which reduce all- trans -retinal, exhibit several-fold 
increases in A2E as compared with wild-type mice ( 25, 
120 ). This abnormality occurs because the photoreceptor 
cell is deprived of avenues for disarming all- trans -retinal. 
Mutations in human RDH genes are responsible for 
 Fundus albipunctatus,  a mild form of night blindness (RDH5) 
( 142 ) and for a subset of cases of Leber Congenital 
Amaurosis (RDH12), a severe autosomal recessive retinal 
disorder with onset in children ( 143 ). 

  ELOVL4 -related macular dystrophy 
 Mutations in  ELOVL4 , the gene responsible for early-

onset dominant Stargardt-like macular degeneration, are 
also reported to result in increased levels of RPE lipofus-
cin. Frame-shift mutations in ELOVL4 result in premature 
termination of the protein, aggregate-formation with the 
wild-type protein, and mis-localization of the protein 
( 144–147 ). Transgenic mice expressing the mutant pro-
tein exhibit modest elevations in RPE lipofuscin measured 
as A2E ( 146, 148, 149 ). ELOVL4 is required for the synthe-
sis of C28 and C30 saturated fatty acids and the synthesis 
of C28-C38 very long-chain polyunsaturated fatty acids, 
the latter being abundant in retina ( 150 ). Nevertheless, 
the link to enhanced bisretinoid formation is not 
understood. 

 AMD 
 Complement activation that is insuffi ciently regulated is 

considered to underlie the susceptibility to AMD that oc-
curs with certain genetic variants in complement factors 
( 151–154 ). Thus, it is of interest that photooxidation prod-
ucts of A2E and all- trans -retinal dimer can activate comple-
ment, whereas depletion of factor B reduces complement 
activation as does an inhibitor of C3 ( 155, 156 ). The addi-
tion of C-reactive protein in these assays also suppresses 
complement activation. Although AMD has onset in the 
elder years, it likely develops for several years before diag-
nosis. Complement activation triggered by photooxida-
tion products of RPE bisretinoid lipofuscin could begin 
early in life and generate low-grade infl ammatory pro-
cesses that gradually predispose the macula to disease. 

 SUMMARY 

 By forming a reversible Schiff base linkage with all- trans -
retinal, PE in the lipid bilayer of photoreceptor cells aids 

vin ( �  max  445 nm) that are not specifi c to these retinal 
cells. Moreover, short wavelength irradiation (430 nm) of 
cultured ARPE-19 cells devoid of melanin and lipofuscin 
does not result in cell death ( 63, 86 ). The requirement of 
a functioning visual cycle is indicated by the observation 
that exposure of retina to 430 nm light in Rpe65 null mu-
tant mice does not result in a damage response in the RPE 
( 127 ). Photoreactive compounds that are specifi c to RPE 
and photoreceptor cells, associated with a functioning vi-
sual cycle, and photoexcitable at wavelengths responsible 
for retinal light damage are the bisretinoids of RPE and 
photoreceptor cells. 

 RPE LIPOFUSCIN BISRETINOIDS IN HUMAN 
RETINAL DISORDERS AND MOUSE MODELS 

 ABCA4-related retinal disorders 
 As noted above, elevated levels of bisretinoid lipofuscin 

are a feature of diseases caused by  ABCA4  gene mutations 
in humans. Bisretinoid pigments likely also account for 
the lipofuscin-like autofl uorescence that can be visualized 
in the photoreceptor cell membrane in some forms of 
ABCA4-linked disease ( 128–130 ). More than 500 different 
mutations in the ABCA4 gene have been described and 
depending on the severity of the mutation, the  ABCA4  
gene is responsible for multiple related retinal degenera-
tive diseases including recessive Stargardt macular degen-
eration, recessive cone-rod dystrophy, and recessive 
retinitis pigmentosa ( 131 ). Individuals heterozygous for 
some disease-causing mutations in ABCA4 may also ex-
hibit increased susceptibility to AMD ( 132 ). A model has 
been proposed whereby the severity of the disease pheno-
type is inversely proportional to the level of residual pro-
tein activity with excessive production of bisretinoid RPE 
lipofuscin causing the degeneration ( 16 ). Nevertheless, 
given that some mutations, particularly those in the C ter-
minus, are associated with misfolded protein that is re-
tained in the endoplasmic reticulum, the possibility 
remains that simple loss of function may not account for 
the disease process in all cases ( 19, 133 ). 

 Studies in the  Abca4  � / �    mice also point to an association 
between excessive RPE lipofuscin accumulation and pho-
toreceptor cell death. Specifi cally, by morphometric analy-
sis of outer nuclear layer thickness combined with counting 
of photoreceptor cell nuclei spanning the outer nuclear 
layer, it has been shown that albino  Abca4  � / �    mice display 
progressive photoreceptor cell loss that is clearly detect-
able at 8 months of age and that has worsened by 12 and 
13 months of age ( 134 ). Photoreceptor cell degeneration 
was independently reported in 11-month-old albino 
 Abca4  � / �    mice ( 135 ). 

 Dysfunction related to RPE65 mutation 
 As opposed to the abundant accumulation that occurs 

in  ABCA4  disease, in Lebers congenital amaurosis due to 
 RPE65  mutations, there is an absence of RPE lipofuscin as 
demonstrated by fundus autofl uorescence imaging ( 48 ). 
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in removal of a share of the all- trans -retinal that is gener-
ated as a consequence of the light capturing function of 
the cell. If instead of hydrolyzing back to PE and all- trans -
retinal,  N -retinylidene-PE reacts with a second molecule of 
all- trans -retinal, the reactants commit to a pathway culmi-
nating in the synthesis of bisretinoid fl uorophores. The 
extent to which the fatty acid composition of the photore-
ceptor membrane contributes to the production of these 
bisretinoid compounds is not known. The formation of 
these compounds could be viewed as a refl ection of the 
photoreceptor cell’s efforts to protect against acute alde-
hyde damage from all- trans -retinal and/or as a by-product 
of the cell’s efforts to shepherd all- trans -retinal (in the 
form of N-retinylidene-PE) so that it is retained within the 
visual cycle. Whichever the case, the bisretinoids are ulti-
mately deposited in RPE cells where they accumulate as 
the lipofuscin of the cell. These pigments vary in structure 
and in their tendency to retain their phosphatidic acid 
moiety. Some of these compounds exhibit detergent-like 
behavior and all are photoreactive when excited with pho-
tons having energies in the visible range of the spectrum. 
Given the likelihood that these pigments contribute to 
some retinal disorders, efforts are ongoing to develop 
therapies aimed at limiting their formation ( 59, 141, 157, 
158 ). The characterization of the various bisretinoid con-
stituents of RPE lipofuscin is fundamental to our under-
standing of the burden placed on the RPE cell by the 
deposition of this vitamin A-aldehyde-derived material.  
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