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ABSTRACT 

The presence of the regenerable visual pigment rhodopsin has 
been shown to be primarily responsible for the acute photo­
damage to the retina. The photoexcitation of rhodopsin leads 
to isomerization of its chromophore 11-cis-retinal to all-trans­
retinal (ATR). ATR is a potent photosensitizer and its role in 
mediating photodamage has been suspected for over two 
decades. However, there was Jack of experimental evidence 
that free ATR exists in the retina in sufficient concentrations 
to impose a risk of photosensitized damage. Identification in 
the retina of a retinal dimer and a pyridinium bisretinoid, so 
called A2E, and determination of its biosynthetic pathway 
indicate that substantial amounts of A TR do accumulate in the 
retina. Both light damage and A2E accumulation are 
facilitated under conditions where efficient retinoid cycle 
operates. Efficient retinoid cycle leads to rapid regeneration of 
rhodopsin, which may result in ATR release from the opsin 
"exit site" before its enzymatic reduction to all-trans-retinol. 
Here we discuss photodamage to the retina where A TR could 
play a role as the main toxic and/or phototoxic agent. 
Moreover, we discuss secondary products of (photo)toxic 
properties accumulating within retinal lipofuscin as a result of 
ATR accumulation. 

* To whom correspondence should be addressed: School of Optometry and 
Vision Sciences, Cardiff University, CardiffCFl0 3NB, Wales, UK. Fax: 
+44-29-2087 4859; e-mail: rozanowskamb@cf.ac.uk 

Abbreviations: A2E, 2-(2,6-dimethyl-8-(2,6,6-trimethyl-l-cyclohexen­
l-yl)-l E.3 E,4£,7£-octatetraenyl)-l-(2-hydroxylethyl)-4-(4-methyl-6-
(2,6,6-trimethyl-1-cyclohexen- l-yl)-J £ ,3£,5£-hexatrienyl)-pyridinium; 
ABCR, ATP-binding cassette transporter rim protein; CRABP, cellular 
retinal-binding protein; CRBP, cellular retinol-binding protein; DHA, 
docosahexaenoic acid; EPR, electron paramagnetic resonance; ER, 
endoplasmic reticulum; 1PM, interphotoreceptor matrix; IRBP, interpho­
toreceptor retinoid-binding protein; LCA, Leber's congenital amaurosis; 
LRAT, lecithin:retinol acyltransferase; NRPE, N-retinylidene-phosphati­
dylethanolamine; Meta I, metarhodopsin I; Meta II, metarhodopsin II; 
Meta III, metarhodopsin III; OS, outer segment; PE, phosphatidyl­
ethanolamine; prRDH, photoreceptor-specific NADPH-dependent retinal 
dehydrogenase; RDH, retinal dehydrogenase; RPE, retinal pigment 
epithelium. 

© 2005 American Society for Photobiology 0031-8655/05 

INTRODUCTION 

The primary function of the retina is to detect incident photons of 
visible light. However, exposure of the retina to excessive fluxes of 
visible light, although much below levels sufficient to induce 
thermal damage, results in damage to the retina. This paper will 
provide a review of literature on light-induced damage to the retina, 
followed by a short overview of visual pigment cycle and finally 
a discussion of the role of retinoid cycle in accumulation of 
isomerized chromophore of visual pigment, all-trans-retinal (ATR) 
and susceptibility to acute photoinduced damage to the retina. 
Moreover, we will discuss the long-term effects of ATR 
accumulation-accumulation of lipofuscin, which may lead to 
retinal dysfunction and further increases the susceptibility of the 
retina to light-induced damage. 

LIGHT-INDUCED DAMAGE TO THE RETINA 

To elicit damage, light needs to reach and be absorbed in the retina. 
The spectral characteristics and irradiance levels of light that 
reaches the retina depend on the absorption properties of the 
interior segments of the eye (1-4). The cornea absorbs light below 
300 nm. The lens of the child transmits partly the remaining ultra­
violet light with a transmission window centered at about 320 nm 
but there is a progressive build-up of UV-absorbing chromophores 
and, by the age of 22, only visible light above 390 nm is efficiently 
transmitted through the lens. As a result, in the normal phakic adult 
less than 0.1-1 % of near-UV light reaches the retina (1,3,5). The 
UV and short-wavelength visible light was recognized to cause 
retinal damage in cases of arc welding without proper eye pro­
tection (6,7). Ageing is accompanied by progressive yellowing of 
the lens leading to a gradual decrease in transmission of short­
wavelength visible light to the retina (1 ,4). 

Retinal photodamage in humans has been widely recognized 
after gazing at the sun while watching a solar eclipse (8-10) or in 
controlled studies in patients with malignant melanoma who were 
scheduled to undergo enucleation (11-13). The retinal irradiance in 
a human eye viewing the mid-day sun was estimated to be between 
1.5 and 122 W/cm2 depending on the diameter of the pupil (14,15) 
and exposures lasting for several minutes to tens of minutes were 
sufficient to cause an ophthalmoscopically visible damage. 

Studies in monkeys indicate that 5-450 smaller retinal irradiance 
levels with similar durations of exposure result in retinal damage 
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Figure 1. Schematic diagrams of the eye (a) and the retina (b). The 
schemes are not to scale. The diagram of the retina depicts only cells 
discussed in this review, and all second-order neurons are omitted for 
clarity. IS, inner segment; NS , nucleus; MT, mitochondrion; MS, 
melanosome; RS, retinosome; PH, phagosome; LF, lipofuscin. 

detectable upon histological examination (14). For instance, 
exposure of an anesthetized rhesus monkey for 15 min to the 
retinal irradiance of 0.27 W/cm2 from indirect ophthalmoscope 
(dose of 243 J/cm2) resulted in severe damage to photoreceptors 
and changes in the retinal pigment epithelium (RPE) (14). Retinal 
exposure of cynomolgus monkey to light from an operating 
microscope (3816 J/cm2 ; irradiance of 1.06 W/cm2 for l h) resulted 
in severe changes in the fovea: disarrangement of photoreceptor 
outer segments, pyknosis of photoreceptor nuclei, swelling of 
photoreceptor axons, formation of vacuoles within RPE, which in 
the center of the fovea became necrotic even though there was no 
apparent damage visible upon ophthalmoscopic examination (16). 

During ocular surgery of humans, the retinal irradiance from an 
operating microscope can reach up to 0.97 W/cm2 and the proce­
dure may take up to 2 h (17). Thus ocular surgery has also been 
considered to impose a risk of photodamage to the retina (see 
reviews by Kirkness [17], Lerman [2], Sliney [18] and Michael and 
Sternberg [ 19]). Several case studies provide evidence supporting 
the view that ocular surgery can impose a risk of light-induced 
damage to the retina (20-23). It may be speculated that even a 
lengthy ophthalmoscopic examination can impose a risk of retinal 
damage-an indirect ophthalmoscope usually provides irradi­
ance levels of the retina up to 0.13 W/cm2 , whereas slit lamp 
biomicroscopy provides up to 0.35 W/cm2 (17). 

Retinal irradiance in daylight has been estimated to vary from 
approximately 0.01 mW/cm2 to 0.1 mW/cm2 (24). Ocular 
geometry and behavioral aversion response to bright light, in 
particular, to its short-wavelength components, provide protective 
mechanisms against exposure to excessive fluxes of visible 
radiation (3,25). However, these mechanisms are not completely 
sufficient to prevent photodamage to the retina. Chronic exposure 
to bright sunlight can lead to reduced visual acuity and impair­
ments of dark adaptation and night vision (26). Long-term chronic 
exposure to solar radiation or its blue component throughout 
lifetime has been identified as one of the risk factors for 
development of age-related macular degeneration (AMD), the 

major cause of blindness in the elderly (27,28). The risk of 
developing AMD or progression to the late AMD becomes greater 
after cataract surgery (29-31). It may be speculated that it is related 
to the exposure to light from the operating microscope during the 
surgery (32) and/or due to an increased transmission of short­
wavelength light by the implanted intraocular lens (33,34). 

Genetic background can further predispose to damage (35,36). 
For instance, the severity of retinitis pigmentosa in patients with 
the proline-23-histidine (P23H) rhodopsin mutation has been 
shown to be related with a history of strong exposure to the sun 
or other light sources (36). P23H mutations result in poor ability 
of rhodopsin to fold properly after synthesis and weak binding to 
11-cis-retinal, which results in a poor thermal stability of mutated 
rhodopsin (37). 

To understand the mechanisms responsible for deleterious 
effects of light, several animal models of light damage and retinal 
diseases have been employed. For example, experiments on 
transgenic animals carrying P23H rhodopsin mutation proved 
that mutants are more susceptible to photodamage than wild-type 
animals and confirmed that exposure to light accelerates the 
progression of degenerative changes of photoreceptors (38-42). 

Based on the initial site of damage and the irradiation conditions 
used, several different outcomes of photodamage to the retina have 
been identified, where a number of different mechanisms re­
sponsible may be involved leading to damage to photoreceptors, 
RPE, Mi.iller cells (12,43), swelling of mitochondria (44) and 
formation of vacuoles throughout the all retinal layers (42,45) and 
eventually destruction of the retinal neurons and RPE (see reviews 
by Reme and colleagues [46,47], Organisciak and Winkler [48], 
Lerman [2] and Lanum [49]). It has been demonstrated by 
monitoring the time course of damaging action of diffuse fluores­
cent light in the rat retina that the photoreceptors are the first to 
exhibit the signs of damage-disruption and vesiculation of 
the outer segments (OS) and pyknotic nuclei immediately after 
2 h of exposure to diffuse fluorescent light (3000 lux) (50). 
Apoptosis in the RPE became visible only after 5 h and the 
deterioration progressed up to the final checkpoint at 72 h (50). 
This review focuses on photodamage to the retina that occurs in 
photoreceptor cells and RPE, even though light needs to pass 
several layers of neurons in the inner retina before reaching these 
outer layers (Fig. 1). 

Photoreceptor cells (rods and cones) are responsible for absorp­
tion of photons, phototransduction and signaling to other neurons. 
These are one of the most metabolically active cells of the body 
(51 ,52). Their OS consist of a stack of flat discs or lamellar 
membranes formed by lipid bilayers containing high concentra­
tions of visual pigments. Both in rods and cones, visual pigments 
consist of a transmembrane protein bound via protonated Schiff 
base linkage of lysine to 11-cis-retinal. The differences in the 
amino acid composition in proximity of 11-cis-retinal is respon­
sible for spectral " tuning" of the absorption maxima of the visual 
pigments to different wavelengths in rods and cones. 

Photoreceptors are in close association with a monolayer of 
polarized cuboidal cells, RPE (53). RPE is essential for photo­
receptor function and survival and its functions include uptake, 
transport and storage of retinoids. The numerous microvilli at the 
apical surface of RPE cells project 5-10 µm into the interphoto­
receptor matrix surrounding the OS, which is thought to facilitate 
retinoid trafficking between those two cell types. RPE plays 
a critical role in providing nutrients, recycling A TR and the 
molecular renewal of OS: distal ends of OS are shed daily and 



phagocytosed by the RPE, which fonns transient pseudopodia 
involved in these processes. 

Wavelength dependence of light-induced 
damage to the retina 

Effects of exposure of the retina to high fluxes of visible light have 
been studied most extensively in nocturnal rodents (46,54), which 
are more susceptible to light damage than primates. In albino rats, 
the action spectrum of retinal photodamage induced by a lengthy 
exposure of 6 h to light intensities of about 0.7-0.9 mW/cm2 and 
assessed by photoreceptor loss, exhibited a maximum at 500 nm­
the wavelength corresponding to the absorption maximum of 
rhodopsin (55). The threshold for green light-induced damage 
detectable by electroretinography was estimated for retinal irradi­
ance of about 0.001 mW/cm2 provided over 3 to 4 h (10.8- 14.4 
mJ/cm2) (56). In this type of damage the initial site of damage is 
restricted to rods that die through apoptosis (46,54). 

There are differences in susceptibility to light damage between 
nocturnal animals such as rats and diurnal primates. The action 
spectrum of retinal photodamage peaking at 500 nm was observed 
exclusively in rats which were adapted to circadian dim light/dark 
cycles for at least 2 weeks (55,56). Several adaptive mechanisms to 
the environmental light may play a major role in the detennination 
of the threshold for light damage. They include up-regulation of 
antioxidant defenses and survival factors (57--63). 

Probably the most important mechanism of long-tenn adaptation 
to environmental light involves down-regulation of rhodopsin 
synthesis and increased ubiquitin-mediated rhodopsin degradation 
within photoreceptor inner segments (64,65). As a result, the 
rhodopsin concentration in OS is smaller in animals reared in light 
than in animals reared in dark. It takes about 3 weeks for the rat 
retina to reach a new plateau level of rhodopsin concentration upon 
increasing the levels of light at which the animals were reared (64). 
These adaptive mechanisms to environmental light are effective in 
preventing light-induced injury to the retina (57,66--68). Rats kept 
in dark for 2 weeks before the exposure to light exhibit extensive 
retinal injury while rats kept in cyclic light exhibit very little, if 
any, signs of retinal damage (68). Comparison of susceptibility to 
retinal photodamage of rats maintained at two levels of cyclic light 
indicates that the damage threshold can be further increased by 
rearing animals in a bright-light environment (57 ,66). Rats reared 
at cyclic light exhibit increased susceptibility to retinal photo­
damage with ageing, while rats reared in dark are equally suscep­
tible to light-induced damage at different ages (67). 

In rhesus monkeys, where the rod responses were saturated 
because of the presence of white background light, the damage can 
be induced selectively to blue, green or red cones by a series of 
exposures to narrow-band light centered at 463 nm and 520 nm and 
broad-band light in the range of 630-720 nm, respectively (69,70). 
In contrast to damage induced to green and red cones, where the 
cone function recovered after a few weeks, repeated exposures to 
blue light resulted in an irreversible loss of sensitivity to blue light 
and permanent damage to blue cones. 

Exposures of the retina to relatively high irradiance levels result 
in similar action spectra in both rodents and primates showing that 
the efficiency of induction of the damage rapidly increases below 
500 nm and further increases with decreasing irradiation wave­
length up to the shortest wavelength studied of 320 nm (71 ,72). 
The threshold doses of ultraviolet and short-wavelength blue light 
(320-440 nm) damage only photoreceptors (71,73). The threshold 
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damage induced by light above 440 nm causes damage also to the 
RPE (15,71 ,74). These types of exposures give similar outcomes 
across all the species studied and exhibit reciprocity of the duration 
of exposure and irradiance for a wide range of exposure times 
(71,72). For example, Ham and colleagues (72) detennined that 
reciprocity holds for exposures to 325 nm light resulting in the 
same threshold damage dose of 5 J/cm2 for either a 100 s exposure 
to retinal irradiance levels of 50 mW/cm2 or a 1000 s exposure to 
retinal irradiance levels of 5 mW/cm2. 

Effects of damaging light on morphology of the retina 

To determine the primary site and the sequence of events in light­
induced damage, Busch and colleagues (74) monitored the time 
course of changes in the rat retina following exposures to narrow­
band light centered at 380 nm or 470 nm. Damage visible by 
funduscopic examination was the most pronounced 3 days after 
exposure to damaging light and occurred at doses of 0.6 J/cm2 and 
500 J/cm2 for 380 nm and 470 nm light, respectively. 

Histological examination revealed damage to photoreceptors 
already at a dose of 0.45 J/cm2 of 380 nm light (74). As early as 3 h 
postexposure to 380 nm light RPE cells were loaded with 
phagosomes but, apart from that, looked normal. After 3 weeks 
RPE appeared completely normal even for doses exceeding 2.5 
times the threshold dose but almost all photoreceptors were lost. 

Initial changes observed in RPE in response to threshold doses 
of 470 nm light included altered distribution of melanosomes, cell 
swelling and some dark inclusions in the cytoplasm, while some 
photoreceptors (< ! %) exhibited pyknotic nuclei (74). Higher 
doses, exceeding 1.5 times the threshold dose, resulted in damage 
to photoreceptors and appearance of phagocytic cells and 
melanosomes in the OS layer--changes visible between l and 3 
days after the exposure. Two months after the exposure the retina 
seemed normal except for thinning of the photoreceptor nuclear 
layer corresponding to loss of up to 6% of photoreceptors. Doses 
2.5 times higher than the threshold doses of 470 nm radiation 
resulted in photoreceptor degeneration, RPE cell swelling and 
some interruptions of the RPE monolayer. RPE seemed to be 
healed after 2 months, in contrast to photoreceptors that exhibited 
massive loss. 

Overall the late stages of damage appeared very similar in 
injuries caused by exposures to 380 nm and 470 nm light (74). 
Histological examination was necessary to prove the damaging 
action of light after 2 months postexposure as changes in the 
fundus became barely visible. As the doses required to induce 
damage by 470 nm light were 830 times higher than for 380 nm 
light, it can be argued that retinal damage induced by white 
fluorescent light is mainly due to the short-wavelength component 
of its spectrum (74). 

Screening effects within the retina 

Another issue that needs to be considered in comparing the effects 
of different wavelengths on the initial site of damage is the 
transmission of light through the retina. Rhodopsin has a broad 
absorption spectrum peaking in humans at 498 nm. Knowing the 
specific optical density of rod OS and the length of OS at different 
areas of the retina, absorption of incident light by the OS and the 
percentage of light transmitted to the RPE can be estimated. The 
specific optical density of rod OS at 500 nm is about 0.015 µm- 1 

(75). Lengths of rod OS in the perifoveal area of the retina are 
about 31.2 µm, while in the periphery, about 23.9 µm (75). These 
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give absorbance values of 0.47 and 0.36 at 500 nm for perifoveal 
and peripheral rods, respectively, corresponding to rhodopsin 
concentration within OS of 3.8 mM. This agrees well with the 
usually cited concentration of rhodopsin within the dark-adapted 
OS of about 3 mM (76). Thus 500 nm light incident on the dark­
adapted retina will be partially absorbed by OS so only 34% 
and 44% of light will be transmitted to the RPE in the perifovea 
and peripheral retina, respectively. 

However, exposure of the retina to light in most experiments 
investigating light-induced damage bleaches all the rhodopsin 
within the first minutes of exposure (71). The main products of 
rhodopsin photobleaching, metarhodopsin II (Meta II), metarho­
dopsin III (Meta III) and ATR, exhibit broad-band absorption 
spectra with maxima at 380 nm, 470 nm and 380 nm, respectively. 
The molar extinction coefficients at the wavelengths of maximum 
absorbance for Meta II, Meta III and ATR are similar to that of 
rhodopsin (77,78). Assuming that all rhodopsin is converted to 
a mixture of Meta II, ATR and opsin, more than half of the incident 
photons of 380 nm light are efficiently absorbed by OS so only 
about 34% and 44% of this short-wavelength light is transmitted to 
the RPE in perifoveal and peripheral area, respectively. It indicates 
that the photoreceptors can partially screen the RPE from short­
wavelength light during experiments where most of the rhodopsin 
is bleached. The screening effect of photoreceptors can affect the 
observed action spectrum of photodamage to the RPE deter­
mined in vivo in case the chromophores responsible are localized 
within the RPE. 

Search for mechanisms responsible for light-induced damage 

Both types of retinal photodamage, induced by exposures to either 
low- or high-intensity light, are dependent on the presence of 
regenerable rhodopsin in the retina (56,79-81). Vitamin A 
deficiency, a precursor of rhodopsin chromophore, 11-cis-retinal, 
protects against photodamage (68). However, as estimated by 
Gorgels and van N orren (71) under their experimental conditions 
for determination of the action spectrum for photodamage to the 
retina, all rhodopsin was bleached within the first minutes of 
exposure independent of the wavelength used. 

In all cases discussed above, the light-induced damage to the 
retina occurs via photochemical mechanism(s) and depends on 
oxygen concentration (82-84). Elevated oxygen tension results in 
a decreased threshold of light damage. Thus it indicates that photo­
dynamic action may be responsible for the damage. The outer 
retina is exposed to high oxygen tension supplied from the dense 
vascular bed of the choroid. The oxygen tension in the arteries can 
be further elevated due to oxygen supplementation during ocular 
surgery (84). Involvement of photodynamic effect in retinal 
photodamage is further supported by the findings that retinal 
photodamage is accompanied by lipid peroxidation (85,86), sug­
gesting that it is mediated by reactive oxygen species. As nitric 
oxide is inherently produced in the retina, it is not surprising that 
nitrogen reactive species are also formed and lead to the nitration 
of retinal proteins (87). A number of enzymatic and low-molecular 
weight antioxidants are involved in photoprotection and may 
prevent or reduce the extent of photodamage (48 ,88,89). 

There are several chromophores absorbing visible light in the 
outer retina and their potential involvement in the photodamage to 
the retina was previously discussed (90). However, the main 
chromophore responsible for initiation of photosensitized oxidation 
has not been identified. Even though most studies indicate that 

visual pigment, rhodopsin is the essential for photodamage to the 
retina to occur, photochemical properties of rhodopsin exclude it as 
the photosensitizer responsible for retinal photodamage. Thus 
rhodopsin intermediates or bleaching products were suggested as 
mediators of photodamage (71 ,80,81 ). 

The product of rhodopsin bleaching A TR has been suspected to 
be responsible for the photooxidative damage to the retina by 
Delmelle since 1977 (91), who proposed a mechanism responsible 
for retinal photodamage. According to this mechanism A TR 
photosensitizes generation of singlet oxygen, which in tum induces 
peroxidation of retinal lipids and damage to the lipid membranes. 
However, it was questionable whether free A TR exists in the 
retina, or it is always bound with proteins and therefore inactive as 
a photosensitizer. While there is an extensive literature on light­
induced damage to the retina in humans and animals, Delmelle 's 
work (91,92) was largely ignored or ATR was rejected as a possible 
culprit responsible for light-induced damage based on belief that 
upon hydrolysis from opsin, A TR is rapidly reduced by an enzyme, 
retinol dehydrogenase (ROH), to all-trans-retinal (71 ). 

In the following chapters we will discuss several pieces of 
experimental evidence published within recent years indicating that 
ATR can accumulate in the OS under certain conditions. First, the 
rhodopsin must be photobleached and A TR hydrolyzed from the 
protein. After exposure to light bleaching all the rhodopsin, this 
alone may account for A TR accumulation reaching the concentra­
tion of rhodopsin before the exposure. For accumulation of any 
additional ATR, rhodopsin chromophore, 11-cis-retinal, must be 
efficiently synthesized in the RPE and delivered to OS to 
regenerate rhodopsin, which subsequently needs to be photo­
bleached. The hydrolyzed ATR remains noncovalently bound to 
the opsin "exit site" and only upon binding of 11-cis-retinal to 
opsin, when the rhodopsin is regenerated to the native conforma­
tion, ATR can be released to the inner leaflet of the disc membrane 
before its enzymatic reduction to all-trans-retinol (93,94). Second, 
the rate of accumulation of ATR in the inner leaflet of OS disc 
membrane must exceed the rate of removal of ATR, where removal 
refers to its direct enzymatic reduction to all-trans-retinal, or 
formation of a reversible Schiff base linkage of A TR with 
phosphatidylethanolamine (PE), N-retinylidene phosphatidyletha­
nolamine (NRPE) and its transport to the outer leaflet of OS disc 
membrane, where subsequent reduction of ATR to all-trans-retinol 
can occur. The rate of removal of A TR will be limited by the rates 
with which these processes occur and may be further delayed, i.e. 
due to the absence or dysfunction of ABCR protein responsible for 
NRPE transport across the disc membrane and/or dysfunction in 
enzymatic reduction of ATR. Formation of a retinal dimer (95) and 
a pyridinium bisretinoid, so called A2E (96--99), provides evidence 
that these processes occur indeed in the retina. In view of these 
findings we will discuss data on retinal photodamage where 
regenerable rhodopsin was a necessary factor for light damage to 
occur. Finally, we will discuss toxic effects of secondary products 
accumulating in the retina as a result of A TR accumulation-RPE 
lipofuscin and one of lipofuscin components, A2E. 

PHOTOACTIVATION OF RHODOPSIN 

Upon absorption of a photon, the chromophore of rhodopsin, 
11-cis-retinal, undergoes ultrafast isomerization to ATR (100,101). 
This primary event initiates a cascade of conformational changes 
within the protein molecule (Fig. 2a). Within milliseconds rho­
dopsin reaches a metastable state-Meta II in which the original 



Schiff base linkage between Lys296 with ATR is still intact but 
deprotonated. Meta II catalyzes activation of the heterotrimeric 
G-protein, transducin. Activated transducin dissociates from the 
Meta II and sets off the biochemical cascade leading to the closure 
of cGMP-gated cation channels in the plasma membrane, which 
is followed by neuronal signaling enabling visual perception 
(Fig. 2b). Meta II can activate hundreds of transducin molecules 
until it becomes deactivated, which usually occurs within 100 ms 
and is initiated by phosphorylation of Ser and Tor residues in the 
C terminus of rhodopsin by rhodopsin kinase. Phosphorylated 
Meta II is then tightly capped by arrestin or its splice variant, so­
called p44 protein, which effectively blocks further activation of 
transducin (I 02-104 ). 

Meta II is in a dynamic equilibrium with its precursor, 
metarhodopsin I (Meta I) (Fig. 2a). However, under physiological 
conditions, the equillibrium is strongly shifted toward Meta II, so 
Meta I can be considered as a short-lived intermediate decaying 
within milliseconds to Meta II and Meta III (105). Lipid envi­
ronment of rhodopsin strongly affects the ratio of formation of 
Meta II and Meta Ill. Decrease of polyunsaturated lipids, such as 
docosahexaenoic acid (DHA) and/or increase in the cholesterol 
content have been shown to inhibit the transition of Meta I to Meta 
II (106-109), while promoting transition of Meta I to Meta III 
(105). Indeed it has been shown that OS from rats depleted in DHA 
exhibit a decreased rate of Meta II formation (110). 

Meta III is considered as a storage form of photoactivated 
rhodopsin (77,111). Apart from formation directly from Meta I 
deactivation (105), Meta III can be formed as a result of flash 
photolysis of Meta II with blue light (A = 400 ± 10 nm) (112). 
Meta III is believed to either slowly decay into opsin and ATR 
(113), or be converted back to Meta II state (114,115). It has been 
shown that the latter reaction can be catalyzed by transducin or its 
C-terminal peptides (114). Flash photolysis of Meta III with 477 
nm light results in nonspecific isomerization of A TR and results in 
generation of Meta I/II, dark state rhodopsin and isorhodopsin, 
which contains 9-cis-retinal bound to its active site (115). Meta I/II, 
rhodopsin and isorhodopsin account for 40%, 37% and 21 % of 
photolyzed Meta III. Accordingly, continuous illumination of the 
mixture with green light (>475 nm) results in photoformation of 
exclusively Meta II (115). Binding of transducin disables photo­
induced conversion of photoactivated rhodopsin to ground-state 
rhodopsin (116,117). Thermal stability of Meta III may suggest 
that transducin-catalyzed conversion of Meta III to Meta II and/or 
Meta III photolysis are the major routes of Meta III decay 
(114,115). It remains to be elucidated whether hydrolysis of ATR 
directly from Meta III may occur in vivo as it was previously 
suggested (113). 

FATE OF ALL-TRANS-RETINAL AFTER 
HYDROLYSIS FROM OPSIN 

Clearance of ATR in OS 

The decay of the active Meta II proceeds through hydrolysis of the 
Schiff base linkage and ATR is released from the hydrophobic 
binding pocket (93,94) (Fig. 3a). Next, ATR is channeled to the 
"exit site" of the protein where it remains noncovalently bound 
until rhodopsin is regenerated upon binding of another 11-cis­
retinal molecule to Lys296 in its active site (93,94). While being 
bound to the "exit site," ATR can be reduced to all-trans-retinol 
by NADPH-dependent ROH (93,94,118). While both rod and cone 
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Figure 2. (a) Photoactivation of rhodopsin. Absorption of a photon by 
rhodopsin (R) leads to ultrafast isomerization of the chromophore, 11-cis­
retinal to A TR, which is followed by conformational changes in the protein 
leading to formation of a state Meta I. From Meta I state either Meta II state 
or Meta III state can be formed. Meta III can be also formed as a result of 
photolysis of Meta II. Transducin (T) catalyzes transformation of Meta III 
to Meta II. See text for further description. Modified from Ritter and 
colleagues (1 12), Vogel and colleagues (105,115) and Zimmermann and 
colleagues (114). (b) Visual cycle. Photoactivation of rhodopsin (R) leads 
to formation of biochemically active Meta II (Mil) which activates 
a biochemical cascade leading to visual perception. Mil binds a hetero­
trimeric protein transducin (T) and allows for exchange of GDP nucleotide 
for GTP in a subunit rx of T. Trx(GTP) dissociates from T~y and activates 
phosphodiesterase (PDE). PDE catalyzes hydrolysis of cyclic nucleotide 
(cGMP). In response to decreased concentration of cGMP, cGMP-gated 
channels in the OS plasma membranes close (not shown). This results in 
a reduced influx of sodium and calcium cations. These cations are 
continuously pumped out of the photoreceptors by ATP-dependent Na/K­
pumps in the inner segments; therefore the closure of cGMP-gated channels 
leads to hyperpolarization of photoreceptor plasma membrane, which, in 
tum, results in an inhibition of synaptic secretion of glutamate­
a neurotransmitter signaling absorption of photons to secondary neurons 
in the retina. Meta II can catalyze activation of T until it becomes 
phosphorylated by rhodopsin kinase (RK) and binds arrestin (Arr), which 
completely prevents further activation of T. Eventually, Meta II hydrolyzes 
A TR. To regenerate rhodopsin, Arr dissociates, phosphates (P) are removed 
from opsin by phosphatase, and opsin binds 11-cis-retinal (l lcRal) 
delivered from RPE, which completes the rhodopsin cycle. Hydrolyzed 
ATR is enzymatically reduced to all-trans-retinol (atRol) and transported to 
the RPE where it can be converted back to 11-cis-retinal through a multistep 
process of retinoid cycle. Modified from McBee and colleagues (141 ). 

OS express photoreceptor-specific ROH (prRDH; also known as 
RDH8) (119), cones express another protein in their OS, which 
also reduces A TR to all-trans-retinal, retSDR l (120). 

The reduction of ATR in rods is a relatively slow process (121-
124). In the mouse eye, constant illumination for 60 min leading to 
an approximately 35% bleach of rhodopsin results in ATR accumu­
lation, which accounts for approximately 30% of total retinoids 
(122). During a period of dark recovery following the 60 min 
of steady illumination, the concentration of A TR declines with 
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Figure 3. (a) Fate of ATR in OS. Photoactivation of 
rhodopsin (R) leads to fonnation of Meta II (MII) from which 
eventually ATR is hydrolyzed. There are two pathways 
leading to enzymatic A TR reduction to all-trans-retinal 
(atRol) upon hydrolysis from opsin. A TR can be either 
reduced by RDH while being bound to the opsin "exit site" or 
only after it is released to the inner leaflet of the disk 
membrane upon binding to opsin of 11-cis-retinal (l lcRal) 
and rhodopsin regeneration. The reduction of A TR is 
accelerated by ABCR, which transports A TR complexes 
with PE via Schiff base linkage (NRPE) to the outer leaflet of 
disc membrane. Finally, ATR is enzymatically reduced to 
atRol. (b) Recycling of 11-cis-retinal from A TR in the retinoid 
cycle. As a result of photoactivation of rhodopsin , ATR is 
hydrolyzed from the apoprotein opsin. This is followed by 
enzymatic reduction of A TR to atRol catalyzed by prRDH (in 
cones by both prRDH and retSDRl), which may be facilitated 
by ABCR. AtRol is transported through 1PM chaperoned by 
IRBP, and then in RPE by CRBP. LRAT esterifies atRol 
fanning all-trans-retinyl esters (atRE). AIRE are converted to 
11-cis-retinol (I lcRol) and during that process RPE65 plays 
an essential role. Next l lcRol chaperoned by CRALBP is 
oxidized by RDH5 and other RDHs to 11-cis-retinal (l lcRal). 
Finally, l lcRal chaperoned by IRBP is transported through 
1PM to reach OS discs and binds to opsin-regenerating 
rhodopsin. See text for further description. Modified from 
McBee and colleagues (141). 

b 

a half-life of approximately 5 min, whereas the concentration of 
ATR after a flash of bleaching light declines with a half-life of 
approximately 17 min (122). 

Upon regeneration of rhodopsin by efficient supply of 11-cis­
retinal, ATR can be released from the opsin "exit site" before 
being enzymatically reduced to all-trans-retinol (93,94). ATR is 
believed to be released from the "exit site" to the inner leaflet of 
the disc membrane where it is inaccessible to RDH until it is 
flipped over to the outer leaflet. 

It has been shown that A TR forms condensation products with 
a lipid component of the OS membranes, phosphatidylethanol­
amine (PE), N-retinylidene-phosphatidylethanolamine (NRPE) 
(96,97,125,126). NRPE is a preferred substrate for a protein 
present in rims of OS discs, ATP-binding cassette transporter rim 
protein (ABCR) (127-129). ABCR is believed to bind NRPE 
present in the inner leaflet of the membrane and release it on the 
cytoplasmic site of OS disc membrane upon binding and hydro­
lysis of ATP (129). Then ATR becomes available as a substrate for 
RDH. Lack of ABCR gene in ABCR-J- knockout mice or its 
deficiency in ABCR+I- mice leads to delayed clearance of A TR/ 
NRPE from the retina (96,97,130). It may be speculated that in 
the absence of ABCR the transverse diffusion of ATR/NRPE to 
the outer leaflet becomes the limiting factor in the reduction of 
ATR to all-trans-retinol. 

Mutations in ABCR gene have been found in a subpopulation of 
patients with retinitis pigmentosa (131), rod-cone dystrophy (132) 
and AMD (133,134) and were identified as a causal factor of 
Stargardt disease (135). Stargardt disease is a recessive fom1 of 
macular degeneration with progressive loss of central vision, rapid 
accumulation of autofluorescent deposits, called lipofuscin, in the 
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RPE cells followed by atrophy of the RPE (136). RPE lipofuscin is 
believed to originate mainly from incomplete lysosomal digestion 
of phagocytosed photoreceptor OS (9,137). 

Patients with Stargardt disease and ABCR knockout mice have 
an increased content of PE in their retinas (96,130). The post­
mortem retinas from patients with Stargardt disease and fundus 
flavimaculatus contain 2.1- and 2.9-fold increased PE concen­
trations, respectively, in comparison with the age-matched controls 
(97). The concentration of PE in OS of ABCR knockout mice is 
about 1.6-1.9-fold greater than in wild-type mice (96,97). As 
a result, the ABCR-J- animals accumulate in their OS about 
3 times increased concentrations of NRPE in comparison with 
wild-type animals (97). NRPE accounts for 24% and 61 % of the 
A TR accumulated in OS of knockout and wild-type animals, 
respectively (97). The amounts of ATR extracted from the ABCR 
knockout mice OS immediately after photobleaching of about 45% 
of rhodopsin are similar to the amounts of A TR isolated from the 
wild-type mice OS (97). The total concentrations of A TR present 
as free ATR and NRPE are elevated in the ABCR-1- mice and 
ABCR-I+ in comparison to the wild-type mice immediately after 
exposure to light and during subsequent recovery in dark 
(96,97, 130). 

The formation of NRPE from A TR and PE is a reversible 
reaction sensitive to concentration of water (138). Therefore the 
extraction procedures, evaporation of chloroform and redissolving 
of the sample in hexane, are likely to affect the equilibrium. The 
technical difficulties in obtaining reproducible data are apparent 
from the comparison of the results obtained by the same group on 
the accumulation of protonated and unprotonated NRPE in wild­
type and ABCR knockout mice (96,97). First, it was reported that 



ABCR knockout mice accumulate largely protonated NRPE, while 
wild-type mice accumulate unprotonated (96). In a subsequent 
publication, the nonprotonated form was the predominant fom1 of 
NRPE in both ABCR knockout mice and wild-type mice and the 
protonated form accounted for only l 0% and 20% of total NRPE 
in ABCR knockout mice and wild-type mice, respectively (97). 

As mentioned earlier, the enzymatic reduction ATR to all-trans­
retinol is a relatively slow process (122). The reduction is not 
a limiting factor for rhodopsin regeneration, however; after a flash 
of light bleaching approximately 80% of rhodopsin, the rate 
constant of ATR decay of 0.087 min- 1 was 5.8 times greater than 
the initial rate of regeneration of photobleached rhodopsin, 0.015 
min- 1 (76,139). It can be assumed that the initial concentration 
of A TR released from rhodopsin and the rate of its reduction to 
all-trans-retinol determine the concentrations of ATR transiently 
accumulating within photoreceptor discs after a pulse of bleaching 
light. During constant exposure to light, the ability of rhodopsin 
to regenerate dependent on the supply of 11-cis-retinal, is an 
additional factor determining the steady-state concentrations of 
ATR, which can be either bound to the opsin "exit site" or 
completely dissociated and accumulated within photoreceptor OS 
discs. If the rate of rhodopsin regeneration exceeds the rate of ATR 
reduction to all-trans-retinol, some ATR becomes released from 
the opsin "exit site" (93). Then the bimolecular rate constants of in­
teraction of ATR and PE and the equilibrium constant of this re­
versible reaction determine the ratio of free ATR to NRPE. Finally, 
ABCR facilitates the enzymatic reduction of ATR by translocation 
of NRPE/ATR to the cytoplasmic side of the disk membrane. 

Conversion of alJ-trans-retinol to 11-cis-retinol 

Regeneration of 11-cis-retinal from all-trans-retinol involves 
a complex system; the isomerized and reduced chromophore is 
transferred from the OS to the adjacent RPE cells where the multi­
step process takes place (Fig. 3b) (see reviews by Imanishi and 
colleagues [140], Kuksa and colleagues [118], McBee and 
colleagues [141] and Lamb and Pugh [76]). First, all-trans-retinal 
needs to leave the rod OS disc and cross the OS plasma membrane. 
The transfer of all-trans-retinol through interphotoreceptor matrix 
(1PM) is facilitated by interphotoreceptor retinoid-binding protein 
(IRBP) (123), which has been shown to protect all-trans-retinol 
from isomerization and oxidation (142). Within the RPE cells all­
trans-retinol is chaperoned by cellular retinol-binding protein 
(CRBP). Next, all-trans-retinol is esterified by lecithin:retinol 
acyltransferase (LRAT) within endoplasmic reticulum (ER) 
forming predominantly all-trans-retinyl palmitate or stearate (143). 

All-trans-retinyl esters are thought to form aggregates that bud 
off from the ER as independent structures, forming so called 
retinosomes or retinyl-ester-storage (REST) particles (140,144). 
The retinosomes are of cylindrical shape, 6.9 ± 1.1 ~tm long and 
0.8 ± 0.2 µm in diameter, distributed perpendicularly to the RPE 
monolayer. Once formed, retinosomes seem to be stable RPE 
organelles where all-trans-retinyl esters accumulate after rhodpsin 
bleaching and are depleted during dark adaptation (140,144). 

To generate 11-cis-retinol, all-trans-retinyl esters become 
isomerized and hydrolyzed (l 18,141,145,146). The conversion of 
all-trans-retinyl esters to 11-cis-retinol requires a RPE-specific 65 
kDa protein, RPE65 (147-149). RPE65 has been shown to interact 
with all-trans-retinyl palmitate, all-trans-retinol and 11-cis-retinol, 
but only very weakly with 11-cis-retinyl palmitate (148). It has 
been demonstrated recently that RPE65 plays a role in extraction of 
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all-trans-retinyl esters from lipid membranes and is directly 
responsible for their isomerization (147,150,151). In the absence 
of RPE65, or if it is dysfunctional, all-trans-retinyl esters 
accumulate in the RPE but there is no production of 11-cis-retinal 
(152,153). Mutations of RPE65 account for about 10% of cases of 
Leber's congenital amaurosis (LCA), a disease that can cause 
severe blindness from birth or early childhood (154,155). 

Oxidation of 11-cis-retinol to 11-cis-retinal 

In the next step, the product of isomerization and hydrolysis, 11-
cis-retinol, binds to cellular retinal-binding protein (CRABP) 
(156). CRABP-11-cis-retinol complex serves as a substrate carrier 
for 11-cis-RDH (RDH5) (139,156,157). RDH5 with NADH as 
a cofactor is more efficient in oxidizing retinols than reducing 
retinals and 9-cis-retinol and 11-cis-retinol are preferred substrates 
over all-trans-retinol (158). Apart from RDH5 there are at least two 
other oxidoreductases within RPE that can convert 11-cis-retinol to 
11-cis-retinal (159-162). One of them is RDHII, a membrane­
associated protein, which, with NADPH as a cofactor, catalyzes the 
reduction of retinals (ATR, 9-cis-retinal, 11-cis-retinal and 13-cis­
retinal), which in vitro is about 50 times more efficient than 
oxidation of retinols (163). It also catalyzes the reduction of some 
aldehydes derived from lipid peroxidation. However, it may be 
argued that due to the local concentration of substrates within RPE 
cells, RDHl 1 may catalyze the reaction in the opposite direction 
using NADP+ as a cofactor and oxidize retinols in vivo (161). 
Yet, RDHJJ-1- and RDH5-/- knockout mice are still capable of 
11-cis-retinal regeneration, which suggest that another oxidore­
ductase is present within the RPE (159). 

Although RDHll and RDH5 knockout mice appear to have 
normal visual function, mutations of RDH5 in humans, which 
result in a reduced enzymatic activity, lead to retinal dystrophies, 
such as recessive fundus albipunctatus, a rare fonn of stationary 
night blindness characterized by a delay in the regeneration of 
visual pigments of cones and rods or recessive cone dystrophy 
(164-167). 

In the final step, the 11-cis-retina! needs to cross the RPE and 
IPM to reach OS membrane. It was suggested that retinoid 
trafficking may be facilitated by colocalization of several proteins, 
such as CRABP, RDH5 and IRBP within apical portion of the RPE 
cells (168-172). 11-cis-retinal within the 1PM is bound to IRBP 
(173). However, lack of IRBP does not significantly affect the rates 
of rhodopsin regeneration, suggesting that its transport function 
may be replaced by other proteins such as albumin. It appears that 
the main function of IRBP may be protection of retinoids from 
photodegradation (142,174). 

Transport of 11-cis-retinal through the OS plasma membrane to 
the disc membranes has not been elucidated. It may be speculated 
that this process may depend on a number of other proteins, 
probably indirectly involved in retinoid trafficking, such as 
peripherin, a protein believed to play a structural role in photo­
receptor OS coded by RDS gene whose mutations can lead to 
delayed dark adaptation and retinopathies (175-178). 

Once in the OS discs 11-cis-retinal diffuses to encounter an opsin. 
Binding of 11-cis-retinal to opsin proceeds first through a non­
covalent bond at its "entry site," after which a covalent Schiff-base 
linkage with Lys296 is formed regenerating rhodopsin (93,94). Thus 
it can be expected that the release of all A TR/retinol from the opsin 
"exit site" requires the mole equivalent of 11-cis-retinal binding to 
opsin. Currently it is not clear what the regulatory mechanisms 
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responsible for mobilization of retinyl esters stores are and the upper 
limit of ATR that can accumulate in the OS remains unknown. 

Do cones use an additional pathway for 
regeneration of 11-cis-retinal? 

The retinoid cycle described above refers to both rods and cones. 
However, in cone dominant retinas, cones seem to evolve an 
additional pathway for regeneration of 11-cis-retinal (179). It is 
supported by the fact that cones regenerate visual pigment in 
isolated retinas detached from the RPE (180,181). It is suggested 
that cones employ Mtiller cells, the major glial cells in the retina, 
instead of RPE cells, to perform isomerization of all-trans-retinol 
to 11 -cis-retinol and formation of 11-cis-retinyl esters stores (179). 
Miiller cells express, similarly to the RPE, retinoid-binding 
proteins CRBP and CRALBP, which chaperone all-trans-retino1 
and 11-cis-retinal/retinol, respectively (171,172,182-184) and can 
transf01m all-trans-retinol lo 11-cis-retinol in cell culture (185). 
Cone-rich retinas of chicken and ground squirrel contain sub­
stantial concentrations of 11-cis- and all-trans-retinyl esters in the 
neural part of the retina, which are present in the concentrations 
about 2- to 6-fold greater than in the RPE (179). Interestingly, 11-
cis-retinyl esters are formed from all-trans-retinol and the process 
is not inhibited by well established inhibitors of LRAT, indicating 
that there is another enzyme responsible for formation of 11-cis­
retinyl esters. It is also supported by the fact that 11-cis-retinyl 
esters synthase activity is increased in the presence of palmitoyl, 
myristoleoyl and stearoyl coenzyme A, but not in the presence of 
dipalmitoyl phosphatidylcholine, which serves as a fatty acyl donor 
for LRAT. An essential enzyme for the formation of 11-cis-retinol 
from all-trans-retinyl esters RPE65 has been found in cones but not 
in rods in mammalian retinas (186). 

11-cis-retinol released from the Miiller cells is taken up by the 
cones, where the final step, NADP+-dependent oxidation of 11-
cis-retinol to 11-cis-retinal by 11-cis-specific RDH, takes place 
(179,187,188). It was hypothesized that the main enzyme respon­
sible for the oxidation of 11-cis-retinol to 11-cis-retinal for regen­
eration of cone visual pigments is NADPH-dependent RDH12 
(141 ). RDHI 2 is expressed in the retina in the rod and cone inner 
segments and cell bodies and exhibits similar activities toward 
retinals as RDHil ; with NADPH as a cofactor it catalyzes the 
reduction of different isomers of retinals (ATR, 9-cis-retinal, 
11-cis-retinal and 13-cis-retinal) (161 ). Thus it may be speculated 
that RDH12 may play a dual role. In both rods and cones RDH12 
may regulate the supply of 11-cis-retinal for synthesis of visual 
pigments in the inner segments and in cones may oxidize 11-cis­
retinol for regeneration of cone visual pigments. 

Mutations in RDHl2 cause a severe subtype of LCA, pro­
gressive rod and cone dystrophy, leading to severe macular atrophy 
and vision loss in early adulthood (189,190). Several RDH12 
mutations causing the disease have been identified and their 
consequences elucidated in COS-7 cells in vitro transfected with 
wild-type or two mutant RDH12 constructs (190). Cys226 variant 
caused a decreased protein expression and no detectable activity 
toward either NADp+-dependent all-trans-retinol oxidation or 
NADPH-dependent ATR reduction. On the other hand, Met49 
variant exhibited 90% higher activity in conversion of ATR to all­
trans-retinol and 44% lower activity in conversion of all-trans­

retinol to A TR in comparison with the wild-type protein. It might 
be only speculated that, by analogy to RPE65 mutations causing 

LCA, the primary cause of the observed phenotype is related to 
RDH J 2 dysfunction leading to deficiency in 11-cis-retinal and 
inability to form visual pigments. 

Despite the proposed alternative pathway of regeneration of 
11-cis-retinal in cones, mutations in RDHS, which is expressed 
exclusively in the RPE, can affect cones more severely than rods 
leading to recessive cone dystrophy (166,167). Again, the expla­
nation of this can be limited only to speculations. As already 
mentioned mutations in RDHS in humans lead to delayed regen­
eration of visual pigments of cones and rods (164-167). It may be 
suggested that delayed regeneration of rhodopsin will lead to 
a delayed release of ATR/all-trans-retinol from the opsin "exit 
site" and, as a consequence, decreased concentrations of all-trans­
retinol released from rods. Rods are predominant photoreceptors in 
the human retina so they are mainly responsible for transient 
accumulation of all-trans-retinol in the IPM. As all-trans-retinal 
released from rods can be used for regeneration of cone visual 
pigment in the absence of RPE (180,181), therefore a dysfunction 
of RDH5 can affect cones both directly, via decreased supply of 
11-cis-retinal from the RPE and indirectly, via decreased supply of 
all-trans-retinol from rods. 

Cones outside the area responsible for acute vision (fovea) are 
shorter and rather distant from the apical site of the RPE, so RPE 
processes need to project for a relatively long distance to reach 
cone OS. Thus, it is tempting to speculate that peripheral cones in 
humans are in greater need to use Miiller cells for regeneration of 
their visual pigments than foveal cones present in proximity to the 
RPE. The alternative pathway of the regeneration of 11-cis-retinal 
may also explain why the visual pigment regeneration in cones is 
about 20 times faster than in rods, which allows cones to remain 
responsive at high fluence rates of light reaching the retina (179). 
Instead of competing with predominant rods for regenerated 
11-cis-retinal, cones can use the 11-trans-retinol produced by rods 
as a result of rhodopsin photobleaching. 

What are limiting steps in the synthesis of 
rhodopsin chromophore? 

Thorough analysis of an extensive range of published experimental 
data on the recovery of rhodopsin and the photosensitivity 
threshold in humans and experimental animals performed by 
Lamb and Pugh (76) indicates that the initial rate of recovery of rod 
rhodopsin is independent of the rate of A TR reduction within rod 
OS, as previously suggested (122), but it strongly depends on the 
efficiency of RPE to synthesize 11-cis-retinal. It is supported by 
the fact that, even in the case of patients with ABCR mutations in 
early stages of the disease, where there is a delay in removal of 
ATR from OS, the rate of the fast component of recovery of 
photosensitivity remains the same as in normal subjects (191). Also 
the rate of 11-cis-retinal and rhodopsin regeneration is similar in 
ABCR-1- mice and wild-type mice after 5 min exposure to 
bleaching of about 45% rhodopsin, whereas ATR clearance is 
significantly delayed in knockout animals compared with wild type 
(96,130). It may be speculated that the slow component observed 
in the recovery of rhodopsin in rods, evident upon bleaches of 60% 
of the pigment and above (76), is due to recycling of ATR released 
from rhodopsin. If this is the case, the rate of the slow component 
may be affected by ABCR dysfunction. 

It has been determined in human eyes postmortem that retinoids 
present in RPE/choroid, mainly retinyl esters, account for 2.5 mol 
equiv of rhodopsin (192). In contrast, nocturnal animals, such as 



mice and rats, may have no need for accumulation of retinyl esters 
as, when they are reared under dim light, only a fraction of rhodop­
sin is bleached. Indeed, retinyl esters account for only a fraction of 
the mo! equivalent of rhodopsin in mice (76). 

It may be speculated that rhodopsin photobleaching results in 
a signaling pathway leading to the mobilization of retinyl ester 
stores and their conversion to 11-cis-retinal. As the retinyl ester 
stores represent the main pool of retinoids in humans, it would 
explain the similar rates of rhodopsin recovery observed in patients 
with Stargardt disease with delayed ATR removal and in nonnal 
subjects (191). However, the mechanism responsible for the 
mobilization of retinyl esters remains unclear. Several publications 
pointed to the potential role of RPE in this process (193-200). 
Experiments on fetal human RPE cells in culture demonstrated that 
RPE cells do play a role in photoreception and respond to light by 
an increased generation of 11-cis-retinal (193). It was shown that 
on exposure to all-trans-retinol RPE cells accumulated all-trans ­
retinyl esters and synthesis of retinyl esters continued in dark after 
withdrawal of all-trans-retinol from the medium. However, cells 
exposed to light reached 60% lower levels of all-trans-retinyl esters 
compared with cells incubated in the dark and released almost 
twice greater amounts of 11-cis-retinal in the media in the light­
compared with the dark-incubated cultures. It was suggested that 
opsinlike proteins expressed in the RPE cells and Millier cells, such 
as retinal G-protein-coupled receptor (RGR) or peropsin, may play 
a signaling role for mobilization of retinyl esters (193). 

Isolated RGR from bovine RPE contains mainly ATR, about 
85% and small amounts of 11-cis-retinal (8%) and 13-cis-retinal 
(7%) (194). ATR is bound to RGR via Schiff base linkage to lysine 
and RGR exhibits broad absorption spectra with maxima at 370 nm 
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for unprotonated and protonated forms, respectively (194). At 
neutral pH RGR is present mainly in unprotonated form and 
therefore absorbs UV rather than blue light (195). Irradiation of 
RGR with UV (370 nm) or blue light (470 nm) in vitro leads to 
isomerization of ATR to 11-cis-retinal with a quantum yield of 
0.12 (194). RGR copurifies with NADH-dependent 11-cis RDH 
(RDH5) and both proteins form a functional protein complex 
(196). After photoisomerization of ATR, 11-cis-retinal is rapidly 
reduced to 11-cis-retinol and dissociates from RGR (196). 

It was proposed that RGR can function as photoisomerase that 
provides 11-cis-retinal for rhodopsin regeneration under exposure 
to light (197). However, there are several pieces of evidence 
supporting an opposite view that its role in generating and 
providing 11-cis-retinal to rhodopsin seems unlikely (198). First, 
RGR is present in a relatively small concentration compared with 
rhodopsin. Second, it is localized in RPE microsomes and therefore 
a substantial portion of the short-wavelength light reaching the 
human retina will be filtered out by photoreceptor outer segments 
before reaching RPE. Third, its quantum yield of photoisomeriza­
tion is 5.6 times smaller than rhodopsin. Overall, it can be assumed 
that RGR is an inefficient photoisomerase of 11-cis-retinal and can 
provide only a minor direct contribution to regeneration of 
rhodopsin. 

Yet it has been shown that RGR does play an important role in 
regeneration of rhodopsin during constant exposure to white light 
(196,197). Upon exposure to a constant illuminance of 1400 lux, 
the steady-state concentration of rhodopsin in RGR-/- mice 
reached 44% of the dark level, while under the same conditions, 
rhodopsin in the wild-type mice reached 98% of its level in the 
dark. The time constant for rhodopsin regeneration was 62 times 
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greater in knockout animals than in the wild-type animals. Instead 
of efficient synthesis of 11-cis-retinal, the knockout animals accu­
mulated retinyl esters, which were increased by a factor of 14.5 in 
comparison with wild-type animals. Both wild-type and RGR-/­
mice had similar rhodopsin levels in dark and the kinetics of 
rhodopsin regeneration in dark after a flash of bleaching light was 
also similar (197,198). Thus, it has been suggested that RGR may 
stimulate synthesis of 11-cis-retinal acting as a G-protein-coupled 
receptor that becomes activated by absorption of a photon (197). 

A comparison of RPE65 knockout mice with double-knockout 
mice RPE65-/- and RGR-/- demonstrated that specific photo­
isomerization of ATR to 11-cis-retinal occurs both in the neural 
retina and RPE in both RPE65-/- and RPE65- /-RGR-/- mice 
(199). This indicates that, apart from RGR, there is another 
mechanism responsible for photoisomerization of ATR. 

Peropsin, another opsinlike protein, is present in the apical part 
of RPE and microvilli surrounding photoreceptor OS (200). It has 
been suggested that peropsin may act as a sensor of ATR released 
by photobleaching of rhodopsin in the adjacent OS (200). Binding 
of A TR to peropsin may initiate a signaling cascade, independent 
of light, resulting in generation of 11-cis-retinal from retinyl ester 
pools. Alternatively, the signaling cascade might be activated by 
a photoisomerization of peropsin chromophore. 

Summing up, it can be speculated that the extensive bleaching of 
rhodopsin accompanied by efficient supply of 11-cis-retinal and 
rhodopsin regeneration may lead to the accumulation of substan­
tial concentrations of A TR within photoreceptor discs. Presently, 
we do not know what the worst case scenario for accumulation of 
ATR within OS is. We can only speculate that in the case of 
exposure to intensive light rapidly bleaching all the rhodopsin 
resulting in very low steady-state levels of rhodopsin, the rate of 
removal of A TR, the content of retinyl esters stored in retinosomes 
and the regulatory pathways responsible for their mobilization 
will determine the concentrations of ATR transiently accumulating 
in the OS. It may be further speculated that in case of dysfunction 
of A TR removal from the OS, the upper limit of accumulation of 
A TR may be determined by the content of retinoids stored in the 
RPE. For normal subjects with 3.8 mM rhodopsin and 2.5-fold 
excess of retinoids stored as retinyl esters, it would give the value 
of (3 .8 mM + 2.5 X 3.8 mM) = 13.3 mM ATR in the case of total 
dysfunction in ATR removal from the OS. Elucidation of the 
mechanisms responsible for 11-cis-retinal synthesis and delivery to 
the OS and regulatory pathways involved is essential for under­
standing of the retinoid trafficking in the retina and the design of 
pharmacological intervention in the case of their dysfunction or 
inadequacy under bright-light conditions. 

DOES FREE ALL-TRANS-RETINAL EXIST 
IN THE RETINA? 

The inadequacy in the removal of ATR from OS discs leads to 
accelerated accumulation of a pyridium bisretinoid, so called A2E 
(Fig. 4), in the RPE. It is evident in particular in patients with 
Stargardt disease and fundus flavimaculatus caused by mutations in 
the ABCR gene, or in ABCR-/- or ABCR+/- mice (96,97,130). 
Study of biosynthetic pathways of A2E indicate that it originates 
from the condensation of NRPE with another molecule of ATR, 
which occurs within the OS discs (see papers by Travis and 
colleagues [96,97] and Nakanishi and colleagues [98,99,201] and 
review by Lamb and Simon [202]). PE is widely abundant in the 
OS, where it accounts for 409 to 487 nmol/mg protein (203). 
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Figure 4. Initial reactions in biosynthesis of A2E. A TR hydrolyzed from 
opsin binds to a highly abundant OS phospholipid, PE, forming NRPE. 
Binding of another molecule of A TR is required to form a precursor for 
a pyridinium bisretinoid, A2E. See tex.t for further description. 

Assuming that all protein in the OS is rhodopsin, it allows the 
calculation of an upper limit of the molar ratio of A TR to PE, 
which is at most 6.1 % in normal retinas after a flash of light 
photobleaching all rhodopsin. Thus the molar ratio of ATR to PE 
in photoreceptor outer segments is similar to the ratios employed 
for efficient NRPE synthesis in vitro (138,204). 

In vitro, in chloroform or chloroform/ethanol mixture (2:1, v/v), 
the bimolecular rates of interaction of ATR with PE leading to the 
formation of NRPE are within the range of (3.0--4.5) X 10-2 ~ 1 

s- 1, whereas the rate constant for the backward reaction is within 
the range of (5 .9-9.9) X 10- 6 s- 1 (138). Assuming the bimolecular 
rate of interaction of ATR with PE in OS discs is similar as in 
solution, the initial rate of formation of NRPE from interaction of 
3 mM ATR and 50 mM PE is expected to be about 4.5- 6. 7 µM s- 1. 

This implies that 3 mM ATR rapidly released from opsin may be 
transformed into NRPE within tens of minutes. Yet, A2E synthesis 
requires NRPE to interact with another ATR. Thus it may be 
speculated that OS discs membranes favor generation of NRPE and 
the interaction of A TR with NRPE is a rare event requiring local 
excess of ATR concentration over PE concentration. 

A2E has also been identified in substantial quantities in normal 
human RPE from mature donors (205,206). Eldred and Lasky 
obtained almost 0.1 mg of A2E from RPE cells from at least 250 
eyes of human donors of 40 years of age or older, which allows 
obtaining a lower estimate of the average content of A2E in RPE 
for about 400 ng/eye (0.675 nmol/eye) (205) and the A2E concen­
tration within RPE cells. Assuming that A2E is distributed evenly 
throughout the whole RPE overlying the retina of surface of about 
1000 mm2 and the thickness of RPE monolayer is 0.014 mm, the 
average concentration of A2E within the RPE layer is 48 µM. 
Measurements of A2E content in individual RPE isolations from 
10 healthy human donors indicated that there are considerable 
variations between individuals (206). The highest content of A2E 
of 134 ng/105 cells was noted in a 64-year-old person, whereas the 
lowest, 34 ng/105 cells in a 79-year-old person. Assuming 
a cuboidal shape of a RPE cell with 0.014 mm thickness, it gives 
concentrations of A2E in RPE cells falling within a range of 

209-824 µM, which is 4 to 17 times greater than the concentra­
tion estimate obtained from the Eldred and Lasky's data (205). 

A2E fluorescence allows monitoring of the distribution of A2E 
in the retina. The highest A2E fluorescence intensities were identi­
fied in the perifovea and decrease toward the center of the fovea 
and periphery (207,208). Thus it may be expected that the concen­
trations of A2E in the retina can largely exceed the average 
concentrations in the perifovea and fall down to much lower levels 
outside this area. 

A2E levels can be greatly increased in some retinal dystrophies 
and retinopathies. Patients with Stargardt disease and fundus 
flavimaculatus have 6.22-fold and 11.5-fold increased levels of 
A2E in the RPE, respectively, in comparison with RPE from age­
matched control eyes (97). The levels of A2E in ABCR-/- mice are 
increasing with age at the rate approximately 9 to 13 times greater 
than in wild-type mice when animals are kept in cyclic light, but 
when animals are kept in dark the rate of A2E accumulation is 
greatly reduced and similar in both groups (97,130). Also ABCR+/­
mice exhibit about 4 times increased accumulation of A2E over 
wild-type mice (130). It indicates that accumulation of ATR in OS 
and light exposure play major causative roles in A2E accumulation. 

On the other hand, impairment in the regeneration pathways of 
11-cis-retinal within RPE, caused either by defective or absent 
RPE65 protein, leads to inhibition in the accumulation of A2E 
(152,209). 13-cis-retinoic acid (Isotretinoin; Accutane) slows down 
11-cis-retinal synthesis because of competitive binding to RPE65 
and 11-cis-RDH (210,211) and also blocks the slower, age­
dependent accumulation of A2E/lipofuscin in wild-type mice 
(212), suggesting that the accumulation depends also on the supply 
of 11-cis-retinal to the OS. 

Recently, another molecule, so called retinal dimer and its 
conjugate with PE has been identified in isolated bovine OS 
irradiated with white light, although in much smaller quantities 
than the precursor of A2E, A2-PE (95). Products of similar UV­
visible absorption spectra and HPLC retention times as retinal 
dimer-PE conjugate were also extracted from RPE/choroids and 
neural retinas of ABCR knockout mice and human RPE cells from 
31- to 40-year-old donors. It has been suggested that retinal dimer 
is derived from an interaction of A TR with NRPE in the OS 
followed by elimination of PE. It was demonstrated that the retinal 
dimer can easily form a conjugate with PE via Schiff base. 

Accumulation pattern of A2E in the retina and the discovery 
of its biosynthetic pathway and identification of retinal dimer pro­
vide evidence that substantial amounts of ATR must be present 
in the OS to form a condensation product of two molecules of 
ATR with PE. 

PHOTOSENSITIZING PROPERTIES OF 
ATR AND ITS DERIVATIVES 

Delmelle postulated as early as in 1977 that the isomerized 
chromophore of visual pigment ATR is responsible for initiation of 
photosensitized damage to the retina (91 ,92). ATR is a potent 
photosensitizer whose absorption spectrum with an absorption 
maximum at about 380 nm extends into the visible (Fig. 5a). Like 
most biological molecules, except for molecular oxygen, A TR is 
present in its singlet state in the ground state with all electrons in 
molecular orbitals being paired. Photoexcitation of A TR with 353 
nm light results in formation of an excited singlet state followed by 
an efficient intersystem crossing from an excited singlet state to an 
excited triplet state with quantum yields dependent on solvent 



polarity (213) and varying from 0.05 to 0.12 in methanol to 0.50 in 
cyclohexane (213-215). 11-cis-retinal exhibits similar quantum 
yields of intersystem crossing: 0.11 in methanol and 0.51 in 
hexane. The ability to undergo intersystem crossing and form an 
excited electronic state of multiplicity different from the ground 
state is a good indication of potential photosensitizing properties of 
a molecule, as then the excited state is relatively long lived, in the 
range of microseconds, which increases the probability of inter­
action with other molecules (214). Triplet state of ATR decays with 
a rate constant 0.6 X 105 s-1 and 1.1 X 105 s-1 in methanol and 
hexane, respectively (214). 

In the presence of molecular oxygen, the triplet state of ATR is 
efficiently quenched by oxygen (216,217) and the excess of elec­
tronic energy is transferred to oxygen forming an electronically 
excited state, singlet oxygen with quantum yields ranging from 
0.05 in methanol (92,217) to 0.30 in benzene (218). Triplet state of 
A TR can also interact with a number of electron donors and 
acceptors (219). Photoexcitation of ATR in methanol or DMSO 
results in generation of superoxide radical (215,220). Photoexci­
tation of A TR in liposomes containing unsaturated fatty acids and 
cholesterol leads to lipid peroxidation which is mediated mainly by 
singlet oxygen (220). 

In the retina, ATR can be bound by a number of proteins or 
phosphatidylethanolamine (76,126) and the binding may dramat­
ically change its photochemical properties. In rhodopsin and its 
intermediates formed by photolysis, including Meta II and Meta 
III, 11-cis-retinal or A TR is bound via Schiff base linkage to lysine. 
All Schiff bases of ATR studied so far, such as N-retinylidene 
butylamine or N-retinylidene ethanolamine, exhibit substantially 
smaller quantum yields of intersystem crossing than free A TR. 
Quantum yields of triplet state formation range from below 0.001 
in alcohol and 0.003-0.008 in hydrocarbon solvents for N­
retinylidene butylamine (213-215,221) to 0.055 for N-retinylidene 
ethanolamine in acetonitrile (222). 

Photophysical studies on rhodopsin and its photointermediates 
do not indicate any photosensitizing potential. Photoexcitation of 
rhodopsin leads to isomerization of its chromophore with 
a quantum yield of 0.65, whereas the photoexciation by the 
remaining 35% of photons is followed by deactivation via internal 
conversion (223). Photoexcitation of Meta II results in formation of 
Meta III (112). Elucidation of photochemical pathways following 
photoexcitation of Meta III (l 15) indicate that 98% of photolyzed 
intermediates of Meta III account for well-known products (Meta 
I/II, rhodopsin and isorhodopsin) and therefore only the remaining 
2% might be considered as potential products of photosensitizing 
properties. The elucidated interactions of rhodopsin intermediates 
with light and the fact that in both cases A TR is still bound via 
Schiff base linkage to opsin exclude Meta II and Meta III as 
effective photosensitizers. 

As already mentioned, ATR released from opsin in photore­
ceptor OS binds to PE via Schiff base linkage forming NRPE 
(96,97,125, 126). Therefore, it may be speculated that the presence 
of increased concentrations of PE observed in retinas in ABCR-/­
mice or patients with Stargardt disease with mutations in the ABCR 
gene (96), plays a protective role facilitating the formation of 
NRPE. Indeed, we have shown that susceptibility to photooxi­
dation of liposomes containing A TR in the presence of PE is 
dramatically reduced compared with liposomes in the absence of 
PE (224). This effect is due to the decreased quantum yields of 
singlet oxygen generation of ATR bound to PE in comparison with 
free ATR (224). 
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Figure 5. Contribution of A TR (a), chloroform-soluble components of 
lipofuscin (b) and A2E (c) to the absorption of light in the outer retina, OS 
and RPE layers. Absorption spectra of 3.8 mM A TR accumulated in 
perifovea and periphery (a) are based on the extinction coefticien1 of ATR 
of 48 000 M""1cm-1 (198) and thickness of OS layer of 31.2 µm and 23 .9 
µm in perifovea and periphery (75), respectively. Absorption spectra of 
chloroform-soluble components of lipofuscin (b) are based on (i) absorption 
spectra of measured dry weight of these components solubilized in benzene 
(283); (ii) the content of chloroform-soluble components of lipofuscin per 
lipofuscin granule, 0.093 pg/granule (283); (iii) an estimated contribution of 
lipofuscin to RPE cell volume, where a lipofuscin volume was calculated 
based on an average diameter of lipofuscin granule of 0.5 µm; and (iv) 
thickness of RPE layer of 14 µm (286). Volume of 3.9% occupied by 
lipofuscin in RPE was obtained based on (i) data of Eldred and Lasky (205) 
providing a lower limit of average content of A2E in RPE cells from donors 
above 40 years old and (ii) data of Davies and colleagues (284 ), on A2E 
content per lipofuscin granule, 7.8 X 10- 20 mol/granule; (iii) surface of the 
retina of 1000 mm2 and thickness ofRPE layer of 14 µm (286). Volume of 
19% occupied by lipofuscin in RPE was obtained directly based on (i) data 
of (285) on the upper limit of 19% of RPE cell volume occupied by 
lipofuscin in the macula and (ii) cuboidal shape of RPE cells of the side 
length of 14 µm (286). Volume of 67% occupied by lipofuscin in RPE was 
obtained based on (i) data of Sparrow and colleagues (206) on the upper 
limit of A2E content per RPE cell of 1.34 pg/cell reported in RPE cells from 
a healthy retina, (ii) the content of A2E per lipofuscin granule (284) and (iii) 
cuboidal shape of RPE cells of a side length of 14 µm (286). These data 
lead to an extremely high value of lipofuscin content in RPE cells, which 
may be due to an underestimated size of RPE cells in this individual. As 
with age there is a progressive loss of RPE cells, the neighboring cells may 
spread and occupy a larger area, which results in an increased cell volume. 
(c) Absorption spectra of A2E in RPE layer are based on extinction 
coefficient of A2E at absorption maximum of 36 900 NI I cm- 1 and 
correspond to A2E concentrations in RPE calculated based on the data as in 
(b). Concentrations of 48, 224 and 824 µM A2E correspond to 3.9%, 19% 
and 67% of cell volume occupied by lipofuscin and 1706, 7966, 29 000 
Iipofuscin granules per cell, respectively. (d) Comparison of the 
contribution to absorption of visible light in the perifovea by 3.8 mM 
ATR, chloroform-soluble components of lipofuscin, which occupies 19% 
of cell volume, and 224 µM A2E present in that Iipofuscin. 
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Binding of retinals to opsin "entrance/exit sites," CRABP or 
IRBP involve noncovalent interactions (93,157,174,225). It 
remains to be elucidated how these noncovalent bonds affect 
photochemical and photosensitizing properties of retinals. Many 
studies have shown that retinal can induce photodamage to proteins 
it interacts with (174,226,227). 

Photooxidation of SH groups in rhodopsin has been shown in 
vitro (226). However, mass spectroscopic analysis of rhodopsin 
isolated from rats subjected to light-induced retinal damage did not 
reveal any oxidatively damaged residues except for tryptophan, 
whose oxidation was ascribed to the CNBr used for protein 
cleavage (228). 

Photoexcitation of ATR in the IRBP-ATR complex in vitro 
results in damage to the protein detected as loss of tryptophan 
fluorescence, decreased thiol groups and retinol-binding activity, 
while the ATR remains (174). CRABP on the other hand, does not 
prevent isomerization of complexed 11-cis-retinal though the 
quantum yield of photoisomerization, 0.07, is relatively small 
(157,225). Photoexcitation of CRABP-11-cis-retinal complex with 
blue light (Amax = 425 nm) results in a release of ATR. Thus it may 
be speculated that CRABP may then become a potential target for 
photosensitized damage mediated by photoexcited ATR. 

Irradiation of photoreceptor proteins (peripherin/RDS, ROM-I , 
or ABCR) in vitro with 366 nm light or visible light >410 nm in 
the presence of A TR under aerobic conditions results in oxidative 
damage to the protein and their aggregation through the formation 
of covalent cross-links. In addition, ATPase activity of ABCR is 
Jost (227). Thus it may be speculated that if photooxidative damage 
to ABCR occurs in vivo, it would lock NRPE within the protein 
and disable further catalytic removal of A TR to the cytoplasmic 
site of the OS membrane resulting in accumulation of the 
photosensitizer within the membrane. 

Overall, it is clear that accumulation of free ATR can impose 
a risk of photooxidative damage to the retina. However, in studies 
on light damage to the retina, A TR was not considered as 
a mediator of photodamage to the retina as it was believed that after 
hydrolysis from opsin it was rapidly reduced to all-trans-retinol 
(71). Only in the recent years has a sufficient body of evidence 
accumulated to indicate that indeed A TR does transiently 
accumulate in the retina as a result of photobleaching of rhodopsin 
(122) and the biosynthetic pathway of A2E formation indicates that 
substantial concentrations of free ATR must be present in the OS to 
react with NRPE instead of with abundant PE (96-99,122). The 
study on the mechanism of the release of ATR from opsin (93,94) 
indicates the importance of efficient synthesis and delivery of 
11-cis-retinal to the OS for ATR accumulation. 

ROLE OF ATR IN RHODOPSIN-DEPENDENT 
LIGHT-INDUCED DAMAGE TO THE RETINA 

Rhodopsin as an essential factor for photodamage to occur 

Rhodopsin has been shown to be an essential factor for 
photodamage to the retina to occur (56,79-81). As mentioned 
earlier, the action spectrum of retinal photodamage in rats reared at 
dim cyclic light and exposed for a relatively long periods to low­
intensity light coincides with the absorption spectrum of rhodopsin 
(55,56). In these experiments demonstrating the action spectrum of 
retinal photodamage peaking at 500 nm, rhodopsin reached 
a steady-state concentration of about 35% of the value in dark­
adapted animals. Under these conditions ATR cannot act as 

photosensitizer as the contribution of ATR to the absorption of 
photons of 500 nm wavelength is negligible. It may be speculated 
that in these experiments, the damaging action was due to the 
constant fluxes 11-cis-retinal/ATR to and from OS and retinals 
exerted their toxic effects through imposing oxidative stress in OS 
without involvement of photosensitization. Indeed, it has been 
shown that ATR can impose oxidative damage to DNA (229) and 
toxicity to cells in culture (230) in dark at concentrations as low as 
0.001 mM and 0.100 mM, respectively. It may be assumed that this 
type of damage occurs exclusively in retinas with high levels of 
rhodopsin, such as in nocturnal animals reared in dark or under dim 
cyclic light. 

The action spectra of retinal photodamage observed in primates 
and rodents at higher irradiance levels exhibited an increase in 
susceptibility to photodamage with decreasing wavelength down to 
320 nm (71,72). ATR is a labile compound that on exposure to 
light under aerobic conditions undergoes rapid degradation and 
products absorbing at shorter wavelengths are formed (231). It may 
be speculated that the photodegradation products of A TR retain 
some of the photosensitizing properties and may propagate the 
damage initiated by A TR. It may be further speculated that A TR 
can initiate oxidation of other compounds, such as polyunsaturated 
fatty acids highly abundant in the OS and form products of 
photosensitizing properties absorbing short-wavelength light. 
Indeed, we have shown that oxidation of DHA, which accounts 
for 30-35% of fatty acids in the human OS (203), leads to the 
formation of chromophores that photosensitize singlet oxygen and 
free radicals generation upon photoexcitation with short-wave­
length light (232). Thus it may be speculated that irradiation with 
blue light initiates photosensitized damage as long as ATR is not 
degraded, while during irradiation with UV light generates 
photosensitized damage, which is initially mediated by A TR and 
later by the oxidation products formed. 

Indeed, we have shown that wavelength dependence of initial 
rates of photooxidation of isolated dark-adapted bovine OS exhib­
its spectral characteristics similar to liposomes containing ATR and 
made of phosphatidylcholine or a mixture of phosphatidylcholine 
and PE (65:35 mol/mol) (224,233), with the maximum at 370 nm. 
Photobleaching of OS by exposure to room light before measure­
ments results in an action spectrum exhibiting a steady increase of 
the rates of photooxidation with decreasing wavelength (233). This 
action spectrum is similar to the action spectrum of acute retinal 
photodamage (71,72). These data support a view that ATR 
undergoes rapid photodegradation and induces formation of photo­
sensitizing products absorbing at shorter wavelengths than ATR. 

Many studies have shown that the degree of retinal photodamage 
positively correlates with the rhodopsin content in the retina before 
light exposure (48,234). In view of the above-discussed conditions 
allowing for accumulation of ATR within OS, the content of 
rhodopsin plays the major role-the more rhodopsin photobleached 
the more ATR released. Rhodopsin knockout mice are completely 
protected against light damage to photoreceptors, but the rods are 
devoid of OS to begin with, so they are no longer photosensitive (80). 

Concentrations of rhodopsin in OS is inversely related to the 
light levels under which the animals are reared (235). Rearing rats 
and mice over several weeks in bright cyclic light protects the 
animals against acute photodamage induced by high-intensity light 
(66-68, 236). Although there are several other adaptive responses 
elicited by light that can play a protective role, such as 
increased concentrations of low-molecular-weight antioxidants, 
ascorbate and cHocopherol (59-61 ), up-regulation of antioxidant 



enzymes (58,59) and survival factors (57,62,63), the reduced 
content of rhodopsin may play a critical role in the protective effect 
observed. 

Effects of lipid composition of OS on susceptibility 
to light-induced damage 

Lipid environment in OS affects the susceptibility to retinal 
photodamage (237). It has been suggested that it is due to its effect 
on the rate of rhodopsin regeneration. A substantial depletion of 
DHA in rats distinctly reduces the regeneration rate of rhodopsin 
and prevents white light-induced lesions (237), even though the 
amount of rhodopsin in dark-adapted eyes is increased in compar­
ison with rats fed with normal diet (238). 

However, as mentioned earlier, lipid environment in OS strongly 
affects the ratio of fonnation of MetaII and MetaIII (105-110). 
Thus the decreased content of DHA in the retina may decrease the 
quantum yield of photoactivation of rhodopsin to Meta II and 
therefore the quantum yield of ATR hydrolyzed from opsin. 

This effect is important with regard to the fact that adaptation to 
environmental light includes changes in the lipid composition of 
the OS membranes. Rearing animals in bright light results in an 
increase in the cholesterol content and a decrease in poly­
unsaturated lipid content, such as DHA (60,239). Thus it may be 
speculated that the adaptive changes in the OS membrane lipid 
composition in response to rearing in bright light serve as another 
protective mechanism by providing conditions facilitating Meta III 
formation. In the dark-adapted retinas there is a high concentration 
of transducin within the OS (240) and therefore, after a flash of 
bleaching light, Meta III may be efficiently converted to Meta II by 
transducin. It may imply that, in case of exposure to a pulse of 
light, the modified OS lipid composition results only in a delay of 
activation of the phototransduction cascade and subsequent 
hydrolysis of A TR from opsin, which will be determined by the 
bimolecular rate constant of interaction of Meta III with transducin 
and concentration of transducin. 

Under conditions of continuous exposure to light most trans­
ducin translocates into the photoreceptor inner segment (240) and 
therefore transducin-catalyzed conversion of Meta III to Meta II 
may be less efficient due to low concentration of transducin in the 
OS. However, under these conditions absorption of a photon by 
Meta III can convert it to Meta II (115). As consecutive absorptions 
of two or more photons are required to generate a biochemically 
active form, Meta II, under conditions favoring initial formation 
of Meta III over Meta II from Meta I, it may be speculated that 
the decreased susceptibility to light damage in DHA-depleted 
animals is related not only to its inhibitory effect on rhodopsin 
regeneration but also to the decreased quantum yields of ATR 
hydrolyzed from opsin. 

Role of 11-cis-retinal availability for regeneration of 
rhodopsin in light damage 

Several pieces of evidence indicate that it is the ability to 
regenerate rhodopsin and the rate of this process that are the major 
factors determining the susceptibility of the retina to photodamage. 
In animals with inefficient rhodopsin regeneration, the suscepti­
bility to photodamage is decreased even if animals with defects in 
rhodopsin regeneration have initially a higher rhodopsin content in 
their dark-adapted retinas than animals with nonnal rhodopsin 
regeneration (79,237,238). 
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As mentioned earlier, rhodopsin regeneration depends on the 
binding of a new molecule of 11-cis-retinal to the opsin. Thus, to 
provide OS discs with new molecules of 11-cis-retinal, the stores of 
retinyl esters need to be mobilized and transfonned into visual 
pigment chromophores (76). Currently, it is not clear what the 
signaling pathways for mobilization of the retinyl esters and 
synthesis of 11-cis-retinal are, or what limits the synthesis of I l­
eis-retinal and its delivery to the OS. Synthesis of 11-cis-retinal 
requires functional RPE65 protein which is essential for binding of 
all-trans-retinyl esters and enables their isomerization and hydro­
lysis to form I 1-cis-retinol (147-149,151). In the absence or 
dysfunction of RPE65, there is no ligand available to regenerate 
rhodopsin and therefore hydrolyzed A TR can be safely reduced 
to all-trans-retinol by RDH at the "exit site" of opsin (93). In 
contrast, under conditions where there is efficient regeneration of 
rhodopsin, ATR may be released from the protein before its enzy­
matic reduction (93), which may result in accumulation of substan­
tial concentrations of A TR within the OS. 

Indeed, RPE65-/- mice are completely protected against light­
induced damage in comparison with the wild-type mice (80). Muta­
tions of RPE65 that result in a slow metabolic regeneration of 
rhodopsin result in greater resistance to light damage in compar­
ison with mouse strains with fast regeneration kinetics (79,241). 
In particular, it was found that a variation of RPE65 at position 
450 where Leu is replaced by Met is a strong genetic modifier of 
susceptibility to light-induced damage in mice (241-243). Experi­
ments on different strains of mice without and with Met450Leu 
RPE65 mutation demonstrated that the susceptibility to light­
induced damage correlates positively with the rates of rhodopsin 
regeneration (79). As expected, Met450Leu RPE65 mutation leads 
to a decreased accumulation of A2E (209). Met450Leu RPE65 
mutation in ABCR-J- also slows down A2E accumulation in 
comparison to ABCR-J- mice with functional RPE65, but still the 
levels of accumulated A2E are about 3-fold higher in mutant 
knockouts than in wild-type mice (209). 

Treatment with 13-cis-retinoic acid (known as Isotretinoin or 
Accutane) slows rhodopsin regeneration due to inhibition of 
RPE65 and I 1-cis-RDH (158,210,2ll), inhibits accumulation of 
A2E (212,244,245) and was also found to protect rat photo­
receptors from light-induced damage (245). CRABP has been 
identified as another protein whose dysfunction leads to impair­
ment of 11-cis-retinal production. Albino mice with a nonfunctional 
CRABP gene exhibit 10-fold decreased rhodopsin regeneration 
due to delayed 11-cis-retinal production and are protected from 
light damage in comparison with the wild type (139). 

It can be speculated that an efficiently operating retinoid cycle 
allows for build-up of substantial steady-state concentrations of 
ATR in OS membranes during exposure to bright light, where it 
can elicit photosensitized damage. Thus, slowing down the retinoid 
cycle may offer an option for phannacological intervention to 
prevent photooxidative damage. This can be particularly useful 
during intraocular surgery involving exposure of the retina to high 
irradiance levels. It is tempting to speculate that inhibition of the 
mobilization of stores of all-trans-retinyl esters may be the key 
target of this preventive treatment. Although using 13-cis-retinoic 
acid may prove adequate for use during ocular surgery, its daily 
systemic administration to patients with Stargardt disease or AMD 
imposes a risk of systemic toxicity and teratogenicity (245). 
Therefore there is a need to develop other safer synthetic retinoids 
and analogues that may prove useful for long-te1m therapy. It has 
been demonstrated in vitro and in vivo in mice that retinylamine is 



1318 Matgorzata R6zanowska and Tadeusz Sarna 

a more effective inhibitor of isomerization and regeneration of 
11-cis-retinal than 13-cis-retinoic acid, while being ineffective in 
activation of retinoic acid-dependent transcription and does not 
exhibit systemic toxicity (146). It may be expected that un­
derstanding pathways responsible for retinoid trafficking upon 
photobleaching of visual pigments will open new venues for 
pharmacological interventions to prevent light-induced damage to 
the retina. 

Binding of 11-cis-retinal in rhodopsin active site 
as a modifier of susceptibility to light damage 

To release ATR from the opsin "exit site," a molecule of 11-cis­
retinal needs to bind to Lys296 in the active binding site (93). 
Halothane is an anesthetic that is thought to compete with 11-cis­
retinal for the binding to opsin (246) and efficiently prevents 
rhodopsin regeneration (247). Mice and rats anesthetized with 
halothane were completely protected against white light-induced 
dan1age in comparison with animals anesthetized with other drugs 
(81 ,247). Halothane did not protect against blue light-induced 
damage in rats, where 403 nm light induced condensation of 
nuclear chromatin in photoreceptors and severe changes within 
RPE, such as swelling and numerous inclusions (8 l ,247). The 
results of these experiments were discussed in terms of toxicity 
related to partial rhodopsin photoregeneration (80,81). Grimm and 
colleagues (80,81) proposed that photoexcitation of rhodopsin 
intermediates by blue light results in regeneration of rhodopsin, so 
called photoreversal of bleaching. This claim was based on 
measurements of rhodopsin contents after exposure to blue ( 403 ± 
10 nm) or green light (550 ± 10 nm), which demonstrated that 
rhodopsin was almost completely bleached by green light but the 
exposure to blue light resulted in reaching a plateau at approxi­
mately 20% of the dark value (80). Grimm and colleagues (81 ) 
suggested that blue light may exert its toxic effect by photo­
isomerization of metastable rhodopsin intermediates such as 
Meta II so to regenerate the rhodopsin and this was postulated as 
a casual factor in light damage. However, the exact mechanism 
by which regeneration of rhodopsin through photoreversal was 
supposed to mediate toxicity was not discussed. 

As previously mentioned, pathways of photolysis of rhodopsin 
intermediates have been recently elucidated and indicate that 
photolysis of Meta II leads to formation of Meta 111 (112) and 
photolysis of Meta III results in nonspecific isomerization of 
A TR and results in generation of Meta II, dark-state rhodopsin 
and isorhodopsin, which contains 9-cis-retinal bound to its active 
site ( 1 I 5). Thus analysis of retinal isomers after exposure to blue 
light can provide a definitive answer whether the photoreversal 
of rhodopsin occurs in vivo and contributes to rhodopsin regen­
eration under experimental conditions employed by Grimm and 
colleagues (80,81 ). 

Although the postulated toxic effects of rhodopsin intermediates 
and the mechanism of their toxic action remain mysterious, the 
observations made by Grimm and colleagues (80,81) can be ex­
plained in an alternative way. During the exposure to continuous 
light the steady-state level of rhodopsin concentration depends on 
the rates of rhodopsin bleaching and regeneration. In the experi­
ments described, rats were exposed to 1.86 times more photons of 
green light (0.409 mW/cm2) than blue light (0.300 mW/cm2) (80). 
Moreover, the molar extinction coefficient of rhodopsin at 403 nm 
light is about twice smaller than that at 550 nm. Thus the rate of 
absorption of photons and therefore the rate of rhodopsin 
bleaching, may be expected to be about 3.7 times smaller in case 

of blue light irradiation than for irradiation with green light under 
experimental conditions discussed (80). It agrees well with the ratio 
of the rates of rhodopsin bleaching reported by Grimm and 
colleagues (80), which were evaluated under conditions where the 
impact of rhodopsin regeneration on the concentration of measured 
rhodopsin was negligible. The rate of bleaching by green light was 
determined during the 5 min exposure to green light, while the 
bleaching of rhodopsin by blue light was monitored in the presence 
of hydroxylamine that binds free retinals and intercepts ATR from 
photoactivated rhodopsin intermediates but does not interact with 
11-cis-retinal bound to the rhodopsin active site. Under these 
conditions, blue light in the presence of NH2OH induced rhodopsin 
bleaching with a rate of about 0.61/min, while green light in the 
absence of NH20H induces rhodopsin bleaching with a rate of 
about 2.1/min (80). Thus the experimentally determined rate of 
photobleaching induced by green light was 3.4 times greater than 
the rate of photobleaching induced by blue light, which is similar to 
the value of 3.7 calculated above. 

Thus, the presence of substantial concentrations of rhodopsin in 
retinas exposed to blue light may result in part from a decreased 
rate of rhodopsin photobleaching. It may be further speculated that 
the damaging effect of blue light under halothane anesthesia was 
induced by ATR released from opsin and/or regenerated 11-cis­
retinal transported into the OS but unable to bind to opsin. 
Accumulated retinals could act as photosensitizers responsible for 
blue light-induced damage. 

It may be speculated that compounds acting in a similar way as 
hydroxylamine could efficiently protect against light-induced 
damage. In contrast to halothane, hydroxylamine removes retinals, 
the culprit responsible for blue light-induced photodamage by 
efficient binding and formation of retinal oximes, which absorption 
spectrum is shifted toward shorter wavelengths in comparison with 
A TR so their absorption cross-section of blue light is substantially 
smaller than for ATR. Moreover, as Schiff base linkage is formed, 
photosensitizing properties are also expected to be substantially 
diminished. 

While retinals are potent photosensitizers, they are also 
susceptible to photoinduced isomerization and degradation under 
aerobic conditions (231 ). The latter is frequently used to deplete 
retinoids from the isolated retina or its components (145). Thus it 
may be speculated that the degradation of retinals due to irradiation 
with blue light contributed to the delayed rhodopsin regeneration 
observed by Grimm and colleagues (80,81). Again, thorough analy­
sis of retinal isomers could provide an answer whether or not 
photoactivation of free retinals played a significant role under the 
conditions employed. Photoisomerization of free A TR is expected 
to yield 13-cis-retinal, which is not generated by photoisomeriza­
tion of protein-bound retinals (213,214). 

The role of degradation of retinoids in dysfunction of rhodopsin 
regeneration is further supported by the study of Rapp and 
Ghalayini (248). They have shown that an exposure of rats to UV 
light (312-398 nm) results in a decreased recovery of rhodopsin 
(248). The exposure led to a gradual decline of rhodopsin level to 
8% after 1 h. The rhodopsin level increased only to 23 and 27% 
after 1 and 2 h postexposure, respectively, in comparison with the 
nonexposed eye. Rhodopsin level further increased to 45-57% the 
next day postexposure and remained within that range up to 7 days, 
while the level of total opsin remained unchanged at 2 days 
following the UV exposure. Further increase in rhodopsin level 
was noted after 2 weeks when it reached 80% of the control value. 
However, the exposure Jed to structurally evident damage to 



photoreceptors : swelling, disorganization and shortening of the 
outer segments in the central inferior retina. Radiation used in the 
experiment covered the range of 312-398 nm and thus led to 
photoexcitation of both rhodopsin and retinoids. Because no 
measurements of retinoids were undertaken, it may be only 
speculated that the delayed recovery of rhodopsin was initially due 
to retinoid depletion as a result of their photodegradation, whereas 
later the structural damage to photoreceptors disabled retinoid 
trafficking in the retinoid cycle. It may be further speculated that 
initial accumulation of A TR could be responsible for the damage 
observed. 

As mentioned previously, patients and animals with P23H 
rhodopsin mutation are particularly susceptible to light-induced 
damage (36,38-42). P23H rhodopsin cannot fold properly after 
synthesis and most of it becomes marked by ubiquitin for 
proteasomal degradation. Biosynthesis of P23H rhodopsin and its 
incorporation into membrane can be rescued through the supply of 
11-cis-retinal or its analogues, such as 9-cis-retinal or synthetic 11 -
cis-7-ring retinal (37,249). All three retinoids, 11 -cis-7-ring retinal, 
11-cis-retinal or 9-cis-retinal, bind to P23H opsin via Schiff base 
linkage to Lys296 and allow for proper folding of mutant protein. 
P23H rhodopsin with 11-cis-retinal or 9-cis-retinal as the chromo­
phore responds to photon absorption, which results in a decrease of 
the absorption at 500 nm and formation of intermediates absorb­
ing at shorter wavelengths (37). In contrast to 11-cis-retinal and 
9-cis-retinal, 11-cis-7-ring retinal forms locked, nonphoto­
isomerizable and nonbleachable form of P23H rhodopsin in cell 
membranes (249). 

However, the binding of all retinals to P23H opsin is very weak 
and results in very poor thermal stability (37,249). P23H rhodop­
sin with either 11-cis-retinal or 11-cis-7-ring retinal loses its 
chromophore within 10-20 min during incubation at 37°C. It may 
be speculated that the increased susceptibility of P23H patients 
and animals to light-induced damage to the retina is related to poor 
thermal stability of P23H rhodopsin and release of 11-cis-retinal 
that then may exert its (photo)toxicity. Thus, while these studies 
are promising in terms of pharmacological intervention in res­
cuing P23H rhodopsin, supplementation with retinoids requires 
a particular caution as it may increase the risk of light-induced 
damage. Because of the poor thermal stability of P23H rhodopsin, 
there is a need to develop 11-cis-retinal analogues that would 
allow for formation of a stable protein in dark as well as func­
tional phototransduction. 

In conclusion, there are several factors that affect the 
susceptibility of the retina to light-induced damage. They include 
rhodopsin content, the rate of rhodopsin photoactivation to Meta II, 
the rate of 11-cis-retinal synthesis and the rate of rhodopsin 
regeneration. All of these factors directly or indirectly affect the 
rate of ATR hydrolysis and release from opsin and therefore its 
transient accumulation in OS discs. In some cases discussed above 
it may be also 11-cis-retinal that induces (photo)toxicity upon 
accumulation in photoreceptors being unable to bind to opsin due 
to the presence of a competitor, such as halothane, or hydrolysis 
from thermally instable mutated opsin, such as P23H opsin. 
Accumulated retinals can induce oxidative damage in dark, but the 
efficiency of this process is substantially increased upon photoex­
citation of retinals with UV A or blue light (230). This may provide 
the mechanism responsible for all types of photodamage observed 
in rodents and primates affecting photoreceptors and possibly 
also RPE due to its proximity to accumulation site of the 
photosensitizers. 
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SECONDARY DAMAGE MEDIATED BY 
RETINAL: CYTOTOXIC AND 
PHOTOSENSITIZING PROPERTIES 
OF LIPOFUSCIN 

Availability of ATR in the retina and exposure to light are the main 
factors responsible for accumulation of lipofuscin granules within 
RPE (152,250,251). Retinal lipofuscin consists mainly from lipids 
and proteins (203,252) and contains a number of fluorophores 
(253), one of which has been identified as A2E (205,254). Progres­
sive accumulation of lipofuscin occurs with ageing (9,255) and is 
even further elevated in patients with Stargardt disease (256,257), 
AMD (258-260), Best disease (261) and some cases of retinitis 
pigmentosa (262,263), as well as in the ABCR-1- and ABCR+-1-
mice (96,97,130). 

(Photo )toxic properties of lipofuscin 

The biological consequences of lipofuscin accumulation in the 
human RPE remain largely unknown; however, it has been postu­
lated that excessive levels of the age pigment could compromise 
essential RPE functions and even contribute to the pathogenesis of 
AMD, the leading cause of blindness in people over 60 in devel­
oped Western countries (264-270). The spatial topography, age 
relationship and racial distributions of lipofuscin exhibit remark­
able similarity to patterns seen in AMD (208). Perhaps the best 
association between lipofuscin accumulation and retinal degener­
ation was delineated in case of Stargardt macular dystrophy (271 ). 
A recent study has shown that mutations in ABCR result in 
accumulation of lipofuscin before slowing of the retinoid cycle 
(191). Thus, lipofuscin accumulation could be viewed as a key and 
early component of the expression of Stargardt disease. 

Although the exact mechanism of lipofuscin-dependent cyto­
toxicity in the RPE is not known, it was hypothesized that 
oxidative stress, mediated by the photoexcited lipofuscin, could 
play an important role (272,273). Significantly, it has been shown 
that lipofuscin contributes to age-related increase of susceptibility 
of RPE cells to photooxidation (274). Aerobic irradiation of 
purified lipofuscin granules with short-wavelength visible light 
brings about generation of reactive oxygen species including 
superoxide anion, hydrogen peroxide, lipid hydroperoxides and 
singlet oxygen (274-278). Photoinduced reduction of oxygen to 
superoxide and hydrogen peroxide is only a minor process for 
lipofuscin-dependent oxygen utilization, accounting for less than 
3% of oxygen used, whereas most oxygen is used for oxidation of 
lipofuscin components (278). Action spectra of photoinduced 
generation of hydrogen peroxide and oxidation of lipofuscin 
exhibit a monotonic increase with decreasing wavelength (274). 
Photooxidation of RPE cells and lipofuscin occurred on timescales 
of minutes to tens of minutes using irradiation levels of 5-30 mW/ 
cm2 for the shortest and the longest wavelengths tested, respec­
tively. It was demonstrated that lipofuscin mediates photoinduced 
oxidation of extragranular lipids and proteins (274,276-278) and 
inhibits several lysosomal and antioxidant enzymes (276,279). 

A fraction of lipofuscin chromophores can be extracted by 
organic solvents and their properties studied in solution indicate 
that it includes potent photosensitizer(s) (218,280,281). Photoex­
citation of lipofuscin extract solubilized in nonpolar solvents, such 
as hexane or benzene, leads to photogeneration of a triplet state 
exhibiting an absorption maximum at about 440 nm decaying with 
a rate constant of 105 s-1, corresponding to lifetime of 10.5 µs, in 
the absence of oxygen (218). In the presence of oxygen, the 
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lipofuscin triplet state interacts with oxygen with a bimolecular rate 
constant of 1.2 X 109 NI 1 s- 1 and, as a result of energy transfer, 
singlet oxygen is formed. The quantum yields of singlet oxygen 
generation by lipofuscin extract depends on the excitation 
wavelength, being 0.08 for 355 nm excitation and 0.05 for 420, 
430 and 440 nm in air-saturated benzene. It may indicate that there 
are different photosensitizers contributing to absorption at 355 nm 
and blue light and/or the ratio of photosensitizers to other 
chromophores varies at different wavelengths. The quantum yields 
of singlet oxygen generation were substantially increased to 0.15 
for 355 nm and 0.09 for 420, 430 and 440 nm upon saturation of 
the solution with oxygen. It may indicate that lipofuscin extract 
includes photosensitizers that form shorter-lived triplets than the 
one observed. Alternatively, an increased concentration of oxygen 
may increase the efficiency of intersystem crossing through the 
interaction with excited singlet states (282). Gaillard and col­
leagues (281) measured fluorescence lifetimes in lipofuscin 
extracts and determined that apart from fluorophores of 0.06 ns 
and 0.32 ns lifetimes, there are fluorophores of fluorescence 
lifetimes of 1.2 ns and 4.8 ns, which are long enough to allow for 
interaction of the excited singlet states of lipofuscin fluorophores 
( 1 Lfi') with oxygen, leading to the formation of lipofuscin triplet 
state 3Lf*: 

If the energy difference between the first excited singlet state and 
triplet state of lipofuscin is greater than the energy of the singlet 
oxygen (94 k:J/mol), as a result of the above reaction, singlet 
oxygen may be formed: 

These processes can increase the quantum yield of singlet oxy­
gen generation. 

Photoexcitation with 355 nm laser pulse of lipofuscin extract 
solubilized in polar solvents, such as methanol, leads to formation 
of a triplet state of 7 µs lifetime and another species, possibly 
a radical (281). The photoformation of free radicals by photoex­
cited lipofuscin extract was confirmed by electron paramagnetic 
resonance (EPR) spin-trapping experiments (274,280). In metha­
nol, upon photoexcitation with 355 nm, lipofuscin extract photo­
generates singlet oxygen with a quantum yield of 0.05 equal to 
that of ATR (280,281). 

It appears that aging increases the risk of lipofuscin-dependent 
oxidative stress in the outer retina due to both accumulation of 
lipofuscin and an increase in its aerobic photoreactivity. Indeed, 
a detailed analysis of aerobic photoreactivity of purified lipofuscin 
granules, isolated from donors of different age groups, revealed 
that the rate of oxygen photo-consumption was 1.6-2.2 times faster 
for lipofuscin from donors 80 years and older than from donors 
younger than 40 years (283). Consistently with this observation, 
lipofuscin granules from older donors photogenerated superoxide 
anion at a faster rate than those from younger donors (283). To 
determine whether the age-related changes of human retinal 
lipofuscin granules arise from changes in photochemical properties 
of any lipofuscin components that can be isolated, the efficiency 
and action spectra of photogeneration of reactive oxygen species 
for chloroform-soluble and chloroform-insoluble fractions of the 
granules, were compared (283). The data clearly show that, 
although both fractions exhibit substantial photoreactivity, neither 
exhibits significant age-dependent changes and the only variable 

that consistently increased with age was the content of chloroform­
insoluble fraction in lipofuscin granules. The insoluble fraction of 
lipofuscin includes as well powerful photosensitizers and its 
contribution to lipofuscin photoreactivity is similar to that of 
chloroform-soluble fraction. Both fractions photogenerate singlet 
oxygen, superoxide, induce lipid and protein oxidation and 
undergo photooxidation themselves. 

The phototoxic potential of retinal lipofuscin has been 
demonstrated in an in vitro study, in which human RPE cell 
cultures were fed lipofuscin granules and exposed to either 390-
550 nm (2.8 mW/cm2 ) or 550-800 nm light (2.8 mW/cm2 ) (284). 
Only cells that were fed lipofuscin granules and exposed to 390-
550 nm light for 12 h (dose of 121 J/cm2) exhibited significant 
morphological changes, loss of lysosomal integrity, enhanced 
peroxidation of lipids and greatly reduced survival. In this study 
RPE cells in culture were exposed to 300 lipofuscin granules per 
cell, part of which was phagocytosed. Lipofuscin accumulation 
in vivo can greatly exceed that value. Morphometric study of 
lipofuscin content in human RPE demonstrated that lipofuscin can 
occupy as much as 19% of cell volume in macular RPE from 81- to 
90-year-old donors (285). Assuming 0.5 ~Lm as an average 
diameter of lipofuscin granule and cuboidal shape of RPE cells 
of side length of 14 µm (286), 19% of cell volume occupied by 
lipofuscin corresponds to 7966 lipofuscin granules per cell. 

Lipofuscin content in RPE can be also estimated based on the 
content of A2E in RPE cells and content of A2E in lipofuscin 
granules. The content of A2E/iso-A2E was estimated for about 7 .8 X 

10-20 mo! per lipofuscin granule isolated from 60- to 70-year-old 
donors (284). Thus, a retina accumulating 400 ng (0.675 nmol) of 
A2E (205) will have about 8.7 X 109 lipofuscin granules. It allows 
the estimation of the average number of lipofuscin granules per RPE 
mono layer volume unit, or assumption of the cuboidal shape of RPE 
cells of the side length of 14 µm and their densely packing, in 
a single RPE cell. This rough estimate gives 5.1 million RPE cells 
per 1000 mm2 of retinal surface, which gives about 1706 lipofuscin 
granules per cell from donors over the age of 40. 

Based on data of A2E content in RPE cells from individual 
healthy aged human donors determined by Sparrow and colleagues 
(206), it can be estimated that RPE cells with 34-134 ng of 
accumulated A2E per 105 cells contain 7400 to 29000 lipofuscin 
granules per cell, respectively. These estimates give a range of 17% 
to 69% of RPE cell volume occupied by lipofuscin granules. 

It needs to be kept in mind that these estimates refer to content of 
lipofuscin averaged over a great number of RPE cells and retinas. 
There is a great deal of heterogeneity in lipofuscin accumulation 
in different RPE cells within the same retina and even greater 
for different retinas, in particular, in cases of retinal dystrophies 
(137,207,285,287 ,288). 

Contribution of A2E to (photo )toxic properties of lipofuscin 

A2E attracted a great deal of attention as a potential photosensitizer 
responsible for photodamaging effects of lipofuscin (see review by 
Sparrow and colleagues [99]). A2E is extracted from lipofuscin 
along with other chloroform-soluble components (205). For the 
wavelength corresponding to A2E absorption maximum (£ = 36 
900 NI 1 cm-1 at 439 nm [254]) and the 0.014 mm thickness of 
RPE monolayer, the absorbance of A2E can be estimated. This 
leads to values of A2E absorbance at 439 nm in the RPE layer 
varying from 0.0028 to 0.048 for 48 µM and 824 µM A2E concen­
trations, estimated based on data of Eldred and Lasky (205) and 
Sparrow and colleagues (206), respectively (Fig. Sc). 



A2E concentrations of 48 µM and 824 µM correspond to the 
minimal and maximal estimates of 1706 and 29 000 lipofuscin 
granules per cell, respectively. It allows calculation of the absorp­
tion of light by soluble components of lipofuscin throughout the 
RPE monolayer and a contribution of A2E to that absorption (Fig. 
5b---d). Chloroform-soluble fraction of lipofuscin contributes about 
0.093 pg dry weight to Iipofuscin granule (283), thus 1706 and 
29 000 lipofuscin granules per cell correspond to 159 pg and 2697 
pg of chloroform-soluble fraction of lipofuscin per cell, or in terms 
of concentrations, 39 mg/mL and 658 mg/mL. Chloroform-soluble 
fraction of lipofuscin of 0.24 mg/mL concentration exhibits absor­
bance of 0.125 at 439 nm for 1 mm pathlength (283). Therefore, 
absorbance of chloroform-soluble components of lipofuscin in 
RPE monolayer of 14 µm thickness is 0.284 and 4.791 at 439 nm 
for RPE with 1706 and 29 000 lipofuscin granules per cell, 
respectively (Fig. Sb). It needs to be kept in mind that the 
calculations of the expected absorption of light by Iipofuscin 
extracts and A2E refer to chromophores in solutions. Under 
physiological conditions, all chromophores are encapsulated within 
lipofuscin granules and therefore the absorption cross-section at the 
RPE may be substantially different than that in solution. 

The comparison of absorption properties of A2E and all 
chloroform-soluble components of Iipofuscin indicate that the 
contribution of A2E to the absorption of visible light by lipofuscin 
is only minor (Fig. 5d). The integrated absorption in the visible 
(>390 nm) of lipofuscin-soluble components is 120 times greater 
than for A2E (Fig. 5d). For lipofuscin occupying 19% of RPE 
volume, absorption of visible light by soluble components of 
Iipofuscin is 8.6 times greater than by 3.8 mM ATR in perifoveal 
OS (Fig. 5d). In this case, ATR exhibits 14 times greater integrated 
absorption in the visible than 224 µM A2E contained within 
lipofuscin occupying 19% of RPE volume. It needs to be stressed 
that soluble components of lipofuscin account only for half or less 
of total dry mass of lipofuscin granules and the remaining 
components also absorb light and contribute to photodynamic 
action of lipofuscin (283). With ageing the yellowing lens absorbs 
more and more short-wavelength light and the probability of 
photoexcitation of ATR and A2E progressively decreases. Lipo­
fuscin, however, still efficiently absorbs light above 460 nm and 
this long-wavelength blue and green light can still induce 
photosensitized generation of singlet oxygen and photooxidation 
(218,274). 

In low concentrations, A2E was shown to actually protect 
against UV-induced DNA damage in RPE cells in vitro (289). In 
experiments performed by Roberts and colleagues (289), RPE cells 
were incubated for 2 h in culture medium without or with A2E, 
after which the cells were washed and exposed UV light. Cells 
preincubated in the presence of 5 µM A2E were significantly 
protected against DNA damage in comparison with the control 
cells. However, at high concentration, A2E can exert several 
deleterious effects on cells in dark and mediate blue-light induced 
damage to the RPE cells in vitro (reviewed by Sparrow and 
colleagues (99), Boulton and colleagues (270), Sparrow and 
Boulton [290) and Lamb and Simon (202)). 

A2E was shown to cause membrane permeabilization (291,292), 
inhibit lysosomal ATPase activity (293), inhibit cytochrome c 
oxidase and decrease mitochondrial activity (294) and induce 
release of proapoptotic proteins from mitochondria (295), leading 
eventually to apoptosis (206). A2E has been shown to act as 
a competitive inhibitor of organic anion-transporting protein 
(OATP) present at the apical microvilli of the rat RPE and to 
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a lesser degree in small retinal vessels (296). OATP, which is also 
expressed in the brain and liver, transports amphiphilic compounds 
across the plasma membrane in a sodium-independent manner and 
in the retina is suspected to be involved in retinoid transport. 

Most studies on A2E toxicity were done on cells in culture, 
which were exposed to A2E provided as a solution (206,295,297-
301). Under physiological conditions A2E is believed to be present 
mainly within the lipofuscin granule (99) and therefore its toxic 
action in vitro when it was delivered in solution cannot be 
extrapolated directly to the situation in vivo. Encapsulation of A2E 
within the lipofuscin granule, where it accounts for only 0.019% to 
0.024% dry weight (283,284), is likely to prevent A2E from 
exerting its deleterious effects on mitochondria, DNA and 
transporter proteins. Thus it may be argued that the biologically 
relevant studies on the cytotoxicity of A2E were those where the 
physiological compartmentalization of A2E in lipofuscin was 
modeled by allowing cells to phagocytose LDL-bound A2E 
(293,302,303). 

As A2E is believed to be formed within the phagolysosomal 
compartment of the cell, the effects of A2E on lysosomes are of 
particular importance. A2E-induced inhibition of ATP-driven 
proton pump located in the lysosomal membrane results in 
inhibition of proton transport to the lysosomal lumen and leads 
to an increase of the lysosomal pH with subsequent inhibition of 
lysosomal hydrolases (293). This may explain why A2E inhibits 
degradation of phagocytosed low-density lipoproteins and OS 
lipids. In RPE cells in vitro A2E was shown to substantially inhibit 
catabolism of endogeneous proteins (302) but did not affect the rate 
of degradation of phagocytosed OS proteins (304). Altogether, 
A2E is likely to contribute to lipofuscin accumulation by its 
inhibitory effect on degradation of phagocytosed OS. Although 
A2E does not inhibit directly lysosomal enzymes (305), Iipofuscin 
inhibits directly several hydrolytic enzymes in dark and the effect 
is exacerbated during exposure to light (276,279). 

The phototoxicity of lipofuscin to RPE cells in culture cannot 
be explained by the action of A2E. Lipofuscin exerted its toxic 
effects to the RPE cell in vitro where the content of A2E in 
cells was at most 1.3 ng/105 cells (284), so it was at least two 
orders of magnitude lower than that required to elicit detectable 
damaging effects mediated by A2E in dark (206) and 17 times 
lower than that required to elicit A2E-mediated phototoxicity 
induced by 60 s exposure to blue light of 7.5 W/cm2 irradiance 
(dose of 450 J/cm2) (297). 

A comparison of photophysical and photochemical properties of 
A2E with lipofuscin indicate that A2E may play only a minute role 
in photosensitized damage mediated by lipofuscin (see review by 
Lamb and Simon (202)). It has been shown that this pyridinium 
bis-retinoid very efficiently converts energy of the absorbed 
photons into heat with quantum yield of 0.96 in ethanol (306). 
As a result, no long-lived triplet excited state, a key intermediate 
for generation of singlet oxygen or other reactive oxygen species, 
is formed in substantial yields (220,289,307). As quantum yield of 
A2E fluorescence is 0.01 in ethanol, the upper limit for triplet state 
generation in this solvent is 0.03 (306). Using cholesterol in 
liposomal membranes as a mechanistic reporter molecule and 
direct detection of singlet oxygen phosphorescence at 1270 nm, the 
quantum yield of photogeneration of singlet oxygen by A2E has 
been determined to be at most 0.02 (220,289,307). This implies 
that an equal number of photons absorbed by lipofuscin will 
generate at least 2.5 times more singlet oxygen than when they are 
absorbed by A2E. Considering a minor contribution of A2E into 
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the absorption of visible light by lipofuscin, it can be estimated that 
A2E contributes less than one singlet oxygen molecule to more 
than 300 photogenerated by lipofuscin. Based on the quantum 
yield of A2E fluorescence of 0.01 (306), it can be estimated that 
during funduscopic examination of the retina by autofluorescence, 
every photon that is emitted by photoexcited A2E is accompanied 
by the formation of at least 600 singlet oxygen molecules 
photosensitized by lipofuscin. 

EPR spin-trapping experiment revealed that, although the 
photoexcited A2E could also generate superoxide anion, its quan­
tum yield was even lower than for singlet oxygen, about 0.03%, 
which was twice smaller than quantum yield determined for 
soluble components of lipofuscin (220). Also action spectra for 
photoinduced oxygen uptake by A2E in ~-oleoyl-y-palmitoyl-L-<X­
phosphatidylcholine liposomes, compared with those by lipofuscin 
granules or lipofuscin extracts, indicate that A2E cannot be a major 
contributor to aerobic photoreactivity of lipofuscin (308). 

A2E has been shown to be an efficient acceptor of energy from 
excited states which results in fluorescence emission from A2E 
even though blue light is absorbed by many other chromophores as 
well (309). It may be speculated that if A2E is so efficient in 
accepting energy from short-lived excited singlet states it may be 
even more efficient in accepting the energy from the triplet states 
and therefore it may deactivate photosensitizers before they can 
activate oxygen or other molecules via energy or electron transfer. 
However, laser flash photolysis of chloroform soluble extracts of 
lipofuscin leads to the formation of a triplet state with an 
absorption maximum at 440 nm methanol (281) and benzene 
(218) and no transient products can be observed with spectral 
characteristics of A2E triplet, which exhibits absorption maximum 
at about 540 nm in benzene (310) and 510-550 nm in methanol 
(310,311). This confirms a minor contribution of A2E into 
lipofuscin photochemistry. 

Similarly to its precursor, ATR, A2E is very susceptible to 
oxidation (312,313). It was determined that A2E quenches singlet 
oxygen with a bimolecular rate constant in the range of (0.3-2) X 

108 Nr1 s- 11 (289,312). Thus it is likely that singlet oxygen 
photogenerated by A2E will be in part quenched by A2E itself. As 
a result of chemical quenching, a variety of polyepoxides are 
formed (312). These epoxides, called oxiranes and its derivatives 
are formed as a result of photooxidation of A2E in vitro (300,312-
315). Epoxides and bis-furanoid oxides have been identified in 
RPE suggesting that they are formed in vivo (314,316,317). As 
contribution of A2E to singlet oxygen generation by photoexcited 
lipofuscin is small, it may be speculated that A2E-derived oxiranes 
are generated by other photosensitizers present in lipofuscin. It has 
been shown that products of A2E oxidation delivered in solution 
can induce oxidative damage to DNA and cytotoxicity (315). 
However, being formed within the lipofuscin granule, their toxicity 
under physiological conditions remains to be shown. 

As mentioned earlier ATR plays an essential role in the 
accumulation of A2E and lipofuscin; however, it was not detected 
as one of lipofuscin components. ATR quenches singlet oxygen 
with a bimolecular rate constant of 3.7 X 106 Nr 11 s-11 and 20% 
of interacting ATR molecules become oxidized during that 
process. It may be speculated that retinals and retinals also form 
epoxides in the retina, but, in contrast to A2E, they may more 
easily diffuse out of the lipofuscin granule and damage cellular 
components. 

While it is clear that A2E does not contribute significantly to 
lipofuscin photoreactivity, the molecular nature of major lipofuscin 

constituent(s) responsible for the photochemical reactivity has yet 
to be determined. 

CONCLUDING REMARKS AND 
FUTURE DIRECTIONS 

There is a great deal of circumstantial evidence implicating A TR 
released from opsin as a mediator of acute photodamage to the 
retina as well as accumulation of (photo)toxic components in the 
RPE. Upon photobleaching of rhodopsin, the rate of removal of 
hydrolyzed ATR depends on the rate of regeneration of rhodopsin 
and the activity of RDH that reduces ATR to all-trans-retinol. In 
case the rate of regeneration exceeds the rate of reduction, A TR is 
released to the lipid membrane before being reduced (93), 
presumably to the inner leaflet of the disc membrane where ATR 
is not accessible for RDH. There ATR forms a condensation prod­
uct with PE, NRPE and becomes a substrate for ABCR protein to 
be flipped over to the outer leaflet (I 29) and become accessible for 
ROH-mediated reduction. Because the formation of NRPE is not 
instantaneous, substantial concentrations of (photo)toxic ATR may 
build up in the retina during exposure to high levels of visible light 
and efficient rhodopsin regeneration. This is a likely mechanism 
responsible for retinal damage induced by exposure to high 
irradiance levels during ocular surgery. 

Elevated chronic exposure to light has been identified as a risk 
factor for development of AMD and it may be speculated that 
photooxidative damage to the retina mediated by ATR and/or 
lipofuscin may play a role. It is tempting to speculate that light may 
be particularly toxic in the case of a subset of AMD patients with 
ABCR mutations or in Stargardt disease. ABCR knockout mice 
provide an excellent model to test this hypothesis. ABCR-1- mice 
raised in the dark do not accumulate lipofuscin, so lipofuscin-me­
diated phototoxicity can be excluded as a mediator of the damage 
in experiments where susceptibility to acute light-induced damage 
of dark-reared animals is compared between knockout and wild­
type mice. It also allows the evaluation of the effects of vitamin A 
depletion or efficacy of retinoid derivatives slowing down the 
retinoid cycle in prevention of light-induced damage. Moreover, it 
would be of interest to make these comparisons separately for 
damage induced by blue light, which may lead to photodynamic 
damage mediated by A TR and green light, where high steady-state 
concentrations of ATR may prove damaging due to dark toxicity of 
ATR. 

It seems that avoiding exposures of the retina to bright short­
wavelength light is the simplest preventive measure against light 
damage. Filtering out infrared and short-wavelength light below 
450 nm in ophthalmic instruments was suggested to decrease the 
risk of retinal damage due to ocular surgery or ophthalmic exami­
nation (19,318). Yellow intraocular lenses may mimic protection 
offered by natural lens in the elderly patients after cataract surgery. 
Long-term adaptation to the environmental lighting conditions 
plays an important role in modulating susceptibility to photoox­
idative damage (57 ,66,67) and include decreased concentration of 
rhodopsin and increased concentration of low-molecular antiox­
idants (59--61,239). To enable this protective mechanism to 
operate, appropriate dietary intake of antioxidant vitamins and 
micronutrients is necessary. It may also indicate that a lifestyle may 
predispose the retina to light damage. It may be speculated that 
spending long hours in the office with little exposure to sunlight 
leads to adaptive response and increased rhodopsin concentrations 
within OS. Then escape to the sun during the weekend may impose 



a greater risk of photodamage than in people constantly being 
outdoors. If this effect takes place, it may be even more 
pronounced in people escaping rainy and cloudy cities in winter 
searching for sunny beaches or ski slopes. Then, yellow glasses 
may offer protection against overexposure to blue light. 

Complete elucidation of the retinoid cycle may provide 
alternative strategies for prevention of photodamage to the retina. 
For instance, understanding regulatory mechanisms responsible for 
mobilization of retinyl esters and their conversion to 11-cis-retinal 
may provide more options for pharmacological intervention than 
toxic 13-cis-retinoic acid. As retinyl esters, in contrast to retinols 
and retinals, are anchored in the lipid membrane and can accu­
mulate in large quantities without toxic effects (152), targeting the 
pathway of mobilization of retinyl esters seems to be the most 
promising strategy. Another pathway to diminish accumulation of 
ATR within OS would be to increase activity of prRDH. PrRDH 
activity decreases upon exposure to intensive green light but may 
be prevented with an antioxidant, 1,3-dimethylthiourea (319). The 
effect of blue light on prRDH activity has not been studied, but as 
blue light is more efficient in inducing oxidative damage than green 
light, it may be speculated that it may also affect prRDH and, as 
a result, contribute to delays in ATR reduction to retinal. 

Accumulation of RPE lipofuscin may be viewed as a marker of 
damaging action of light exerted in the retina and a rising threat 
throughout ageing. Identification and characterization of main 
photosensitizers present in lipofuscin is required to design 
therapeutic strategy for their detoxification. 
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