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Abstract

The photoreceptor/RPE complex must maintain a delicate balance between maximizing the
absorption of photons for vision and retinal image quality while simultaneously minimizing the
risk of photodamage when exposed to bright light. We review the recent discovery of two new
effects of light exposure on the photoreceptor/RPE complex in the context of current thinking
about the causes of retinal phototoxicity. These effects are autofluorescence photobleaching in
which exposure to bright light reduces lipofuscin autofluorescence and, at higher light levels, RPE
disruption in which the pattern of autofluorescence is permanently altered following light
exposure. Both effects occur following exposure to visible light at irradiances that were previously
thought to be safe. Photopigment, retinoids involved in the visual cycle, and bisretinoids in
lipofuscin have been implicated as possible photosensitizers for photochemical damage. The
mechanism of RPE disruption may follow either of these paths. On the other hand,
autofluorescence photobleaching is likely an indicator of photooxidation of lipofuscin. The
permanent changes inherent in RPE disruption might require modification of the light safety
standards. AF photobleaching recovers after several hours although the mechanisms by which this
occurs are not yet clear. Understanding the mechanisms of phototoxicity is all the more important
given the potential for increased susceptibility in the presence of ocular diseases that affect either
the visual cycle and/or lipofuscin accumulation. In addition, knowledge of photochemical
mechanisms can improve our understanding of some disease processes that may be influenced by
light exposure, such as some forms of Leber’s congenital amaurosis, and aid in the development of
new therapies. Such treatment prior to intentional light exposures, as in ophthalmic examinations
or surgeries, could provide an effective preventative strategy.
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1. Introduction

Each day the retina of the average human absorbs approximately 1012 to 1015 photons and
this can be greatly increased by workplace exposure (e.g. welders), activities in high light
environments (such as sunshine during skiing) or medical imaging of the retina. With high
level exposure to light, this hail of photons can cause irreparable damage to the retina. Brief
exposure to extremely bright lights can produce an immediate thermal injury. On the other
hand, exposure to light for an extended period of time may result in chemical changes in
retinal cells that ultimately result in cell death. The latter is known as photochemical
damage. Table 1 compares the properties of thermal and photochemical damage. Asunburn
is a common example of photochemical damage to the skin. Better images of the retina
bring with them increased risk of photochemical damage. For example, the importance for
the retinal specialist of the brightest and clearest possible view of the retina must be weighed
against the risk of phototoxicity. There is a new generation of high-resolution
ophthalmoscopes under development for the retina that can provide microscopic views of
the retina, but that require intra-ocular powers that increase with the square of the
magnification they use (Porter et al. 2006).

We have discovered two unexpected changes in images of retinal pigment epithelium (RPE)
following long duration exposure to 568 nm light (Morgan et al. 2008). These effects raise
interesting questions about how light interacts with the retina and which of these interactions
are ultimately deleterious for the eye. The first is an immediate reduction in lipofuscin
autofluorescence (AF) that recovers in several hours. This RPE AF photobleaching can be
observed with exposures 2 orders of magnitude below current safety standards. At larger
irradiances, we observed a second phenomenon characterized by a disruption in the RPE cell
mosaic, which we call RPE disruption. What is especially striking is that both AF
photobleaching and RPE disruption occur at light levels at or below the maximum
permissible exposure (MPE) specified by currently published safety standards (American
National Standards Institute. 2007).

Not all retinal cells are typically susceptible to damage from light. Inner retinal cells such as
ganglion cells, Miiller cells, amacrine cells, and bipolar cells, which are mostly transparent,
are not known to be directly involved in phototoxicity. On the other hand, rods and cones,
which require photopigments to absorb photons as the first step in seeing, are much more
likely to be damaged by excess amounts of visible light. Similarly, the RPE cells contain
light absorbers such as melanin, lipofuscin, and retinoids, which make them susceptible to
photochemical damage. The study of phototoxicity is all the more important given that eyes
are not equally susceptible to light damage. Vulnerability to photochemical damage can
depend on many factors including age, diet, and pathology. For example, a dog model of
retinitis pigmentosa exhibited enhanced sensitivity to the negative effects of light (Cideciyan
et al. 2005). Furthermore, understanding photochemical mechanisms of damage may lead to
greater understanding of the progression of some retinal diseases (Travis et al. 2007).

Here, we discuss the proposed mechanisms for photochemical damage in relation to our
findings of RPE AF photobleaching and RPE photodamage. Each of these phenomena may
involve a different mechanism. In addition, the potential for light damage will differ
between normal and diseased ocular tissue, in which the particular molecules involved in
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phototoxicity may play an important role. Combined with the existing literature, these new
results lead to specific recommendations about how to design and use ophthalmic
instrumentation to minimize the risk of phototoxicity.

2. Mechanisms of photochemical retinal damage

Photochemical damage can occur when the energy in a photon of light induces changes in
the irradiated molecules, such as changes in electron orbitals, or direct breakage of bonds.
For instance, sequential transfer of energy from a photon to a photosensitive molecule, and
then to oxygen causes changes in electron orbitals, creating reactive forms of oxygen, such
as singlet oxygen (10,). The subsequent reaction of singlet oxygen with surrounding
molecules can break their molecular bonds, a process called photoxidation. If too many of
these events occur, they can eventually result in cell damage or death. The mechanism of
photochemical damage depends on the particular type of molecules that act as
photosensitizers and the photon energy (related to wavelength) required to induce a
chemical change.

Previous research has suggested two possible mechanisms for photochemical retinal
damage. These two subtypes are often identified by the original experimenters in each
category. Noell damage (Noell et al. 1966), also known as class | damage, has an action
spectrum that suggests the involvement of photoreceptor photopigments. Ham damage (Ham
et al. 1978), also known as class Il or “blue-light” damage, has a damage threshold action
spectrum that increases with wavelength and may be linked to chemical changes in
lipofuscin. Current light safety standards only consider protection from photochemical
hazards originating from Ham damage (American National Standards Institute. 2007).
Kremers and van Norren (Kremers and van Norren. 1988) surveyed the existing
photochemical data for a number of studies to reveal two threshold categories, consistent
with the two prevailing theories. Although study of the two subtypes has traditionally
involved differing experimental conditions and species (Table 2), it is the difference in the
action spectra for these mechanisms of photochemical damage that most clearly
distinguishes them (Mellerio. 1994). However, recent analyses of select datasets do not draw
such clear distinctions between Noell and Ham type retinal damage mechanisms (van
Norren and Gorgels. 2011).

Noell damage was first observed in response to long duration exposures (> 8 hours) to
constant green (490 — 580 um) light (Noell et al. 1966). Although primarily studied in rats,
Noell type damage has been reported in mice (Reme. 2005), macaque (Harwerth and
Sperling. 1975, Sperling and Harwerth. 1971), hamsters (Noell. 1968, Thumann et al. 1999),
fish (Penn. 1985), chickens (Machida. 1994) and other species. However, none of the studies
in species other than rats measured an action spectrum, thus the evidence for Noell damage
is circumstantial. Threshold Noell damage occurs initially in the photoreceptors (1.5 — 48
hour exposures), with longer exposures leading to photoreceptor and RPE damage (8 — 50
day exposures) (Noell. 1980). However, in hamsters, the RPE cells exhibit the first signs of
damage, with only minimal changes in the photoreceptors (Thumann et al. 1999). Because
of the repair mechanisms that may come into play with multi-day exposures, there can be a
breakdown of the reciprocity between exposure power and duration that is traditionally
associated with photochemical damage (Table 1). In rats, known to have a rod-dominant
retina, the action spectrum of this type of damage matched that of rhodopsin absorption
(Noell et al. 1966, Williams and Howell. 1983). Hence, the pigment molecules themselves
are the likely targets for the initial chemical change that brings about the subsequent cell
damage. This may include retinoids, intermediate products of the visual cycle (Maeda et al.
2006). Although a single complete bleach resulting in a flood of retinoids does not cause
light damage, sustained photopigment bleaching and hence over-accumulation of retinoids
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may be harmful. In addition, rats with a visual cycle mutation (rd) have a high susceptibility
to Noell damage; for example, (Noell. 1980). The ability to target specific cone types using
coloured lights provides further evidence in favor of this theory (Harwerth and Sperling.
1975, Machida. 1994, Sperling and Harwerth. 1971). The primary targets of Noell damage
will be the photoreceptors and the RPE cells. Noell (Noell. 1980) also suggested that light
may primarily act on molecules in the choroid, with secondary damage to RPE, but this idea
has not been developed further as there are no known molecules within the choroid to serve
as photosensitizer.

Ham damage has been studied in monkeys (Ham et al. 1976, Lund et al. 2006), rabbits
(Hoppeler et al. 1988), rats (Busch et al. 1999, Gorgels and van Norren. 1995, van Norren
and Schellekens. 1990) and squirrels (Collier et al. 1989). Ham damage has been postulated
to occur with light exposures in which the visual pigments are almost instantly totally
bleached (Kremers and van Norren. 1988). Thus, rhodopsin or the cone pigments themselves
are not expected to be the site of insult that leads to this type of retinal damage. Across
species, photoreceptors are the primary target of retinal damage caused by violet and
ultraviolet light (van Norren and Gorgels. 2011). With Ham type exposures to visible light,
the majority of damage is observed in the RPE with minor photoreceptor damage (Ham et
al. 1978), indicating that changes in molecules located in the RPE are the primary suspects
for damage initiation. Among others, these molecules could include melanin, lipofuscin or
intermediate products of the visual cycle.

Melanin is not likely to play a primary role in photochemical damage for several reasons.
Neither the Noell nor the Ham damage action spectra match those for melanin absorption or
the uptake of oxygen (Mellerio. 1994). Melanin is thought to protect against singlet oxygen,
rather than play a formative role (Wang et al. 2006a). In addition, photochemical damage
occurs even in albino rodents lacking RPE melanin (Noell et al. 1966).

3. The role of the visual cycle in phototoxicity

Absorption of a photon of light by rhodopsin or one of the cone opsins begins a cascade of
events, known as the visual (or retinoid) cycle, whereby all-trans-retinal is converted back
into 11-cis-retinal to regenerate photopigment (Figure 1). The steps of this process, carried
out within the photoreceptors and RPE, generate retinoids that can act as photosensitizers. In
cones, the 11-cis-retinal can be reformed by means of the above-mentioned pathway, or may
be regenerated through a different mechanism (Jacobson et al. 2007), involving the Mdiller
cells (Wang et al. 2009).

Photooxidation of all-trans-retinal has been suggested as a possible sensitizer for light
damage (Delmelle. 1977), as has all-trans-retinol (Noell et al. 1966, Noell and Albrecht.
1971). Retinyl ester has also been suggested as a photosensitizer that forms anhydroretinol
that is known to lead to cell apoptosis through oxidative stress (Lamb et al. 2001). An over-
accumulation of all-trans-retinal may also lead to Noell type damage (Maeda et al. 2009). It
is debatable whether or not all-trans-retinal and all-trans-retinol are stable and free for a
long enough period of time to allow for either to build-up in photoreceptor outer segments
and to act as a photosensitizer. Noell (Noell. 1980) suggested that retinol is unstable and, in
rat, the concentration may be too low for it to be the photodynamic sensitizer. Moreover, the
absorption spectra of these retinoids are almost negligible above 450 nm (Becker et al.
1971), making them unlikely photosensitizers for light damage with longer wavelengths. In
addition, cultured RPE cells that do not contain lipofuscin or A2E do not exhibit damage or
apoptosis when exposed to white or ‘blue’ (visible) light (Schutt et al. 2000, Sparrow et al.
2000). Other photosensitizers, such as cytochrome C oxidase (an enzyme involved in the
electron transport chain) have been suggested. With in vitro RPE cells, Pautler and
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colleagues (Pautler et al. 1990) found that the action spectrum for cell death matched that of
cytochrome C oxidase, rather than the absorption spectrum of all-trans-retinol. However,
since all cells contain cytochrome C oxidase, the in vivo specificity of retinal damage to
RPE and photoreceptors is inconsistent with this hypothesis.

In support of retinoids acting as photosensitizers, an increase in the rhodopsin content per
rod outer segment length in aging rats was associated with an increase in light damage
susceptibility (Rapp et al. 1990). Furthermore, the susceptibility to light damage was
increased in knock-out mouse models (Rdh8 7 ~Abca4 ) that prevented clearance of all-
trans-retinal from photoreceptors (Maeda et al. 2008). Additionally, by using knock-out
mouse models that prevent ocular accumulation of retinoids and lipofuscin
(Lrat7"Rdh8 7 ~Abca4 7~ and Gnat1l 7 Rdh8 ~Abca4 7 "), Maeda and colleagues (Maeda
et al. 2009) showed that light damage only occurred in the presence of 11-cis-retinal and all-
trans-retinal. Dark-reared rats, that have increased levels of rhodopsin, are more susceptible
to green light damage than normal cyclic light reared rats (Organisciak et al. 1998).
Alternatively, Chen (Chen. 1993) observed similar retinal changes in dark-reared compared
to cyclic light-reared rats exposed to blue light. This may be indicative of a strong
wavelength dependence for the mechanism of primary retinal damage.

Fluctuations in the susceptibility to phototoxicity in rodents, concurrent with the circadian
rhythm for phagocytosis, further suggests a role for the visual cycle in photochemical retinal
damage (Duncan and O'Steen. 1985, Organisciak et al. 2000, Vaughan et al. 2002, White
and Fisher. 1987, Wiechmann and O'Steen. 1992). Phagocytosis is the process by which the
tips of the photoreceptor outer segments are internalized and digested by the RPE cells. In
rodents reared with normal cyclic light, rod disc shedding occurs in the morning (Cahill and
Besharse. 1995). Within the photoperiod, White and Fisher (White and Fisher. 1987) found
enhanced photoreceptor damage for light exposures occurring during phagocytosis in the
albino rat. This greater susceptibility to light damage when photopigment and retinoid
concentrations in the RPE are elevated due to ingestion of the rod outer segments suggests
their involvement in phototoxicity. Maximum susceptibility to light damage has been
observed when light exposures occurred in the middle of the dark cycle (Organisciak et al.
2000, Vaughan et al. 2002), when whole eye rhodopsin concentration peaked by 5% to 10%
(Organisciak et al. 2000, Vaughan et al. 2002). Furthermore, in rat, the superior hemisphere,
which has the greatest rhodopsin concentration and rod outer segment length, is most
sensitive to phototoxicity from green light (Vaughan et al. 2002). Given the broad spectrum
of evidence, it is most likely that retinoids are photosensitizers for some photochemical
retinal damage, but that, depending on wavelength and the state of the visual cycle, they are
not always the cause of subsequent retinal damage.

4. The role of lipofuscin in phototoxicity

Lipofuscin, a conglomerate of modified lipids and bisretinoids (Bazan et al. 1990, Ng et al.
2008, Sparrow et al. 2010), accumulates with age in the lysosomes of the RPE as a by-
product of the visual cycle and phagocytosis. Lipofuscin granules are autofluorescent, a
property that has made it possible to image them in the living eye (Delori et al. 1995,
Morgan et al. 2009). The peak of in vivo lipofuscin AF excitation, which includes absorption
by the anterior ocular media, is near 510 nm (Delori et al. 1995). Bisretinoids account for the
fluorescence of lipofuscin. They form as by-products of the visual cycle. All-trans-retinal
and phosphatidylethanolamine (PE) can react to form N-retinylidene-PE. Rather than
hydrolyzing back to all-trans-retinal and PE, some N-retinylidene-PE then reacts with a
second all-trans-retinal (Sparrow et al. 2010). Subsequent reactions result in the formation
of bisretinoids. These include, but are not limited to A2E, isomers of A2E, the all-trans-
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retinal dimer series (Fishkin et al. 2005, Parish et al. 1998) and A2-DHP-PE (Wu et al.
2009).

Lipofuscin is highly susceptible to photochemical changes that may lead to irreparable
cellular damage and may be the photosensitizer for Ham damage. One of the most studied
lipofuscin fluorophores is A2E. It has absorbance peaks at 338 nm and 447 nm (Ben-Shabat
et al. 2002, Parish et al. 1998). A2E has seven known isomers that can be photo-induced, the
most prevalent of which is 13'-cis-A2E (coined is0-A2E; Anax = 337 nm and 426 nm) which
tends towards an equilibrium of 4:1 (A2E:iso-A2E) (Parish et al. 1998). In response to light
exposure, the 438 nm absorbance of A2E is known to decrease in two stages. The first is
associated with the photoisomerization of A2E leading to a blue shift in the absorbance peak
(Parish et al. 1998). Photoisomerization is a non-toxic and reversible effect. In the second
stage, there was a more gradual decline in the 438 nm absorbance related to the
photooxidation of A2E and iso-A2E (Ben-Shabat et al. 2002). Lipofuscin photosensitization
leads to formation of singlet oxygen by absorption of light by A2E and subsequent transfer
of energy to ground state molecular oxygen (Ben-Shabat et al. 2002). Because A2E is also
an excellent quencher of singlet oxygen, it is subsequently photooxidized by singlet oxygen
at a carbon-carbon double bond (Ben-Shabat et al. 2002, Roberts et al. 2002, Sparrow et al.
2002). The oxygen containing moieties in photooxidized A2E include epoxides, furanoids
and endoperoxides (Ben-Shabat et al. 2002, Hammer et al. 2006, Jang et al. 2005, Sparrow
et al. 2002, Wang et al. 2006b). Also in response to visible light, aldehydes can form when
the bisretinoids undergo photocleavage (photolysis) at sites in which singlet oxygen has
added to carbon-carbon double bonds (Wu et al. 2010). In addition, photoexcitation of A2E
can lead to the formation of other reactive oxygen intermediates (Gaillard et al. 2004), such
as hydroperoxides (OOH) and the superoxide radical anion (O,*") (Pawlak et al. 2003).
When generated, any of these products could be harmful. However, the action spectrum for
oxygen photoconsumption by A2E does not match that of lipofuscin, suggesting the
involvement of additional bisretinoids in lipofuscin phototoxicity (Pawlak et al. 2002).

The second known class of lipofuscin fluorophores is the all-trans-retinal (atRAL) dimmer
series (Fishkin et al. 2004, Fishkin et al. 2005, Kim et al. 2007) consisting of atRAL dimer,
atRAL dimer-ethanolamine (E) and atRAL dimer-phosphatidylethanolamine (PE), with
visible absorbance peaks at 432 nm, 510 nm and 511 nm, respectively (Kim et al. 2007).
When isolated from the eyes of Abcr 7~ mice, the atRAL dimer series is more abundant than
AZ2E (Kim et al. 2007). This dimer series is expected to play a role in RPE phototoxicity,
since it has been shown to photooxidize in response to blue light (Fishkin et al. 2005, Kim et
al. 2007). When irradiated with 430 nm light, atRAL dimer-E is more efficient than A2E at
generating and reacting with singlet oxygen (Kim et al. 2007). The photooxidation products
of the atRAL dimer series are identified as furanoid oxides and cyclic peroxides (Kim et al.
2007).

5. The mechanism of RPE AF photobleaching

Using a unique capability to image in vivo individual cells of the RPE (Morgan et al. 2009),
Morgan and colleagues (Morgan et al. 2008) have observed unexpected retinal changes
following exposure to 568 nm visible light at irradiances below the ANSI photochemical
MPE (562 J/cm?). Specifically, as seen in Figure 2, there is an immediate decrease in the
magnitude of lipofuscin AF emission (retinal irradiances > 2 J/cm?2) followed by either
complete AF recovery in less than a week (retinal irradiances < 210 J/cm?), or long-term
disruption of the RPE mosaic (retinal irradiances > 247 J/cm?). The magnitude of the AF
photobleaching is correlated with the retinal radiant exposure.
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AF photobleaching was only observed with exposure to visible, and not near-infrared (830
nm), light (Morgan et al. 2008). It was independent of the method of light delivery, whether
scanning or uniform illumination (Morgan et al. 2008). The magnitude of the reduction in
AF exhibits reciprocity of exposure irradiance and duration (Morgan et al. 2009). These
properties are consistent with AF photobleaching being a photochemical phenomenon
(Morgan et al. 2009). AF photobleaching is not caused by photopigment bleaching. That
would predict a decrease in the absorption of fluorescence emission as it passes back
through the photoreceptors (Theelen et al. 2008), thereby predicting AF brightening rather
than reduction. Because AF photobleaching is observed by imaging the AF of lipofuscin, AF
photobleaching almost certainly involves one or more of the fluorescent molecules
contained within RPE lipofuscin. Without a clear understanding of the mechanism of this
photochemical process, it is impossible to know if AF photobleaching is a marker of a
benign or a potentially toxic event which should be avoided.

5.1 Multiple fluorophores are involved in AF photobleaching

Previously, AF photobleaching has only been investigated for 568 nm light exposures. The
observed changes in RPE AF intensity could stem from one or several of the fluorescent
molecules that comprise lipofuscin, potentially making it difficult to identify the particular
molecules involved. Any of the bisretinoids are candidates for involvement in AF
photobleaching and may be linked to the process that leads to permanent retinal damage. In
A2E-laden ARPE-19 cells, irradiation with three times more green than blue light had a
minimal impact on the number of non-viable cells (Sparrow et al. 2000), making it
questionable whether A2E is involved in the effects that we are observing with 568 nm light,
although it likely exhibits AF photobleaching when excited at lower wavelengths. The role
of A2E in AF photobleaching was tested in an in vitro model (Section 5.2). Rozanowska and
Sarna (Rozanowska and Sarna. 2005) found that the non-A2E, chloroform-soluble
components of lipofuscin absorb considerably more 568 nm light than A2E. Given that
atRAL dimer-E and atRAL dimer-PE have the longest peak absorbance wavelength of any
of the identified components of lipofuscin (Kim et al. 2007), they are key candidates for
involvement in the mechanism of AF photobleaching observed in response to 568 nm light.
As a first step towards understanding the mechanism of AF photobleaching, it is important
to determine whether only one or if more than one of the fluorescent molecules contained
within the lipofuscin granules are susceptible to AF photobleaching.

To determine this, the emitted AF intensity response, quantified by the AF ratio (Morgan et
al. 2008, Morgan et al. 2009), for blue and yellow light exposures were measured for
different AF excitation wavelengths. The AF ratio compares the AF within and surrounding
an exposure region between pre- and post-exposure RPE images of a 2° field of view that
were obtained under matched conditions (~1 J/cm? at 568 nm or ~0.5 J/cm? at 488 nm). The
in vivo excitation spectrum of lipofuscin is a combination of the excitation spectra of the
individual fluorophores and absorption of the anterior media. If one fluorophore is depleted,
then the excitation spectrum will be altered in a manner similar to the excitation spectrum of
the individual fluorophore (Figure 3a, yellow curve). If a light exposure does not deplete any
fluorophores, then the excitation spectrum will not change from its original form and the AF
ratio will be constant with excitation wavelength (Figure 3a, blue curve). If exposures to
different wavelengths result in depletion of multiple fluorophores, then the AF ratio, as a
function of excitation wavelength, will display different variations for each exposure
wavelength and will represent the excitation spectra of the different fluorophores altered by
each exposure wavelength (Figure 3b).

By performing exposures at 2 wavelengths (488 nm and 568 nm) and then calculating the
AF ratio as measured with AF excitation at the same 2 wavelengths (Hunter et al. 2009), a
plot of the AF ratio versus excitation wavelength shows different slopes of the separate
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curves for the 2 different exposure wavelengths (Figure 4). This suggests that multiple
lipofuscin fluorophores are involved in the light-induced reduction of AF. Because the shape
of the action spectrum for AF photobleaching changes depending on the wavelength of the
light exposure, more than one lipofuscin fluorophore is involved. Of course, not all
lipofuscin fluorophores are necessarily susceptible to AF photobleaching; this result only
confirms that more than one is involved. Interestingly, there appears to be similar
susceptibility to photobleaching by the AF molecules excited with 488 nm and 568 nm light,
suggesting that the molecular species at each wavelength have similar photobleaching
efficiency.

5.2 In vitro models of AF photobleaching

To further elucidate properties of AF photobleaching, including the involvement of
metabolic activity and whether A2E is a contributor to the AF photobleaching observed with
568 nm light exposures, we explored the AF response of 2 different ex vivo preparations for
comparison to our in vivo results (Morgan et al. 2008). The response to 568 nm light was
studied in fixed flat-mounted human RPE with the retina removed and fixed ARPE-19 cells
laden with synthesized A2E. Using a model eye in our fluorescence-equipped adaptive
optics scanning light ophthalmoscope (AOSLO), without employment of the adaptive
optics, the AF in these cells was imaged before and after prescribed light exposures.

The response of the ex vivo preparations to light were similar to those observed in the living
macaque (Morgan et al. 2008, Morgan et al. 2009). Exposure to near-IR light did not alter
the AF intensity in either preparation. On the other hand, both ex vivo preparations showed
similar and significant (t-tests; p < 0.03) decreases in AF intensity immediately following
illumination with the prescribed 568 nm light exposures. The region of the exposure is
clearly visible as a darkened square in the post exposure AF images as compared to the pre
exposure images (Figure 5). This indicates that A2E contributes to AF photobleaching from
568 nm light, even though this would be unexpected given its absorption spectrum and
previous observations of decreased cell viability following blue light compared to green
exposures (Sparrow et al. 2000). With increasing radiant exposure to 568 nm light, the AF
immediately post exposure decreased significantly for the fixed ex vivo human RPE cells
(ANOVA, p < 0.0005) and the ARPE-19 cells (ANOVA, p = 0.001). On the time scales of
these exposures, the AF ratio showed reciprocity of duration and power. Thus, exposures of
equivalent radiant exposure will have similar effects. This is characteristic of a
photochemical process and thus the AF decrease reflects an intrinsic property of the
fluorophores involved, including A2E. Within hours, partial recovery of the AF intensity
was observed in the fixed tissue (Figure 6), implying that the recovery of RPE AF following
light exposure is not entirely a metabolic process. The living eye is 10 times less sensitive to
AF photobleaching than these ex vivo preparations and shows complete recovery (Morgan et
al. 2008), hence there may be in vivo mechanisms that actively protect against light-induced
changes in RPE. An in vitro model of live ARPE-19 cells laden with A2E also exhibited AF
photobleaching and complete recovery after exposure to 480 nm light (Zhou et al. 2011).
Our ex vivo results provide evidence that in vitro studies are a useful model of AF
photobleaching in which the production of photooxidation products can be monitored. To
understand the safety and mechanism of AF photobleaching, further investigations into the
molecular origins of the observed phenomena are necessary.

5.3 Is AF photobleaching safe?

The decrease in RPE AF, observed after exposure to 568 nm light, may be a consequence of
either the photoisomerization or photooxidation of lipofuscin fluorophores such as A2E.
Photoisomerization is a non-toxic, reversible effect and if it is the cause of the observed
phenomenon, then light exposures that lead to AF photobleaching should be considered safe.
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On the other hand, the molecular changes causing the photobleaching could be hazardous to
the retina and may require a more conservative re-evaluation of current light safety
standards which currently only protect against acute damage. By monitoring with
ultraperformance liquid chromatography (UPLC), mass spectrometry, absorbance and
fluorescence, the bisretinoids in A2E-laden ARPE-19 cells exposed to 0.3 — 0.5 J/cm? of 480
or 430 nm light, suggests that AF photobleaching is associated with decreased A2E
absorbance and increased levels (measured as absorbance) of some photooxidized forms of
AZ2E. These results indicate that photooxidation of A2E is associated with AF
photobleaching (Zhou et al. 2011). Therefore, AF photobleaching may be an indicator of in
vivo lipofuscin photooxidation, which may be harmful to the cell. In this case, the observed
recovery of AF photobleaching would not represent a reversal of photooxidation, but
possibly a reorganization of A2E within the lipofuscin granules, such as migration of
unbleached, previously unexcited, fluorophores between domains of the lysosomal
organelle; a hypothesis that requires further research. As such, AF photobleaching could be
a forerunner of photodamage. As an additional hazard, AF photobleaching may reflect the
chronic accumulation of toxic products in RPE over a lifetime. The cumulative nature of
photochemical reactions to light exposures has been demonstrated (Griess and Blankenstein.
1981, Ham et al. 1979). There have been reports of a linkage between age-related macular
degeneration (AMD) and habitual light exposure (Taylor et al. 1992, Tomany et al. 2004),
however other studies have not found such a relationship (Darzins et al. 1997).

6. The mechanism of RPE disruption

Although AF photobleaching in response to visible light (> 2 J/cm? of 568 nm light) is a
transient effect, at high exposures (= 247 J/cm? of 568 nm light) a subsequent disruption in
the RPE mosaic was observed (Figure 2) approximately a week after exposure in the living
non-human primate eye with a fluorescence-equipped AOSLO with single cell resolution
(Morgan et al. 2008). In these experiments, the retinal irradiances were confined to 0.5°
square areas of the retina and exposures lasted 15 minutes (900 second). Images of the RPE
in a 2° square region encompassing the exposure area and surrounding cells were obtained
using ~1 J/cm? of 568 nm light. That the RPE disrupting light exposures can produce a
maximum retinal temperature increase of 1.5°C implies that it is photochemical and not
thermal in origin (Morgan et al. 2008). RPE disruption occurs at light levels at or slightly
below the MPE, which is alarming because the MPE is typically about 10 times below the
damage threshold for small lesions and 2-3 times below for large lesions (American
National Standards Institute. 2007). With the strongest exposures studied (788 J/cm?2), in
addition to RPE disruption, there was an altered appearance of the photoreceptor mosaic, as
seen with AOSLO reflectance imaging (Figure 2). RPE disruption lasts as long as we have
followed individual animals, ~3 years, although some remodeling appears to occur. These
changes were also visible as discolorations in fundus images and as window-defects with
fluorescein angiography (Morgan et al. 2008). They appear as dark regions in visible and
infrared fundus AF images (Heidelberg SLO) indicating loss of lipofuscin and melanin,
respectively. In addition, we have observed RPE disruption with 900 second exposures to
488 nm light with radiant exposures > 79 J/cm? (Hunter et al. 2009). Although the threshold
for damage may be lower, this is already a factor of 2 below the published threshold for
photochemical damage from a 1000 second exposure (Ham et al. 1976). However, this is
comparable to the published thresholds of 79 J/cm? (Ham et al. 1976) and 71 J/cm? (Lund et
al. 2006) reported for 100 second exposures to 488 nm and 476 nm light, respectively. For
488 nm exposures, no RPE disruption was observed at or below the ANSI photochemical
MPE of 15 J/cm? (American National Standards Institute. 2007). The discrepancy with
previously published damage thresholds may stem from our ability to accurately and
precisely monitor the retinal location at a cellular scale during the exposure and to
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dynamically correct for eye motion. Measurements of damage thresholds for additional
wavelengths are necessary to clarify the action spectrum.

The retinal changes observed in vivo, were confirmed with histology in one macaque that
was exposed to 568 nm light 6 months and 12 days prior to sacrifice. After the macaque was
perfused with saline and 4% paraformaldehyde, the retinas were removed and
wholemounted. Using a fluorescence confocal microscope (Zeiss Meta 510 Laser Scanning
Microscope), we found persistent morphological retinal changes in the whole-mounted
retinas for exposures > 247 J/cm? (Figure 7), confirming the in vivo appearance of disrupted
lipofuscin fluorescence in the RPE at the sites of the exposures. The retinas were then
embedded in paraffin and cut into 6 pm thick sections. For the 788 J/cm? exposures,
disruption of the RPE layer and cone outer segments was visible, although less so in the
exposures that were 6 months old. Although the exposure site was clearly visible in the
Whglemount, there were no obvious changes in the 6 um section of retina exposed to 247 J/
cme.

Even though RPE disruption produces observable permanent changes in the AF pattern in
the RPE, it is not clear whether and to what extent this results in loss of photoreceptor
function and/or visual sensitivity. Using an AOSLO at 514 nm (0.12 puJ/cm?), recovery of
photopigment density following a full bleach in 4 retinal locations was measured 2 to 6
months following 568 nm exposure. With these preliminary functional measurements, there
was no detectable difference in the concentration of photopigment or its rate of recovery
following a full bleach between regions of healthy RPE and areas of RPE disruption
(Masella et al. 2011). In addition, one month after a 568 nm light exposure expected to cause
RPE disruption, contrast thresholds for orientation discrimination (Gabor, ¢ = 0.15°, 2.5
cycles/degree) were not significantly different between exposed and surrounding retinal
locations at the same eccentricity (Masella et al. 2011).

The mechanism of the observed RPE disruption is as yet unidentified, but is expected to be
either Noell or Ham damage. RPE disruption occurs at irradiances that result in AF
photobleaching and fully bleached photopigment, consistent with Ham damage. Thus, RPE
disruption may be indicative of levels of lipofuscin photooxidation that overwhelm the cell.
That threshold damage appears to be confined to the RPE, where the lipofuscin resides, is
suggestive of a Ham damage mechanism, but is also consistent with observations of Noell
damage in hamsters (Thumann et al. 1999). RPE disruption could be linked to photoreceptor
photopigment and the retinoids of the visual cycle. It is unknown whether the RPE is the
primary site of visible light absorption leading to retinal damage or if rods or cones are the
initial targets for light absorption where toxic molecules are generated and then absorbed by
the RPE. Until recently (Dubra A et al. 2011), we have been unable to image rod
photoreceptors in the living primate eye to assess their viability in the presence of RPE
disruption. It is significant that we observe RPE photodamage at longer wavelengths than
expected for Ham damage, yet we observe changes in the RPE, even when photoreceptors
appear normal (Morgan et al. 2008). There is a strong overlap between the 568 nm light
exposures studied and the peaks of the scotopic (~510 nm) and photopic (~555 nm) visual
sensitivity curves, indicators of photopigment absorption for rods and cones, respectively,
suggesting Noell damage.

7. Factors affecting susceptibility to phototoxicity

The potential for light damage is influenced by a number of factors including age, diurnal
fluctuations, and pathology. In turn, the role of these factors in susceptibility to damage is
linked to the mechanism of damage.
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7.1 Susceptibility and age

As the eye ages, the optical density increases and the cutoff wavelength of the anterior
optics shifts towards 450 nm (as reviewed in van de Kraats J et al. 2007). This is primarily a
result of yellowing of the crystalline lens with age. As such, the potential for blue light to
reach the retina decreases with age. However, lipofuscin accumulates with age, potentially
making older adults more susceptible to light damage from a mechanism that involves
lipofuscin. If lipofuscin is the target molecule for a phototoxicity pathway, then infants, that
naturally lack lipofuscin, will be less susceptible to Ham damage than older adults, even
though their anterior optics transmit some near-UV light. To protect pseudophakic eyes from
the potentially damaging effects of blue light and to potentially slow the progression of
AMD (Section 7.3), blue-blocking intraocular lenses (IOLs) have been developed, but their
value has been highly debated (Henderson and Grimes. 2010, Mainster and Turner. 2010).
Although blue-blocking IOLs appear to have no significant effect on most measures of
visual performance, they may impact scotopic vision and interrupt circadian rhythms
(Henderson and Grimes. 2010).

Macular pigment, located in Henle fibers and inner plexiform layer of the central 3° of the
macula, blocks short wavelength light from reaching the photoreceptors and RPE
(Snodderly et al. 1984a, Snodderly et al. 1984b). Macular pigment absorbance is less than
5% for light longer than 520 nm (Snodderly et al. 1984b). Therefore, although macular
pigment may play a role in foveal protection from blue light, it is unlikely to protect against
Noell type damage mechanisms.

If the mechanism of damage is linked to retinoids of the visual cycle, then older adults with
slowed dark adaptation kinetics (Jackson et al. 1999, Steinmetz et al. 1993), likely related to
a decreased concentration of 11-cis-retinal in the RPE (Lamb and Pugh. 2004), may be less
susceptible to retinal damage than young children. It is highly probable that both lipofuscin
and the visual cycle play a role in phototoxicity, resulting in a complex trade-off among
susceptibility, mechanism and age.

7.2 Susceptibility in diseases that affect the visual cycle

Phototoxicity becomes a serious consideration in the presence of retinal disease because of
the potential for changes in the visual cycle and lipofuscin accumulation. Because of the
potential difference in susceptibility, light damage in diseased eyes may have a different
spectral dependence than in normal healthy eyes. In recessive Stargardt’s macular
dystrophy, a mutation in the ABCR (ABCAA4) gene leads to a progressive loss of central
vision with delayed dark adaptation. By slowing the removal of all-trans-retinal from the
photoreceptor disc membrane there is an accelerated accumulation of lipofuscin in the RPE.
As a consequence, the RPE degenerates, followed by the photoreceptors (Travis et al. 2007).
Whether the mechanism of photochemical light damage is related to changes in lipofuscin or
molecules within the visual cycle, such as all-trans-retinal, individuals with recessive
Stargardt’s disease will be highly susceptible to injury. People with Best disease, who have
an excess accumulation of lipofuscin (Frangieh et al. 1982, Weingeist et al. 1982), are also
potentially more susceptible to light damage, if the photochemical mechanism is linked to
lipofuscin.

If the mechanism is directly related to retinoids involved in the visual cycle, then diseases
that affect the regeneration of photopigments will have altered susceptibility to
photochemical light damage as compared to healthy individuals. Fundus albipunctatus is a
mildly progressive form of stationary night-blindness with delayed dark adaptation (Dryja.
2000). It is caused by an RDH5 mutation. This affects the conversion of 11-cis-retinol to 11-
cis-retinal within the RPE, possibly resulting in local accumulations of retinyl esters, seen in
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a fundus exam as white dots scattered across the retina (Travis et al. 2007). These
accumulations may have increased susceptibility to the effects of light. In a mouse model of
Oguchi disease, another form of stationary night blindness caused by mutations that lead to
nonfunctional arrestin and rhodopsin kinase, animals were highly susceptible to light
damage, even showing photoreceptor loss in response to normal cyclic light rearing
conditions (Chen et al. 1999). Mouse models of retinitis pigmentosa (a group of
progressively blinding retinal diseases caused by genetic mutations that affect rhodopsin and
the visual cycle), with a three-point mutation in rhodopsin (Wang et al. 1997) or transgenic
T17M rhodopsin (White et al. 2007), showed increased susceptibility of the retina to light
damage. Similarly, a dog model of retinitis pigmentosa also shows increased susceptibility
to retinal damage (Cideciyan et al. 2005). Unfortunately, reducing light exposure in 2 people
with retinitis pigmentosa did not slow the progression of the disease over a 5 year period as
compared to their contralateral eye (Berson. 1980).

Leber’s congenital amaurosis results from a mutation in RPE65, RDH12 or LRAT genes.
Patients exhibit abnormal development or premature degeneration of photoreceptors
resulting in a severe loss of vision within a few months after birth (Travis et al. 2007).
People with RPE65 mediated LCA are unable to form 11-cis-retinal and thus, the visual
cycle is greatly reduced from the birth. Since the visual cycle in total is reduced, these LCA
patients would have less susceptibility to Noell light damage. In addition, because the visual
cycle does not progress as hormal, these patients do not accumulate lipofuscin and do not
show AF. Thus, they would also be less susceptible to Ham light damage. In contrast,
Maeda and colleagues (Maeda et al. 2006), postulate that the photoreceptor dysfunction in
Leber’s congenital amaurosis from an RDH12 mutation does not result from a lack of
chromophore, but from an increased susceptibility to the toxic effects of light on an
increased generation of retinoids. In any case, increased care should be taken to prevent light
damage in the presence of diseases that affect the visual cycle.

7.3 Susceptibility and age-related macular degeneration

Several epidemiological studies have investigated the possibility of a link between light
exposure and AMD with conflicting conclusions. Such retrospective epidemiological studies
are difficult because their gross estimates of lifetime sunlight exposure require good
memory recall in an elderly population. Often sunlight exposure is a crude estimate of the
average amount of time spent outdoors, ignoring variations in spectral properties with
location, time of day, or season, even though our knowledge of photochemical processes
suggests that the eye will be most susceptible to visible and UV radiation (Sliney. 2005).
Because UV exposure does not reach the retina in primates, it cannot contribute to the
development of AMD (Arnarsson et al. 2006, Clemons et al. 2005, Taylor et al. 1992). A
few studies, such as those taking place in Croatia (Plestina-Borjan and Klinger-Lasic. 2007,
Vojnikovic et al. 2007, VVojnikovic et al. 2009), and Beaver Dam (Tomany et al. 2004),
found a strong correlation between sunlight exposure, particularly visible light, and
development of AMD. The European Eye Study (Fletcher et al. 2008) only found a
significant association between blue light exposure and AMD in people with a low intake of
anti-oxidants. They also suggested that blue light may be more damaging with increasing
age (Fletcher et al. 2008). A study in Australia found a non-significant trend for greater
mean annual ocular sun exposure in people with AMD as compared to those without
(McCarty et al. 2001). On the other hand, no associations were found between AMD and
estimated lifetime light exposure for studies taking place in Coastal Southern France
(Delcourt et al. 2001), Reykjavik Iceland (Arnarsson et al. 2006), England (Khan et al.
2006), United States (Hyman et al. 1983), Australia (Darzins et al. 1997) and Finland
(Hirvela et al. 1996). However, the Pathologies Oculaires Liées a I'Age (POLA) study did
find a significant negative relationship between the use of sunglasses and formation of soft
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drusen (Delcourt et al. 2001). The Australian study noted an increased risk for AMD in
people who were particularly glare sensitive in young adulthood (Darzins et al. 1997). This
may relate to the fact that some individuals have larger pupils than others in the same
outdoor daylight environment (Sliney, unpublished data). Given the possibility that AMD
may be related to visible light exposure, until further research clarifies any relationship,
unnecessary illumination should be avoided, especially in people with early signs of AMD
as these eyes may be more prone to visible light damage.

It is surprising that there is so little epidemiological evidence for a role of light in
development of AMD (Arnarsson et al. 2006, Clemons et al. 2005, Plestina-Borjan and
Klinger-Lasic. 2007, Tomany et al. 2004, Vojnikovic et al. 2007, Vojnikovic et al. 2009)
and other degenerative retinal diseases. Total lifetime light exposures among different
people with different lifestyles must be orders of magnitude apart, but often with apparently
little or no consequences based on the epidemiological literature (Arnarsson et al. 2006,
Clemons et al. 2005, Darzins et al. 1997, Delcourt et al. 2001, Fletcher et al. 2008, Hirvela et
al. 1996, Hyman et al. 1983, Khan et al. 2006, McCarty et al. 2001). We speculate that there
are no clear effects of environmental light dose on phototoxicity and AMD incidence
because the light exposure changes occur gradually and the retina has a chance to protect
itself against these potential insults, similar to tanning protecting skin from sunburn. There is
some evidence in rats that pre-treatment with bright light can reduce the extent of retinal
damage (Li et al. 2003, Liu et al. 1998), although the mechanism of action is unclear. It
could be that it is not the total lifetime light exposure that contributes to AMD, but that rapid
increases in light exposure (i.e. a large first derivative of the light exposure) may escape
preventative mechanisms, resulting in retinal damage.

Potentially consistent with this hypothesis, is the varying susceptibility to light-induced
retinal damage with diurnal fluctuation and the level of dark-adaptation prior to light
exposure (Duncan and O'Steen. 1985, Organisciak et al. 2000, Vaughan et al. 2002, White
and Fisher. 1987, Wiechmann and O'Steen. 1992). Light exposure at night or in the morning
is potentially more harmful than in the afternoon and evening. Such exposures may be more
harmful because of the larger change in irradiance between the environment and the
damaging exposure. However, as discussed previously, this could also stem from
fluctuations in the ocular concentrations of photopigment and retinoids. Regardless of the
mechanism, since phagocytosis follows a circadian cycle in the mammalian retina (Kevany
and Palczewski. 2010), clinicians may wish to consider such findings when scheduling
surgery and retinal exams in highly susceptible individuals.

7.4 Susceptibility and general pathology

Even some diseases that are not directly related to defects in the visual cycle or lipofuscin
accumulation can result in increased susceptibility to retinal light damage. For example,
Smith-Lemli-Opitz syndrome is a genetic defect that affects the production of cholesterol,
resulting in an accumulation of cholesterol precursors that are highly prone to oxidation.
Symptoms of Smith-Lemli-Opitz syndrome can include visual loss and photosensitivity. A
rat model of Smith-Lemli-Opitz syndrome was more sensitive and exhibited more severe
light-induced retinal damage than normal and albino rats (VVaughan et al. 2006).

7.5 Susceptibility, nutrition and pharmaceuticals

Diet, prescription medications and the use of herbal supplements can influence susceptibility
to light damage. An anti-oxidant rich diet can help to prevent light-induced retinal damage
and increase damage thresholds (Vaughan et al. 2002). Conversely, susceptibility to light
damage may increase with the use of antidepressants (E.g. Thorazine and Prondol, but not
Prozac) or antibiotics (E.g. tetracycline) with a tricyclic, heterocyclic or porphyrin ring
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system (Wang et al. 1992). A known potential side effect of the herbal supplement, St
John’s wort (Hypericum perforatum L.), is photosensitivity and when combined with
antibiotics or birth control pills, the risk of sun sensitivity may increase (MedlinePlus.
2010). Damage thresholds may be lower in people using such drugs or supplements.
Therefore, a thorough medical history should be considered in order to prevent retinal
damage as a result of retinal examination or ocular surgery.

7.6 Susceptibility in the Optometric and Ophthalmologic practice

The devices used for monitoring disease, such as a direct ophthalmoscope or a fundus
camera, require that the retina be illuminated. Even a prolonged slit-lamp examination has
been shown to result in retinal damage with fluorescein (Hochheimer et al. 1979). The
altered phototoxic susceptibility in diseased eyes creates a further challenge for treatment
since illumination may result in accelerated retinal damage. This was observed with a dog
model of retinitis pigmentosa, in which the animals were exposed to retinal radiant
exposures equivalent to those of a standard fundus camera (0.06 J/cm?2). These exposures
would not be expected to cause RPE disruption or AF photobleaching. Over the subsequent
24 hours, the site of the exposure became clearly visible as regions of altered reflectance in
images obtained using an infrared scanning laser ophthalmoscope (Cideciyan et al. 2005).
Patients with diabetic retinopathy have been linked to the occurrence of phototoxic
maculopathy, even with short cataract surgeries lasting less than 30 minutes (Kleinmann et
al. 2002). This would indicate that as little visible light as possible should be used in treating
patients with retinitis pigmentosa and other diseases which may have increased phototoxic
susceptibility.

In the operating room, surgeons require illumination to perform the procedures necessary to
restore vision. There are countless reports of light damage resulting from cataract surgery,
during which the light illuminating the crystalline lens also exposes the retina; for example,
(Boldrey et al. 1984, Harada et al. 1988, Knox Cartwright et al. 2007, McDonald and Irvine.
1983, Menezo et al. 2002). Using an operating microscope at its highest illumination setting,
Irvine and co-workers (Irvine et al. 1984) produced visible retinal lesions in pseudophakic
rhesus macaque retinas with exposures that lasted slightly less than 8 minutes. In a
retrospective analysis, phototoxic maculopathy resulted after IOL implantation in 8.5% of
the surgeries performed (Kweon et al. 2009)}. This may occur even with surgeries lasting
less than 30 minutes (Kleinmann et al. 2002). Light-induced damage has also been reported
following corneal keratoplasty (Brod et al. 1986). In retinal surgery, an endoilluminator may
be inserted into the vitreous and directed onto the area on which the surgeon is operating.
The safety of these endoilluminators has been called into question (van den Biesen et al.
2000). Cell death in response to exposures from endoilluminators has been reported (Yanagi
et al. 2006, Yanagi et al. 2007). There are several reports of phototoxic damage to the RPE
following vitrectomy (Banker et al. 1997, McDonald et al. 1986, Michels et al. 1992, Poliner
and Tornambe. 1992, Postel et al. 1998). With improved technology, the light output of
endoilluminators is increasing, as is the illuminated area. However, with increased education
about light safety and maximum exposure duration as well as adjustments to the spectral
tuning of the light sources, the safety of surgical illumination may be improved.
Alternatively, operating microscopes that detect infrared light in combination with infrared
illumination are a safer option (Komaromy et al. 2008).

7.7 Prevention of photochemical retinal damage

Ophthalmic and Optometric clinics can improve their light safety for all patients with the
use of devices that employ sources with near infrared or longer wavelengths, in place of a
standard fundus camera and direct ophthalmoscope which use broadband visible light. This
will minimize the probability that the light entering the eye will be of sufficient energy to
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lead to photochemical damage. Such instruments include scanning laser ophthalmoscopes
which image the retina using near-infrared light (e.g. Heidelberg HRA). Optical coherence
tomography can provide a cross-sectional view of the retina as well as an en face view,
showing features similar to a fundus photo. These devices, such as the Zeiss Cirrus OCT,
use a broad spectrum of infrared light. The development of infrared fundus cameras could
also improve safety and provide a more traditional view of the retina. Minimizing the
illumination of the fixation targets in any of these devices, could improve their safety even
further.

The use of fluorescence imaging and fluorescein angiography should be limited since the
visible light used to excite the fluorophores could be damaging to highly susceptible retinas.
From a light safety standpoint, angiography with indo-cyanine green (peak excitation 790 —
810 nm; (Landsman et al. 1976)) is a preferable alternative to the use of fluorescein (peak
excitation 490 nm; (Novotny and Alvis. 1961)) because neither visual stimulation nor
lipofuscin excitation occurs at these longer wavelengths. Near-IR AF imaging can safely
visualize the melanin and melanolipofuscin distribution in the RPE and choroid in normal
eyes (Keilhauer and Delori. 2006) and may provide useful diagnostic and progression
information in some diseased eyes (Kellner et al. 2009a, Kellner et al. 2009b, Schmitz-
Valckenberg et al. 2010). Fluorescence imaging of the retina with two-photon excitation,
although not yet demonstrated in humans, is a viable replacement for traditional
fluorescence imaging. With the use of pulsed infrared light, two-photon fluorescence
imaging is photochemically safer than visible light fluorescence excitation. This technique
has recently been demonstrated in vivo in non-human primate retina (Hunter et al. 2011).
However, it is presently not efficient enough for safe use in humans because of thermal
phototoxicity.

Understanding the mechanisms of photochemical light damage may provide the key to
developing preventative therapies for use prior to intentional light exposure. In rats,
pretreatment with antioxidants has been shown to reduce the severity of photochemical
retinal damage (Vaughan et al. 2002). A vitamin A deficiency (Noell. 1979) or drugs, such
as isotretinoin or retinylamine (Ret-NH,) (Travis et al. 2007), which inhibit reactions in the
visual cycle, have been shown to increase the threshold for light damage in mice. Similar
drugs are proposed for the treatment of ocular diseases, such as Stargardt’s disease (Travis et
al. 2007). Halothane anesthesia prevents the regeneration of rhodopsin and cone
photopigments and has been shown to prevent light-induced retina damage in mice and rats
(Keller et al. 2001). Alternatively, drugs, such as 9-cis-retinyl acetate (9-cis-R-Ac), that
enhance the production of 11-cis-retinal and accelerate the visual cycle, improving ERG
performance and dark adaptation (Maeda et al. 2009) may increase susceptibility to light
damage, particularly Noell damage.

8. Impact on safety standards

Light safety standards, such as the American National Standard Institute’s (ANSI) standard
for the safe use of lasers (American National Standards Institute. 2007), provide maximum
permissible exposures (MPE) that protect the eye from light-induced damage resulting from
either intentional or accidental exposures. These standards are designed to protect the eye
and skin from accidental light exposures. In addition, many commercial ophthalmic imaging
and lighting devices (e.g. fundus cameras and endoilluminators), as well as advanced
research instruments for high resolution imaging, adhere to these standards with additional
constraints imposed for intentional ophthalmic exposures (section 8.3, (American National
Standards Institute. 2007). The International Commission on Non-lonizing Radiation
Protection also has provided guidance for reducing ocular exposures from ophthalmic
instruments (Sliney et al. 2005).
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From a safety standard perspective, damage refers to an alteration in the retina that is
manifested by a visible change in the retina and/or a deterioration of visual function, either
of which may be temporary or permanent. To a particular cell type, these changes may be a
direct consequence of photon absorption within that cell (primary) or may result from a
chain of events originating from photon absorption in a different cell class (secondary).
Traditionally, the presence of retinal damage is diagnosed in vivo by identifying a visible
alteration in a fundus photo (Roach et al. 2006, Sliney et al. 2002). By repeatedly
performing exposures of varying radiant exposure in the retina of an animal model, the
probability of producing a visible lesion can be plotted versus the input power and fit with a
probit curve. From this, the damage threshold is given by the retinal radiant exposure with a
50% probability of causing retinal damage (Roach et al. 2006, Sliney et al. 2002). Measures
of visual function may be used to identify the presence and extent of retinal damage. Such
methods may be objective, such as electroretinograms (ERG) on chickens (Machida. 1994)
and rats (Noell et al. 1966, Sugawara et al. 2000), or subjective (e.g. blinded reading of
fundus photos). Psychophysical tests have included a measure of critical flicker-fusion
frequency in the light damaged albino rat (Williams et al. 1985), and acuity measures in
monkey (Merigan et al. 1981). Damaged retina can also be identified by means of
histological section; for example, (Ham et al. 1978). This provides cross-sectional insight
into the consequences of light on a cellular level, but does not allow for longitudinal
monitoring of retinal changes. In most cases, the ocular MPE is an order of magnitude below
published thresholds for retinal damage.

High resolution imaging using adaptive optics provides an in vivo view of the cells that are
altered by light providing a unique opportunity to longitudinally study phototoxicity in vivo.
Our observations of RPE disruption and AF photobleaching at light levels below the ANSI
photochemical MPE (560 J/cm?) are alarming. There are several plausible explanations for
the discrepancy between our results and those upon which the light safety standards are
based. Cellular-scale retinal imaging allows for precise monitoring and correction of eye
drift to stabilize the light exposure throughout its duration (Morgan et al. 2008), whereas
earlier experiments did not (Ham et al. 1979). Even when monkeys are anesthetized,
movement of the eye is still observed and could spread the light exposure over a larger area
than intended, thereby reducing the actual retinal radiant exposure. Furthermore, the ANSI
photochemical MPE was only designed to protect against Ham damage. Given the long
duration of the exposures that have been used to study Noell damage it is unlikely to occur
in a practical setting. Some cases of solar retinopathy have been reported following
sunbathing for more than 2 hours on unusually bright days, however, the mechanism of
damage is not clear (Yannuzzi LA et al.). Because safety standards were designed to protect
against accidental light exposures, protection from such long duration exposures to visible
light was not deemed necessary.

Future light safety standards will reflect the findings of RPE disruption and AF
photobleaching. In order to protect against RPE disruption by an order of magnitude, then
the current ANSI photochemical MPE at 568 nm will need to drop by a factor of 20.
Additional experiments are necessary to establish the spectral profile of these changes. Even
though it is transient, AF photobleaching meets the safety standard damage criterion of an
observable retinal change. Without understanding the mechanism of AF photobleaching, it is
unclear whether or not it is necessary to avoid this effect. So far, our in vitro results suggest
that AF photobleaching is an indication of lipofuscin photooxidation, the products of which
can be harmful. Thus, AF photobleaching should be avoided. However, should further
research provide evidence that AF photobleaching is benign, then safety standards should
not impose such restrictive limits as to avoid its occurrence. Photopigment bleaching, which
increases retinal reflectance, is an example of a harmless transient change that does not
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impact light safety standards. Therefore, it is necessary for future research to not only
establish the thresholds for light damage, but to understand their mechanism.

9. Conclusions and future directions

Although the retina has evolved to convert light into a visual perception of the world around
us, it is also highly susceptible to photochemical damage. Excess amounts of visible light
result in the eventual deterioration of RPE and photoreceptors. Although debated (van
Norren and Gorgels. 2011), currently, two distinct classes of photochemical damage have
been established. These different mechanisms lead to damage that may manifest in similar
ways, but with different spectral characteristics. The complexity of the retina and
photochemical reactions suggests that these damage mechanisms are not distinct and that
even more are possible.

In vitro assays are necessary to gain insight into the mechanisms of light damage by
providing information about the molecular changes involved in RPE disruption and AF
photobleaching. This may provide a tool for the development of preventative strategies for
use in normal and diseased eyes. Susceptibility to light damage may be increased in
abnormal retinas. Future drug development for disease treatment may be aided by an
understanding of the mechanism of retinal light damage or vice versa.

In vivo retinal imaging is a highly useful tool in establishing light damage thresholds and
may provide increased sensitivity for detection of such retinal changes as reduced AF.
Cellular-scale fluorescence and reflectance imaging can be used to measure the action
spectrum for threshold RPE disruption and changes in the photoreceptor layer. Not only will
these results be used by ANSI to establish the appropriate modifications to the existing light
safety standards, but they will provide insight into the mechanism of photochemical damage.
The action spectra for light damage can be used to help establish the mechanisms involved
in RPE disruption: photopigments, retinoids, or bisretinoids in lipofuscin.

Currently, there is very little information about whether RPE disruption and AF
photobleaching actually result in loss of photoreceptor function and/or visual sensitivity.
With the further application of photopigment densitometry and primate psychophysical
measures, the impact of AF photobleaching and RPE disruption on rod and cone function
can be established. In the future, two-photon imaging of light-induced concentration changes
of retinoids can also be used to monitor the visual cycle in regions of AF photobleaching
and retinal damage. Development of such techniques will also be useful in assessing visual
function in diseased eyes.

Abbreviations

ABCA4 ATP-binding cassette retina

AF autofluorescence

AMD age-related macular degeneration

ANSI American National Standards Institute
AOSLO adaptive optics scanning light ophthalmoscope
CRALBP cellular retinaldehyde binding protein

CRBP cellular retinol binding protein

10L intraocular lens
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IRBP inter-photoreceptor retinol binding protein
LRAT lecithin retinol acyl transferase
MPE maximum permissible exposure
RDH all-trans-retinol dehydrogenase
REST retinyl ester storage particle
ROS reactive oxygen species
RPE retinal pigment epithelium
wavelength

11-cis RDH 11-cis retinol dehydrogenase
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Figure 1.

The visual cycle. There are many thorough reviews of the visual cycle (e.g. (Lamb and
Pugh. 2004, Sparrow et al. 2010, Travis et al. 2007)). The visual cycle is initiated as 11-cis-
retinal, from the chromophore within an opsin molecule, is photoisomerized to all-trans-
retinal and the process of converting it back into 11-cis-retinal begins. The all-trans-retinal
molecule is moved from the photoreceptor disc membrane to the cytoplasmic space partly
by ATP-binding cassette retina (ABCA4) and is then reduced by all-trans-retinol
dehydrogenase (RDH) into all-trans-retinol. With an inter-photoreceptor retinol binding
protein (IRBP) as a chaperone, all-trans-retinol is transported to the cytoplasm of the RPE
where it is then chaperoned by cellular retinol binding protein (CRBP). The alcohol is
esterified by the enzyme lecithin retinol acyl transferase (LRAT) to form all-trans-retinyl
ester. Multiple all-trans-retinyl ester molecules can group together to form lipid bodies in
which they are stored until needed (Imanishi et al. 2004). As the regulation of the visual
cycle occurs by means of changing the rate of production of 11-cis-retinal within the RPE, a
retinyl ester storage particle (REST; also known as a retinosome) can change in
concentration and hence volume depending on the state and requirement of the visual system
(Imanishi et al. 2004). To continue the visual cycle, all-trans-retinyl ester is isomerised to
11-cis-retinol by the RPEG5 protein. The 11-cis-retinol is then oxidised into 11-cis-retinal by
11-cis retinol dehydrogenase (11-cis RDH) and transported back into the photoreceptors
(chaperoned by cellular retinaldehyde binding protein (CRALBP) and IRBP). The 11-cis-
retinal binds to an opsin in the outer segment membrane, becoming ready to absorb a photon
of light and restart the visual cycle.

Prog Retin Eye Res. Author manuscript; available in PMC 2013 January 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Hunter et al.
L
[a
h'd
o\
£
O
S~
)
e 0]
S S
-
o
(O]
O
(0]
| .
@]
-+
o
<
o
L
[a
h'd
o\
=
)
——
)
o
P {
N| &
-
o
(O]
O
(O]
S
@]
st
o
<
[a

fluorescence reflectance fluorescence

reflectance

Page 27

Immediately 6 days 19 days
post-exposure post-exposure post-exposure

Pre-exposure

Figure 2.

In vivo images of RPE AF photobleaching and disruption. A series of repeated images in the
living macaque eye obtained using a fluorescence-enabled adaptive optics scanning light
ophthalmoscope (AOSLO) shows the sequence of light-induced changes in RPE AF and
photoreceptor reflectance that was observed following 568 nm light exposure. The
honeycomb mosaic of discrete RPE cells can be seen because the cell nucleus does not
contain lipofuscin and appears dark, whereas the cytoplasm surrounding the nucleus appears
bright due to lipofuscin AF. The white outline in the pre-exposure image indicates the region
of the retina exposed to either 788 J/cm? or 210 J/cm?. The abrupt reduction in RPE AF
intensity is visible in the immediately post-exposure images. There are no immediate
changes in the appearance of the photoreceptor mosaic. Six days post-exposure, a long-term
disruption in the RPE mosaic and an alteration in the photoreceptor reflectance (origin
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unknown) is seen with 788 J/cm?2. Although less pronounced these changes persist over

time, as seen 19 days post exposure. No long term changes were observed in the RPE or
photoreceptors for 210 J/cm? exposures.
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Figure 3.

Models of AF photobleaching. Schematic representation depicting AF ratio outcomes if a
single fluorophore (a) or if multiple fluorophores (b) are involved in AF photobleaching.
The arrows indicate the colour of the light exposure and are matched to the corresponding
colour in the AF excitation spectra and AF ratio plots.

Prog Retin Eye Res. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hunter et al.

AF Ratio

Page 30

1.0 -

0.8

o
o

o
I

00 I I I I
480 500 520 540 560 580

AF Excitation Wavelength (nm)

Figure 4.

AF photobleaching involves multiple molecules. Average RPE AF ratio immediately post
exposure to 88 J/icm? of 488 nm (solid circles) or 130 J/cm? of 568 nm (open circles) light
plotted versus the wavelength used for AF excitation in the pre and post exposure images.
Error bars represent the standard error of the mean.
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Figure 5.

Ex vivo AF photobleaching. Pre (left) and immediately post 568 nm exposure (right) images
of the ex vivo human RPE cells exposed to 30.6 J/cm? (top) and the A2E-laden ARPE19
cells exposed to 106.4 J/cm? (bottom). The exposure locations are outlined in white in the
pre exposure images and are clearly visible in the post exposure images.
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Figure 6.

Quantifying ex vivo AF photobleaching and partial recovery. The reduction and partial
recovery over 3 days of RPE AF is quantified by the AF ratio in A2E-laden ARPE-19 cells
exposed to 14.2 J/cm? (solid circles) or 106.4 J/cm? (open circles) of 568 nm light. Pre and
post exposure images were taken in a 2° field using 568 nm light. Each location received
only one exposure and none of the regions overlapped. Error bars represent the standard
error of the mean of 2 measurements.
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Figure 7.

Histology of RPE disruption. Fluorescence images of 3 light exposed locations in macaque
retina seen in both wholemounted retina (a, c, ) and 6 um paraffin sectioned (b, d, f)
macaque retina, 12 days (a, b, e, f) and 6 months (c, d) post-exposure to 568 nm light with
retinal radiant exposures of 788 J/cm? (a—d) and 247 Jicm? (e, f). In c, the central black
region is the fovea and the bright region on the left (white arrow) is the location of the
exposure showing RPE disruption. In the images of the paraffin sections, only the 788 J/cm?
exposures (edges denoted by white arrows in b and d) produced detectable changes in the
photoreceptors and RPE. Scale bar is 130 pm.
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Table 1

Comparison of typical characteristics for thermal and photochemical damage

Property Thermal Damage Photochemical Damage
Exposure duration Hs—10s >1s
Wavelength allx short visible (A < 600 nm)
Time course appear in < 24 hrs appear in 24 — 48 hrs

Temperature change

> 20 °C temperature 1

< 10 °C temperature 1

Minimal lesion size

< beam diameter

= beam diameter

Reciprocity of time & power no yes
Scotoma permanent reparable
Damage threshold o (irradiated area diameter) 1 independent of irradiated area
o time™14 o time™t
independent of % (for 440 nm < A < 700 nm) o
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Table 2

Traditional experimental paradigms for studying the two subtypes of photochemical damage from visible light
(Ham et al. 1979, Kremers and van Norren. 1988, Noell et al. 1966, Thumann et al. 1999, van Norren and
Gorgels. 2011, Williams and Howell. 1983)
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Property Noell Damage Ham Damage
Class | 1
Exposure duration > 1.5 hours <5 hours
Source spectrum green-filtered fluorescent & incandescent white | white & laser lines
Primary animal species rats primates
Exposure Size large small
Site of major impact Photoreceptors, occasionally RPE RPE
Action spectrum resembles visual pigment absorption peaks in UV
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