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Abstract

Purpose Oxygen therapy is a well-recognized

risk factor for retinopathy of prematurity. We

examined whether an increase in the naturally

occurring enzyme copper–zinc superoxide

dismutase (CuZnSOD), which controls

oxygen, can reduce the severity of oxygen-

induced retinopathy in a mouse model.

Methods Seven transgenic mice

overexpressing CuZnSOD and six wild-type

mice were exposed to 75% oxygen from

postnatal day 7 to 12. Seven transgenic mice

and five mice of the wild type were kept in

room air and served as controls.

Fluorescein-conjugated dextran

angiography of retinal vasculature was

performed and flat-mounted preparations

were evaluated by scoring blood vessel

growth, blood vessel tuft formation,

extraretinal neovascularization, degree of

central constriction, and tortuosity of

vessels. In addition, quantification of the

number of blood vessel tufts was performed

in a masked fashion with haematoxylin and

eosin staining of paraffin-embedded eye

sections.

Results The mean retinal score7SD

obtained by the wild-type mice was 9.472.0,

whereas the transgenic mice overexpressing

CuZnSOD obtained a value of 2.471.6 (P¼ 0).

The two control groups (wild type and

transgenic) that were kept in room air, each

obtained a score of 0. Significantly fewer

extraretinal vascular tufts were seen in the

transgenic mice (0.2670.34) than in the wild-

type mice (4.2771.6) after both groups were

exposed to oxygen (Po0.001).

Conclusions The results suggest that high

SOD activity protects neonatal mice against

oxygen-induced retinopathy, and support the

assumption that oxygen radicals are a major

causative factor in oxygen-induced

retinopathy.
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Introduction

Oxygen therapy is a well-recognized risk factor

for retinopathy of prematurity (ROP), a serious

vasoproliferative disorder in preterm infants

that can lead to severe visual impairment or

blindness. Oxygen can damage developing

tissue through the oxidative effect of oxygen

radicals.1,2 The principal risk factors for ROP are

considered to be birth weight, gestational age,

and the amount and duration of supplemental

oxygen.3–7 Developing tissue can be harmed as a

result of the oxidative effect of oxygen radicals,

which cause damage presumably by increasing

the peroxidation of fatty acids or nucleic acids

and eliminating protein cross-linking.8 The

multicentre trial of cryotherapy for ROP

demonstrated that the risk of unfavourable

outcome is 50% in ‘threshold ROP’ and that

cryotherapy decreases this risk by nearly

35%.9,10 Studies have shown that vitamin E

might also mitigate the effect of antioxidants on

ROP in humans.11

Superoxide dismutase (SOD) is a ubiquitous

water-soluble enzyme known to exert

antioxidant activity due to its function as a

specific scavenger of the O2
� anion.

Supplementation of SOD both in vitro12,13 and

in vivo,14–17 as well as overexpression of SOD

in transgenic mice,18–21 can protect against

hyperoxic damage. These findings prompted us

to examine whether overexpression of SOD
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would reduce the retinal vaso-attenuation, obliteration,

and neovascularization caused by hyperoxia in a well-

characterized model of ROP in transgenic mice.

Methods

Animals

Transgenic mice harbouring the human CuZnSOD gene

were produced at the Weizmann Institute of Science by

microinjection of fertilized eggs with a linear 14. 5-kb

fragment of human genomic DNA containing the entire

CuZnSOD gene, including its regulatory sequences, as

previously described.22,23 The TgHS-51 progeny, which

we used in our experiment, contains five copies of the

human CuZnSOD gene in their genome.

All mice were handled according to the ARVO

statement for the Use of Animals in Ophthalmic and

Vision Research and were approved by the Institutional

Animal Care and Use Committee at Tel-Aviv University.

Oxygen-induced retinopathy in mice

In all, 14 transgenic CuZnSOD neonatal mice and 11

wild-type mice were used. Seven transgenic and six

wild-type mice were placed with their nursing mothers

in the same covered plastic box and exposed to 75%72%

oxygen on postnatal day 7 (P7) through P12 as previously

described.24 Oxygen concentration was measured with

an Oxygen Monitor (Teledyne Electronic Technologies),

and the delivery was checked at least three times a day

during the exposure period. The mice were then returned

to room air until P17. During that period, the rest of the

transgenic and wild-type mice were kept, together with

their nursing mothers, in room air and served as controls.

Fluorescein dextran perfusion of the retinal blood vessels

Mice were anaesthetized by intraperitoneal

administration of chloral hydrate (360 mg/kg). Through

a median sternotomy, the left ventricle of the heart was

identified and perfused with 0.3 ml of fluorescein-

conjugated dextran (MW 2000000; 25 mg/ml; Sigma) in

4% phosphate-buffered saline (PBS; Sigma), as

previously described.25 The mice were then given a lethal

dose of chloral hydrate and their eyes were enucleated.

The right eyes were placed in 4% paraformaldehyde

(Sigma) for 24 h. Under a dissecting microscope, the

retina was removed, flat-mounted by radial cutting, and

covered with a coverslip after a few drops of Pertex

mounting media (CellPath) were placed on the slide. It

was then viewed under a fluorescence microscope and

photographed with a digital camera.

The flat-mounted preparations were independently

evaluated and each retina was scored in a masked

fashion by two investigators (RR and AS), using a slight

modification of a published retinal scoring system.26 The

parameters scored in each retina were blood vessel

growth, blood vessel tuft formation, extraretinal

neovascularization, degree of central constriction, and

tortuosity of vessels. We used the retinopathy scoring

system described by Higgins et al,26 in which each

parameter is given a score ranging from 0 (normal

appearance) to 3 (most severe), except for blood vessel

tuft formation, which is scored from 0 to 4. We did not

allot a score for the presence of retinal haemorrhages (as

used in the original retinal scoring system) because we

could not assess this parameter in our flat-mounted

retinal sections. The average retinopathy score obtained

by the two investigators for each retina was used for the

statistical analysis.

Hematoxylin and eosin staining of retinal sections

After enucleation, the left eyes were immediately placed

in 1% formaldehyde and 1.25%. glutaraldehyde27 (Sigma)

for at least 48 h, and then embedded in paraffin. To

investigate the amount of neovascularization in the

retina, we cut serial sections (5 mm thick) in a sagittal

anterior–posterior plane through the cornea, parallel to

the optic disc, and stained the sections with

haematoxylin and eosin. Multiple sections from

individual eyes were scored under light microscopy by

observers blinded to the source of the sections, who

counted the vascular tufts that extended beyond the

inner limiting membrane into the vitreous, as previously

described.26 Six sections, 50mm apart, were evaluated

and counted per eye and averaged. The mean number of

tufts per section for each eye was used for the statistical

analysis.

Statistical analysis

Results were analysed using Student’s t-test or analysis

of variance. Statistical significance was defined as

Po0.05.

Results

After exposure to air containing 75% oxygen, the mean

retinal score (RS)7SD obtained by the wild-type mice

(n¼ 6) was 9. 472.0, whereas the transgenic mice

overexpressing CuZnSOD (n¼ 7) obtained a value of

2.471.6 (Figure 1). The difference between the groups

was highly significant (P¼ 0). The two control groups

(wild type, n¼ 5, and transgenic, n¼ 7) that were kept in

room air each obtained a score of 0.
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Comparison between the transgenic mice and the

wild-type mice of the oxygen-treated groups showed

significant differences for all subcategories tested (P¼ 0),

except for blood vessel growth (P¼ 0.019) (Figure 2).

The finding of excessive extraretinal

neovascularization in flat-mounted retinal sections

obtained from wild-type mice after their prolonged

exposure to oxygen was corroborated by counting of the

vascular tufts. Significantly fewer extraretinal vascular

tufts were seen in the transgenic mice (0.2670.34) than in

the wild-type mice (4.2771.6) after both groups were

exposed to oxygen (Figure 3). No vascular tufts were

observed in either of the two control groups. Figure 4

shows the flat-mounted retina of one wild-type mouse

(a) and one CuZnSOD transgenic mouse (b) that were

exposed to oxygen.

Discussion

Oxidative retinal damage caused by free oxygen

radicals1,2 is one of the factors thought to play an

important role in the pathogenesis of ROP. Reactive

oxygen radicals may cause angiogenesis directly, or lead

to it indirectly through the release of angiogenic growth

factors. Hypoxic tissues, including the retina, produce

vascular endothelial growth factor (VEGF)28–30 in

amounts that correlate with ocular angiogenesis.31

Reactive oxygen radicals such as superoxide increase

VEGF synthesis in retinal pigment epithelial cells.

Inhibition of VEGF synthesis prevents ischaemia-

associated neovascularization in the primate eye.32 In

view of the toxic effect of oxygen radicals on the retina

and their role in ROP development, any intervention that

diminishes the production of oxygen radicals might

reasonably be expected to decrease the severity of ROP.

Human CuZnSOD is encoded by a gene residing on

chromosome 21 and is a key enzyme in the metabolism

of free oxygen radicals.8

It converts superoxide radicals (O2
�) in to hydrogen

peroxide (H2O2) and oxygen, and the hydrogen peroxide

is metabolized by catalase and glutathione peroxidase.

The human retina is rich in these proteins.33–35

Transgenic mice of strains 218/3 and 218/10, both

possessing levels of CuZnSOD about three times higher

than those in nontransgenic mice, are partially or

Figure 1 Total RS obtained by the modified retinopathy scoring
system26 in transgenic CuZnSOD mice and wild-type mice
exposed to air containing 75% oxygen and in mice kept in room
air. SOD O2

þ : transgenic CuZnSOD mice exposed to 75% oxygen.
Wild-type O2þ : wild-type mice exposed to 75% oxygen. Control
O2

�: CuZnSOD and wild-type mice kept in room air.

Figure 2 Subcategories of the retinopathy scoring system (RSS).
Black bars represent mean values of the subcategories in
transgenic CuZnSOD mice exposed to 75% oxygen . Bars with
oblique lines represent mean values of the subcategories in wild-
type mice exposed to 75% oxygen.

Figure 3 Extraretinal vascular tufts counted in retinal sections
from transgenic CuZnSOD mice and wild-type mice exposed to
75% oxygen and from control groups (SOD and wild-type mice)
kept in room air. SOD O2

þ : Transgenic CuZnSOD mice exposed
to 75% oxygen. Wild-type O2

þ : Wild-type mice exposed to 75%
oxygen. Control O2

�: CuZnSOD and wild-type mice kept in room
air.
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completely protected against the acute oxidative stress

imposed by various physical and chemical agents. In the

nervous system of adult mice, these sources of stress

include freezing, blunt trauma, ischaemia and

reperfusion, as well as injection of N-methyl-4-pheny-

1,2,3,6-tetrahydropyridine (MPTP) and

methamphetamine.18–21,36,37 Sources of oxidative stress

outside the nervous system include streptozotoxin,

alloxan,38 and tumour necrosis factor.39 Protection

against hyperoxia–related pulmonary toxicity has been

documented in the same transgenic mice strain as that

used in our study.40 These and related observations led

us to suspect that other pathological processes in which

free radicals play a role might also be ameliorated in

CuZnSOD transgenic mice. In this study, we

demonstrated the protective effect of CuZnSOD against

oxygen-induced retinopathy in newborn mice exposed to

hyperoxia. After neonatal exposure to 75% oxygen, the

total retinal score and the scores for each of its

subcategories were significantly better in the transgenic

mice than in the wild type. These findings were

substantiated by the significantly larger number of

neovascular tufts seen in retinal cross-sections taken

from the wild-type mice than in those from the

transgenic mice. These observations support the

prominent role of free oxygen radicals in the

pathogenesis of oxygen-induced retinopathy and the

protective effect of increased amounts of the superoxide

dismutase enzyme against such retinopathy.

Our results differ from those of Klaeger et al,41 who

found that a CuZnSOD activity three-fold higher than

normal did not protect against oxygen-induced

retinopathy in mice, an observation that the authors

acknowledge was unexpected. The discrepancy between

their findings and ours might be explained, firstly, by the

fact that they used intermittent oxygen exposure of 12 h

daily for 5 days, beginning immediately after birth,

combined with intermittent exposure to room air, until

day 16 when the mice were killed. It is possible that the

intrinsic oxygen sensitivity of the mouse retinal vessels is

crucially affected by the timing of supplemental oxygen,

as independent studies have shown that the effect of

hyperoxia on developing vessels can change

dramatically as a function of age.24,42 Secondly, Klaeger

et al41 used India ink to demonstrate the retinal

vascularization, whereas we perfused the mice with

fluorescein dextran, which reportedly allows better

visualization of the retinal vasculature.26

Another experimental system in which increased

CuZnSOD activity was not protective against oxidative

damage to the retina was described by Smith et al,43 who

reported that transgenic mice with a two-fold increase in

SOD activity, used as a model for oxygen-induced

retinopathy, showed an increase in retinal

neovascularization. These authors also found no

difference between the area of hypoxia-induced vascular

obliteration in the SOD transgenic mice and the wild

type. The CuZnSOD activity in our transgenic mice,

determined in primary cell cultures as well as in brain

extracts, was four times greater than in the wild type.44

This large variation in CuZnSOD overexpression

between our study and that of Smith et al43 might well

account for the difference in the observed protective

effects of overexpression of CuZnSOD on oxygen-

induced retinopathy.

The use of laser or cryotherapy has greatly improved

the treatment of ROP. Nevertheless, a therapy that could

Figure 4 Representative fluorescein-conjugated dextran-per-
fused flat-mounted retinal preparations from (a) a wild-type
mouse exposed to 75% oxygen (RS¼ 10), showing significant
loss of central blood vessels, tortuosity of vessels, and
neovascular tufts, and from (b) a transgenic CuZnSOD mouse
exposed to 75% oxygen (RS¼ 0), showing a normal retina.
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prevent ROP development would represent a substantial

advance. This study supports the theory that

antioxidants such as CuZnSOD might play an important

role in the prevention of retinal vascular formation

caused by exposure to high concentrations of oxygen.

Further research is needed before these findings can be

harnessed for the development of a preventive treatment

for premature infants at risk of ROP.
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