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Abstract

Concerns have been raised about whether operating microscopes and endoillumination used during
ophthalmic surgeries contribute to retinal damage. Despite the recognition that ascorbic acid (vitamin
C) helps to protect the eye from light and the abundance of vitamin C in the retina, artificial aqueous
humors used during surgery only contain the antioxidant glutathione. To test whether inclusion of
antioxidants other than glutathione in surgical solutions might help to preserve retinal integrity, we
studied the effects of vitamin C on acute toxicity in isolated rat retinas. Male Sprague-Dawley rats
(PND 30 * 2) were sacrificed for retinal isolation. In the presence or absence of vitamin C (1 or 3
mM), retinas were exposed to 302 nm ultraviolet B (UVB) light for 1 hour and were incubated for
a total of 5 hours at 30°C. Retinal damage was assessed by morphological examination and
biochemical assay measuring the amount of lactate dehydrogenase (LDH) released from injured cells.
In control retinas, LDH release was significantly increased after UVB exposure. The presence of 1
mM vitamin C in the incubation media significantly reduced LDH release during the post-incubation
period following UV exposure. No difference was found between 1 mM and 3 mM vitamin C.
Microscopic examination revealed that disorganization in the outer nuclear layer after UVB exposure
was markedly attenuated by administration of 1 mM vitamin C. One mM vitamin C, a concentration
found in the anterior chamber in humans, but not glutathione, prevented phototoxic injury following
UV exposure. Although vitamin C itself cannot be used in intraocular irrigating solutions because
of adverse interactions with iron released during bleeding, inclusion of antioxidants equivalent to
vitamin C should be considered to help protect the retina from intraoperative light toxicity.
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Introduction

Light-induced retinal damage is irreversible and results in permanent visual loss, especially
when damage involves the macular area. Ocular tissues are more sensitive and vulnerable to
light (including ultraviolet light) than other organs (Sliney, 2002). Although light-induced
photoreceptor damage has been well described (Noell et al., 1966;Kuwabara and Gorn,
1968), illumination of the ocular fundus is inevitable in clinical settings during ocular
examinations and surgeries. As a large number of intraocular surgeries, such as corneal and
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cataract surgeries and vitrectomies, require direct microscopic illumination of ocular tissue,
acute retinal damage has been increasingly observed. The damage is thought to result, at least
in part, from the effects of this illumination (Arafat et al., 1994;Kuhn et al., 1991;Michels et
al., 1992;Kleinmann et al., 2002). Most experiments studying light-induced injury show retinal
damage with continuous illumination over several days (Grignolo et al., 1969;Malik et al.,
1986;Edward et al., 1993;0rganisciak et al., 2003). However, studying acute retinal damage
induced by brief exposure to bright light can help to characterize the damage and to develop
strategies for protecting the retina in clinical settings. Although the cornea usually protects the
retina from ultraviolet (UV) exposure, the retina can be exposed to short wavelength light via
illumination during ocular surgeries.

Free radical scavengers such as glutathione (Winkler and Giblin, 1983), a-tocopherol (vitamin
E) (Penn et al., 1987) and ascorbic acid (vitamin C) (Woodford et al., 1983) are thought to
serve as components of an endogenous defense system that helps to limit light-induced retinal
damage. Vitamin C is also abundant in the retina, where its concentration in guinea pigs and
rats isabout 1.6 mM (Heath et al., 1961;Woodford et al., 1983). However, intraocular irrigating
solutions currently employed during ocular surgery only contain oxidized glutathione as a
corneal protectant (Edelhauser et al., 1975,Araie, 1986). Importantly, these surgical solutions
do not contain vitamin C, even though human aqueous humor contains high concentrations of
the vitamin.

To determine factors contributing to light-induced retinal injury, we developed an acute retinal
preparation dissected from rats (1zumi et al., 1995). Advantages of this ex vivo preparation
include the ability to control environmental variables such as light exposure, and the ease of
studying known concentrations of pharmacological agents. In the present study, we used UVB
(302 nm) light to induce acute retinal damage over a short period of exposure. Using
morphological and biochemical assays, we assessed the protective actions of vitamin C on
acute UVB-induced retinal damage.

Materials and Methods

Animal statement

All animal procedures conformed to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision research and the Washington University Animal Study Committee.

Ex vivo rat retinal preparation

Male Sprague-Dawley rats obtained from Harlan (Indianapolis, IN, USA) at postnatal date
(PND) 21 were reared with a cycle of 12 hours white light and 12 hours dim light. At PND 30
* 2, rats were anesthetized with isoflurane and decapitated. Retinas were dissected using
previously described methods (Izumi et al., 1995). Briefly, after enucleation, the lens and
vitreous were quickly removed at 4-6°C. The eye cap was cut into 3 pieces and then the retina
was gently detached from the retinal pigment epithelium layer. The inferior portion of the
isolated retina was discarded because of its lower sensitivity to light (Li et al., 1985). Isolated
retinas were incubated in artificial cerebrospinal fluid (aCSF) containing (in mM): 124 NaCl,
5 KCI, 2 MgSQy, 2 CaCly, 1.25 NaH,POy4, 22 NaHCO3, and 10 glucose. ACSF was bubbled
continuously with 95% O,- 5% CO,. The osmolarity and pH of aCSF were 287 mmol/Kg
H,0 and 7.32, respectively. L-ascorbate was the form of vitamin C used in these studies. At 1
mM and 3 mM, the pH of ascorbate-containing aCSF was 7.29 and 7.05, respectively.

UVB exposure

Following dissection, retinal segments were placed on nylon mesh in a beaker containing aCSF
and allowed to recover for one hour. Retinal segments were then transferred to glass vials (7
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ml) filled with gassed aCSF. The glass vials were placed 5 cm from a UV light source (Model
UVLM-28, UVP CA, USA) to expose retinal segments to UVB (302 nm) for 1 hour in the
presence or absence of vitamin C (1 or 3 mM). Administration of 0.3 mM oxidized glutathione
was also tested in other experiments. The distance was set to induce apparent damage in one
hour without changing the temperature of contents in the vials. Retinal tissues in the vials were
oriented with the vitreous side up. Vials containing vitamin C were placed closer to the light
source by 20% than drug-free vials to adjust the UV dose because we observed that 3mM
vitamin C solutions absorbed 34% of 302 nm UVB light. Samples containing glutathione were
placed at the same distance as controls because 0.3 mM oxidized glutathione showed little
absorbance of 302 nm UVB light. During the exposure period, controls were covered with
aluminum foil to prevent UV exposure. The emitted UVB radiation was 640 uW/cm?, as
measured by a Dual-Range Light Meter (Fisher Scientific, Pittsburgh, PA). Activity of vitamin
C in the vial before and after UVB exposure, measured with a reflectometer (RQflex 10, EMD
Chemicals Inc., NJ, USA), revealed no significant change (-5.1%, n = 5). The rate of
decomposition of vitamin C with UVB exposure was the same as without UVB.

Incubation for evaluating light-induced damage

After UV exposure, retinal segments were placed in beakers (10 ml) containing fresh aCSF
gassed with 95% O, - 5% CO» at 30°C for 5 hours. For histological studies, the same
concentration of vitamin C used during the UVB exposure was also administered in the post-
incubation period. This was done in order to mimic the surgical condition in which there is a
slow replacement of intra-operative solutions with endogenous aqueous humor. Some samples
were processed for light microscopy to determine morphological damage by UVB. The light
intensity throughout the experiment was 700-800 Lux except during the UVB exposure period.

LDH measurements

Histology

Chemicals

LDH activity was measured spectrophotometrically from 17 ul samples taken every hour. The
activity of LDH was determined by the rate at which its substrate, pyruvate, is reduced to
lactate, as monitored by diminished absorbance of the reduced form of nicotinamide adenine
dinucleotide (NADH) at 340 nm (Ultrospec 2100 pro UV/Visible Spectrophotometer,
Biochrom Ltd., Cambridge, UK). In control studies, 3 mM vitamin C added to LDH standards
did not show any significant effect on LDH measurements (n = 5). To control for differences
in the size of individual retinal segments, LDH release into the medium was normalized to a
percentage of the total LDH value obtained by sonication post-incubation (Model 250 Sonifier,
Branson Ultrasonics Corp. CT, Danbury, USA).

For cell lysis, 0.1% Triton X-100 was applied before sonication. There was no effect of 0.1%
Triton X-100 on the absorption spectrum at 340 nm.

Retinal tissues were fixed in phosphate-buffered saline containing 1% paraformaldehyde and
1.5% glutaraldehyde overnight at 4°C. The fixed tissue was rinsed in 0.1% phosphate buffer,
placed in 1% buffered osmium tetroxide for 60 minutes, dehydrated with alcohol and toluene,
embedded in araldite, cut into sections 1 um thick, stained with methylene blue and Azure B
(Rowley Biochemical Institute, Danvers, MA, USA), and evaluated by light microscopy.

All chemical regents were obtained from Sigma (St. Louis, MO, USA).
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Statistical analysis

Results

LDH release

Histology

Results are presented as mean + standard error of the mean (SEM). Data were analyzed using
analysis of variance (ANOVA). Where the ANOVA P value was significant (< 0.05), pairwise
comparisons were analyzed by the Holm-Sidak post hoc test using commercial software
(SigmasStat 3.1.1; Systat Software inc., Richmond, CA, USA). P values of < 0.05 were
considered significant.

The release of LDH into aCSF was determined in four conditions; control incubation,
incubation with 1 mM vitamin C, and incubation after 1 hour of UVB exposure with or without
vitamin C. Six retinas were included in each condition. There was a correlation between the
amount of LDH released into aCSF and the incubation period of control rat retinas. Co-
incubation with 1 mM vitamin C alone had no effect on LDH release. Immediately after 1 hour
of UVB exposure, LDH release into aCSF did not differ from controls. However, following
1-hour UVB exposure, release of LDH increased gradually over time, with a significant
difference from controls observed over the period of 1 to 5 hours after UVB exposure (**P <
0.01, Holm-Sidak post hoc test compared with aCSF under no illumination). Administration
of 1 mM vitamin C during and after UVB exposure suppressed LDH release (*P < 0.01, Holm-
Sidak post hoc test compared with UVB alone). Incubation of retinas with 3 mM vitamin C
did not provide protection beyond that observed with 1 mM. Data are summarized in Figure
1.

Control retinal segments incubated in the dark for 6 hours did not display evidence of
histological damage in any retinal layer (n = 6, Fig. 2A). One-hour exposure to UVB caused
deterioration of cells in the outer nuclear layer (ONL) (Fig. 2B). These cells displayed pyknotic
changes immediately after 1 hour of UVB exposure. During post-incubation for 3 to 5 hours,
the damage became more pronounced and severe (Fig. 2E). In these retinas, the outer segments
of the photoreceptors (rods) disappeared and columns of photoreceptor cells were totally
disrupted 3 hours after UVB exposure. Other retinal layers also exhibited changes suggestive
of Muiller cell damage 5 hours after UB exposure. Rupture of the outer limiting membrane
resulted in a loss of photoreceptor cells from the ONL. Administration of 1mM vitamin C for
1 hour during UVB exposure prevented the histological deterioration (Fig. 2C). The protective
effects lasted up to 5 hours after UVB exposure, the longest period studied (Fig. 2F). Only
mild changes in the ONL were confirmed at 5 hours incubation after UV exposure. No
difference was found between the effects of 1 mM and 3 mM vitamin C (Fig. 2C and 2D, 2F
and 2G).

The damage induced by UVB was not completely homogenous throughout the retina (Fig 3A-
C). Thus, in sliced sections we measured the length of damaged and undamaged areas
separately. After exposure to UV light, only 10.6 + 6.1% (n = 3) of control retinas incubated
with aCSF was preserved, whereas 90.8 + 4.8% and 85.4 + 8.8% of retinas treated with vitamin
C 1 mM and 3 mM were preserved, respectively (Table 1; P <0.01 for both 1 and 3 mM vitamin
C). We also examined lower concentrations of vitamin C, but found no protection at
concentrations below 1 mM. Data are summarized in Table 1.

The protective effects of vitamin C were not mimicked by glutathione, an agent routinely
included in surgical solutions. Retinas incubated with aCSF containing glutathione at 0.3 mM,
a concentration found in commercially available solutions, showed no protective effects at 0
or 5 hour after UVB exposure (Fig 4A-C).
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Discussion

In animal experiments, light-induced retinal damage is characterized by degeneration in the
ONL (Noell et al., 1966;Schmidt and Zuclich, 1980;Li et al., 1985;Zhang et al., 2004).
Consistent with these findings, we observed that exposure of rat retinal segments to UVB
selectively damaged photoreceptor cells over a one-hour period of exposure. This finding
indicates that the isolated retinal preparation can serve as a useful ex vivo model for studying
light-induced damage and the effects of putative protective agents. In the present study, we
found that vitamin C, an endogenous antioxidant found in aqueous humors, blocked UVB-
induced retinal damage.

Previously, we reported that isolated retinal segments from rats exhibit intact morphology for
up to 20 hours when incubated under control conditions (Izumi et al., 1995). We also
demonstrated that aCSF and intraoperative irrigating solutions used in surgery are adequate
for retinal incubation (Tokuda et al., 2004). The ability to use multiple segments from the same
eye during these studies enables precise comparisons among different conditions during light
exposure.

Most UV light below 290 nm wavelength is filtered by the cornea (Merriam et al., 2000). The
transmittance of the lens varies according to developmental age and the young human lens
passes a small window of UVB light to the retina (Barker et al., 1991). Thus, some parts of the
UV spectrum above 290 nm can reach the retina, especially in individuals with aphakic eyes.
In rat retinas, blue light is reported to induce severe disruption (Wu et al., 1999;Grimm et al.,
2001), whereas Ham et al. (1982) demonstrated that retinas of aphakic monkeys were about 6
times more sensitive to near-ultraviolet than blue light. Some commercially available fiberoptic
instruments used for retinal surgery include spectra below 400 nm (van den Biesen et al.
2000). UVB induces DNA damage (Lisby et al. 2005) and activates cyclooxygenase-2
(COX-2), which has recently been shown to induce epidermal neoplasms (Pentland et al.,
1999;An et al., 2002). Based on these observations, we used UVB light to induce acute retinal
damage. In the ex vivo rat retinal preparation, UVB caused morphological deterioration of the
retina in a relatively short time. Initially, the damage was restricted to photoreceptor cells, and
was characterized by pyknotic nuclei and the disappearance of outer segments of photoreceptor
cells. This damage became more pronounced over several hours after cessation of UVB
exposure.

The histological retinal damage induced by UV light varied from region to region. This could
reflect local differences in the susceptibility of the retina to light, but is more likely to result
from diffused light reflection within the curved retinal surface. To account for this, we
evaluated overall morphological changes by measuring the ratio of the intact regions of the
retina to the whole length of the retina after UVB exposure. There was a significant difference
between control retinas and retinas treated with 1 mM and 3 mM vitamin C, although there
was no statistical difference between the two concentrations of vitamin C.

The LDH assay is an established method for quantitatively evaluating neuronal toxicity in ex
vivo or in vitro systems. However, it has been shown that LDH release is delayed after an
ischemic insult in an ex vivo chick retinal preparation (Romano et al., 1995). Similarly, in our
rat retinal preparation, morphological damage induced by kainate administration or an ischemic
insult precedes LDH release (Izumi et al., 1995,2003). In the present study, morphological
changes were apparent immediately following one hour UVB exposure even though LDH
release was minimal at that point. LDH levels gradually increased during the post-incubation
period following UV exposure, suggesting that extracellular release of intracellular contents
is delayed relative to the onset of histological injury. It is possible, however, that the damage
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induced by one hour of UVB exposure is insufficient to cause enough LDH release to be
detected enzymatically.

Although the mechanisms underlying light-induced retinal injury are not fully understood, this
damage is widely believed to result from free radical formation following intracellular calcium
overload (Feeney and Berman, 1976;Noell, 1980;Li etal., 1993). Both enzymatic (e.g. catalase,
glutathione) and non-enzymatic (e.g. vitamin A, C, E, melanin) endogenous antioxidants exert
protective effects on photochemical damage in the retina (Beatty et al., 2000;Boulton et al.,
2001). Among these endogenous agents, vitamin C is particularly important because it is water-
soluble. Vitamin C serves as an essential cofactor for enzymes in several metabolic pathways.
Vitamin C also prevents systemic phototoxicity, a common feature observed in some types of
porphyria that results from the production of porphyrin-derived free radicals (Bohm et al.,
2001). Vitamin C also prevents systemic phototoxicity in tin-protoporphyrin (SnPP)-treated
suckling rats (Keino et al., 1993). Although most animals can synthesize vitamin C from
glucose, humans must acquire the vitamin from dietary sources because they lack
gluconolactone oxidase, the enzyme required for ascorbate biosynthesis. Prolonged
deprivation of vitamin C impairs post-translational hydroxylation of collagen and causes
scurvy. Intake of foods rich in vitamin C is reported to decrease the risk of cardiovascular
disease (Marchioli, 1999) and to prevent some forms of cancer (Prasad et al., 1979;Park et al.,
1980).

The retina is constantly exposed to reactive oxygen species generated by light exposure, and
millimolar concentrations of vitamin C (1.04-1.07 mM) are found in human aqueous humor
(Taylor et al., 1991). In guinea pig, vitamin C levels are higher in the neural retina than in the
aqueous humor. Following extensive light exposure, the level of vitamin C in the retina is
diminished (Woodford et al., 1983). Moreover, the fact that diurnal mammals have a high
concentration of vitamin C in their aqueous humor but nocturnal mammals do not (Koskela et
al., 1989) suggests a significant role for vitamin C in protecting diurnal animals from sunlight.
Interestingly, light-induced retinal damage may be more pronounced in scorbutic than control
monkeys (Tso, 1987), again suggesting the importance of vitamin C as a retinal protectant.

Artificial aqueous humors currently used for intraocular surgeries contain glutathione for
protection of the corneal endothelium (Edelhauser etal., 1975,Araie, 1986), but do not routinely
contain vitamin C or other antioxidants. In the present study, oxidized glutathione at the same
concentration found in commercially available solutions used for ophthalmic surgery did not
protect against UVB-induced retinal damage. During intraocular surgeries, the retina is
intensively exposed to illumination. Interestingly, Postel et al. (1998)reported cases of
iatrogenic phototoxicity following ophthalmic surgery. Most patients were asymptomatic
because the damaged area spared the macular region. Some patients, however, had scar tissue
in the macula and developed choroidal neovascularization resulting in severe visual
disturbances. The ophthalmology literature further suggests that, although poor visual
outcomes after intraocular surgery occur in a minority of cases, the problem may be much more
prevalent than previously recognized. Considering the risk of phototoxicity, van den Biesen et
al. (2000) warned that the safe exposure time of commercial endoillumination is less than 11
minutes, a time frame that is unrealistic in vitreoretinal surgery. Complicating this is the fact
that the detached retina is even more sensitive to light (Zilis et al., 1991). These observations,
coupled with the results of the present study, suggest that supplying effective free radical
scavengers other than glutathione in surgical solutions may be beneficial for preventing light-
induced retinal damage during intraocular surgery, especially vitrectomy, and for maintaining
the physiological integrity of the retina for an extended period following surgery. The
importance of carefully considering the content of surgical solutions is magnified by the fact
that following vitrectomy the retina is exposed to the ophthalmic solution for 24 hours or more,
given the time it takes to replenish the 4.0 ml vitreous cavity with endogenous aqueous humor
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that is produced at a rate of 3.04 ul/min (Tsukamoto and Larsson, 2004). Vitamin C itself is
not appropriate for use in surgical solutions. In the presence of ferrous ions released during
bleeding, vitamin C participates in the Fenton reaction (Fisher and Naughton, 2004) and this
results in the production of toxic hydroxyl radicals. Inclusion of alternative free radical
scavengers in surgical solutions, however, may help to preserve retinal integrity following
intraocular surgery.

Conclusion

The ex vivo acute retinal preparation is useful for assessing UVB-induced retinal damage.
Using this model, we found that 1 mM vitamin C, a level found in human aqueous humors,
prevented UVB-induced retinal damage, suggesting the importance of vitamin C as an
antioxidant in preventing light-induced retinal damage during intraocular surgeries. Using this
ex vivo model, further studies with blue and white lights should help to clarify the potential
role of vitamin C.
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Figure 1. Effects of vitamin C on LDH release after ultraviolet B (UVB) exposure

In control retinas, LDH release was minimal for up to 5 hours with or without ImM vitamin
C. Additionally, LDH release was not significant immediately following 1 hour of UVB
exposure, but increased over a five-hour postincubation period (n = 6; **P < 0.01, Holm-Sidak
post hoc test compared with control without vitamin C). Incubation of retinas with 1 mM and
3 mM vitamin C during and after UVB exposure significantly suppressed LDH release (n = 6;
*P < 0.01, Holm-Sidak post hoc test compared with UVB alone).
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Figure 2. Preservation of morphological integrity by vitamin C after UVB exposure

Retinal segments were fixed immediately or 5 hour after UVB exposure for histological
evaluation. A control retinal segment incubated with artificial cerebrospinal fluid (aCSF) in
the dark for 6 hours did not show any damage (A). Immediately following one-hour UVB
exposure, the outer nuclear layer (ONL) exhibited severe damage (B). The acute damage was
prevented if retinas were treated with 1 mM or 3 mM vitamin C during UVB exposure (C and
D, respectively). Similarly, the damage observed 5 hour after UVB exposure (E) was prevented
by administration of 1 mM and 3 mM vitamin C during and after UVB exposure (F and G,
respectively). Abbreviations: POS, photoreceptor outer segment; OLM, outer limiting
membrane; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer;
GCL, ganglion cell layer. Scale bar: 50 pm.
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Figure 3. The appearance of whole retinas after UVB exposure
The outer nuclear layer (ONL) was selectively damaged 5 hours after exposure to UVB for
one hour (A). Note that the damage was ubiquitous over the retina. Treatment of retinas with
1mM and 3 mM vitamin C during and after UVB exposure prevented the damage (B and C,
respectively). Scale bar: 200 um.
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Figure 4. The effect of oxidized glutathione on UVB-mediated retinal damage

Control retina showed severe damage that was largely localized to the outer nuclear layer (A).
Retinas incubated with 0.3 mM oxidized glutathione did not demonstrate any neuroprotection
0 or 5 hours after UVB exposure (B and C, respectively). Abbreviations are the same as used
in Figure 2. Scale bar: 50 pum.
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