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PURPOSE. Frequent, brief intermittent episodes of hypoxia (IH) during hyperoxia increase
reactive oxygen species in the immature retina with compromised antioxidant systems, thus
leading to oxygen-induced retinopathy (OIR). We examined the hypothesis that early
exposure to a mimetic of superoxide dismutase (SOD), the first line of defense against
oxidative stress, will decrease IH-induced reactive oxygen species (ROS) and prevent severe
OIR in our rat model.

METHODS. To test this hypothesis, newborn rats (P0) were exposed to IH consisting of
alternating cycles of 50% O2 with brief hypoxia (12% O2) until P14 during which they were
treated with a single daily intraperitoneal (IP) dose of MnTBAP (a SOD mimetic) at 1.0, 5.0, or
10.0 mg/kg on P0, P1, and P2. A saline-treated group served as vehicle controls. Groups were
analyzed following IH at P14 or allowed to recover in room air (RA) until P21. Control
littermates were raised in RA with all conditions identical except for inspired O2. Ocular
assessment of OIR severity, oxidative stress, angiogenesis, antioxidant activity, and oxidative
phosphorylation (OXPHOS) were conducted at P14 and P21.

RESULTS. Collectively, the data show increased oxidative stress and angiogenesis with MnTBAP,
which was associated with photoreceptor damage, retinal characteristics consistent with
severe OIR, and changes in genes regulating OXPHOS.

CONCLUSIONS. In the setting of IH, the use of exogenous SOD mimetics must be combined with
H2O2 scavengers in order to prevent photoreceptor damage and severe OIR.
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Retinopathy of prematurity (ROP) is a leading cause of
childhood blindness worldwide. Approximately 16,000

preterm infants develop ROP annually in the United States, and
with improving neonatal care, the incidence is rising in
developing countries.1 Since the 1940s, oxygen has been
implicated in the pathogenesis of ROP. With significant advances
in the management of oxygen exposure, there was an initial
decline in the incidence of ROP. However, with advancing
neonatal care and survival of extremely low-gestational-age
neonates (ELGANs), a second epidemic of ROP has emerged as
a significant morbidity in the neonatal intensive care unit,2,3

specifically affecting ELGANs who experience frequent, brief
arterial oxygen desaturations, or apneas. The etiology of this
‘‘new’’ form of ROP is multivariate and complex, and involves
hypersensitivity of the immature retina to changes in oxygen.

Choroidal oxygen delivery to the retina is tightly regulated.4

Immature retinas of ELGANs have an impaired ability to limit
oxygen delivery. This, in combination with immature antioxidant
systems5 and the abundance of polyunsaturated fatty acids and
high metabolic rate, makes the retina particularly susceptible to
oxidative damage.6 Human and animal studies have demonstrat-
ed that variable oxygen is a key factor involved in the

development of ROP.2,7–10 Specifically, those infants experienc-
ing the greatest fluctuations in their PaO2 seem to be at higher
risk for developing threshold ROP.7 The pathophysiology of ROP
is currently viewed as occurring in two successive phases. Phase
1 starts with suppression of retinal vascular growth upon
exposure of the immature retina to oxygen during supplemental
oxygen therapy following preterm birth (vaso-obliteration). Vaso-
obliteration causes hypoxia of the immature retinal vasculature
and release of growth factors that lead to abnormal retinal
vascular overgrowth in phase 2 (vasoproliferation).3 Studies in
our laboratory have shown that these two phases occur
simultaneously in our oxygen-induced retinopathy (OIR) model
that simulates frequent, brief oxygen desaturations experienced
by ELGANs.11,12 What is not known are the roles of the reactive
oxygen species (ROS), antioxidants, and oxidative phosphoryla-
tion (OXPHOS) in this model of ‘‘new ROP.’’

The mitochondria are the main consumers of oxygen and
producers of ROS and antioxidants. Reactive oxygen species may
exert their damage directly, or they may act as molecular signals
upregulating the genes involved in angiogenesis (e.g., VEGF).13

To date, the only significant work involving the mitochondria
and OIR has been conducted by Penn et al.,14 who demonstrated
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reduced avascular area of the retina with exogenous treatment
with liposomal manganese superoxide dismutase (MnSOD). This
study was done in rat pups exposed to constant hyperoxia, 80%.
However, since ELGANs experience IH in the order of minutes,
we used a unique model of brief IH to test the hypothesis that
early exposure to superoxide dismutase (SOD), a potent
superoxide anion scavenger, will decrease IH-induced ROS and
prevent severe OIR in our rat model simulating apnea and brief
arterial oxygen desaturations in ELGANs. To test our hypothesis,
we used MnTBAP, a SOD mimetic and peroxynitrite scavenger.
Our objectives were to examine the dose–response effects of
MnTBAP on the development of severe OIR in our rat model; to
assess the effect of MnTBAP on ocular biomarkers of oxidative
stress, angiogenesis, and antioxidant activity; and to determine
the mRNA expression of VEGF signaling genes and genes
regulating OXPHOS in the retina during the two phases of ROP,
vaso-obliteration (phase 1, P14) and vasoproliferation/reoxyge-
nation (phase 2, P21).

MATERIALS AND METHODS

All experiments were conducted according to the ARVO
Statement for the Use of Animals in Ophthalmic and Visual
Research.

Experimental Design

Timed-pregnant Sprague-Dawley rats were purchased from
Charles River Laboratories (Wilmington, MA, USA). Within 2 to
3 hours of birth, newborn rat pups delivered on the same day
were pooled and randomly assigned to expanded litters of 18
pups/litter. The expanded litter size was used to simulate the
relative postnatal malnutrition ELGANs experience, which
increases their risk for ROP. Each pup was weighed and
measured for linear growth (crown-to-rump length in centi-
meters). The IH profile of 50%/12% O2 was as previously
described.11 This design has been shown to produce a severe
form of OIR in neonatal rats. A total of 16 groups were studied,
and drug or placebo saline was administered as a 3-day
consecutive treatment on P0, P1, and P2. Groups 1 to 4 were
exposed to hyperoxia/hypoxia cycling from P1 to P14 and
received intraperitoneal (IP) injections on P0, P1, and P2 prior
to euthanasia on P14 (phase I): group 1, MnTBAP 1 mg/kg/d;
group 2, MnTBAP 5 mg/kg/d; group 3, MnTBAP 10 mg/kg/d;
and group 4, equivalent-volume saline. Groups 5 to 8 were
exposed to hyperoxia/hypoxia cycling from P1 to P14,
received similar MnTBAP doses on P0, P1, and P2, and then
were placed in room air (RA) from P14 to P21 (phase II).
Groups 9 to 16 served as RA controls. Groups 9 to 12 received
similar MnTBAP doses P0, P1, and P2 and remained in RA from
P0 to P14; and groups 13 to 16 received similar MnTBAP doses
on P0, P1, and P2 and remained in RA from P0 to P21. The
doses of MnTBAP were based on previous reports showing that
IP injections of 5 mg/kg/d prolonged the life span of neonatal
mice with nullizygous SOD2.15,16

Sample Collection

Both eyes from nine male and nine female pups in each group
were enucleated and rinsed in ice-cold phosphate-buffered saline
(PBS; pH 7.4) on ice. The vitreous fluid (VF) was aspirated and
processed as previously described.11,12 Vitreous fluid was pooled
for a total of six samples per group (three males and three
females). None of the VF samples were contaminated with
blood. The retinas were then excised and processed as
previously described.11,12 Retinas were pooled to obtain enough
samples for enzyme-linked immunosorbent assay (ELISA) and

quantitative polymerase chain reaction (qPCR) assays. Retinas
were also assessed using fluorescein-dextran, adenosine diphos-
phatase (ADPase), and hematoxylin and eosin (H&E) staining.

Retinal Fluorescein–Dextran Perfusion

Fluorescein–dextran perfusion was carried out as previously
described.11,12 To determine retinal vascular development,
computer-digitized images of fluorescein–dextran-stained retinas
were examined. Images are presented at 310 magnification.

Retinal ADPase Staining

Adenosine diphosphatase staining of the retinas and computer
imaging were carried out as previously described.11,12,17 Digital
images of the whole flattened, stained retinas were captured at
34 magnification for scoring. Images were saved using the
SPOT software (Diagnostic Instruments, Inc., Sterling Heights,
MI, USA), Olympus BH-2 microscope (McBain Instruments,
Chatsworth, CA, USA), and Dell Optiplex GX280 computer
(Dell Computer Corporation, Dallas, TX, USA). Images of the
ADPase-stained and fluorescein–dextran-stained retinas are
presented at 310 magnification. All images were assessed by
an ophthalmology pathologist.

Quantification of Retinal Neovascularization and
Retinal Scoring

Scoring of the retinas was conducted by the same individuals
who carried out the staining and imaging. Therefore, scoring
was not masked despite deidentification of the slides during
the scoring process. Neovascularization was determined as
calculated area (lm2) of retinal overgrowth extending beyond
the avascular zone into the ciliary body in each quadrant of the
retinal flat mounts (total 32 measurements/group). Each
quadrant was divided into three equal parts to represent 3,
6, 9, and 12 clock hours. The area was outlined on the retinal
images using the region selection tool of the image analysis
software (SPOT), and the ratio of avascular to vascular areas
was quantified. For retinal scoring, we used a modified version
of the scoring system developed by Higgins et al.18 The scoring
criteria included vascular tufts, retinal overgrowth (vessels
growing beyond the avascular zone and into the ciliary body),
retinal hemorrhage, vessel tortuosity, and persistence of
hyaloid vessels (this criterion was added because persistent
hyaloid vessels at P14 and P21 are recruited, and it is usually
indicative of neovascularization in our model). For scoring,
each retina was divided into 12 equally sized sections
representing the ‘‘clock hours.’’ A score of 0 was given if
none of the characteristics were found in any of the clock
hours; a score of 1 was given if found in <3 clock hours; a
score of 2 was given if found in 3 to 5 clock hours; a score of 3
was given if found in 6 to 8 clock hours; and a score of 4 was
given found in 9 to 12 clock hours. The retinopathy score was
calculated by the sum of points for each criterion and divided
by the number of retinas for an average score. The maximum
score was 24. A score of >12 was considered severe OIR.11

Oxidative Stress and Lipid Peroxidation

Isoprostanes are prostanoid derivatives that are produced by
the nonenzymatic peroxidation of arachidonic acid through
ROS. 8-Isoprostane, or 8-isoPGF2a, is commonly studied and is
abundantly generated in vivo during oxidative stress and lipid
peroxidation. To establish ocular oxidative stress, levels of 8-
isoPGF2a were determined in the undiluted VF and retinal
homogenates using commercially available enzyme immunoas-
say kits from Assay Designs, Inc. (Ann Arbor, MI, USA)
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according to the manufacturer’s protocol. Levels in the retinal
homogenates were standardized using total cellular protein
levels according to the Bradford method (BioRad Laboratories,
Hercules, CA, USA).

Antioxidant Activity

Catalase, SOD, and glutathione peroxidase (GPX) activities were
determined in undiluted VF and retinal homogenates using
commercially available assay kits from Cayman Chemicals (Ann
Arbor, MI, USA) as previously described.17 Levels in the retinal
homogenates were standardized using total cellular protein
levels according to the Bradford method (BioRad Laboratories).

VEGF and sVEGFR-1

On the day of the assay, retinas were homogenized on ice,
centrifuged at 2370g at 48C for 20 minutes. Vascular endothelial
growth factor and soluble vascular endothelial growth factor
receptor (sVEGFR)-1 levels were determined in undiluted VF
and retinal homogenates using commercially available sandwich
immunoassay kits for rat/mouse from R&D Systems (Minneap-
olis, MN, USA). Levels in the retinal homogenates were
standardized using total cellular protein levels according to the
Bradford method (BioRad Laboratories).

Retinal H&E Staining

Eyes were enucleated, rinsed in PBS, fixed in Hartmann’s
fixative, and sent to New York University Experimental
Pathology Histology Core Laboratory, New York, New York for
H&E staining. During embedding and sectioning, the eyes were
oriented with the cornea horizontal to the optic nerve and the
optic nerve visible in the sections. Images were taken at the
central retina and captured at 340 magnification using an
Olympus BX53 microscope, DP72 digital camera, and CellSens
imaging software (Olympus, Center Valley, PA, USA), attached to
a Dell Precision T3500 computer (Dell, Round Rock, TX, USA).
All images were assessed by an ophthalmology pathologist.

Real-Time Polymerase Chain Reaction

Total retinal RNA was extracted as previously described.11,12,17

To identify genes that are affected by MnTBAP in IH, real-time

PCR arrays were carried out in duplicate using the rat
mitochondrial energy metabolism and rat VEGF Signaling
PCR array systems (SABiosciences, Frederick, MD, USA) using
a BioRad Laboratories IQ5 real-time instrument.

Statistical Analysis

One-way analysis of variance (ANOVA) was used to determine
differences among the groups for normally distributed data,
and Kruskal-Wallis test was used for nonnormally distributed
data following Bartlett’s test for equality of variances. Post hoc
analysis was performed using the Tukey, Bonferroni, and
Student-Newman-Keuls tests for significance. To compare data
between RA and IH groups, unpaired t-test was employed for
normally distributed data and Mann-Whitney U tests were used
for nonnormal data following Levene’s test for equality of
variances. The Mann-Whitney U test was used to analyze the
scoring data. Significance was set at P < 0.05, and data are
reported as mean 6 SEM. All analyses were two-tailed and
performed using SPSS version 16.0 (SPSS, Inc., Chicago, IL,
USA). Graphs were prepared using GraphPad Prism ver. 5
software (GraphPad, San Diego, CA, USA).

RESULTS

No Long-Term Effects of MnTBAP on Somatic
Growth

The groups exposed to IH and treated with MnTBAP were
generally heavier than RA controls. However, MnTBAP did not
have long-lasting effects on growth, as it appeared to preserve
body weight accretion closer to the time of administration
(data not shown).

High MnTBAP Doses Increase Oxidative Stress

Retinal 8-isoPGF2a levels were measured as a marker for
oxidative stress. At P14, retinal 8-isoPGF2a levels were
significantly higher in the saline-treated IH group compared
to RA. No similar increases were noted with MnTBAP (Fig. 1A).
At P21, a more profound elevation in retinal 8-isoPGF2a levels
was noted in the saline-treated IH group compared to RA. This
increase was attenuated with the 1 and 5 mg/kg doses of

FIGURE 1. Dose–response effects of MnTBAP on retinal 8-isoPGF2a in neonatal rats at P14 (A) and P21 (B). Animals were treated with a single IP
dose of either 1, 5, or 10 mg/kg on P0, P1, and P1. Animals were exposed to intermittent hypoxia (IH) from P0 to P14 (A). Animals studied at P21
were placed in room air (RA) from P14 to P21. Room air littermates were raised in RA from P0 to P14 or P0 to P21 and treated with similar doses of
MnTBAP or equivalent-volume saline. To compare data among the RA (*) or IH (#) groups (saline versus MnTBAP treated), one-way ANOVA was
employed for normally distributed data, and Kruskal-Wallis test was used for nonnormally distributed data. To compare data between RA and IH
groups (§) for each treatment, unpaired t-test was employed for normally distributed data and Mann-Whitney U tests were used for nonnormal data.
Data are presented as mean 6 SEM (n ¼ 6 samples/groups).
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MnTBAP. On the other hand, the 10 mg/kg MnTBAP dose
significantly increased retinal 8-isoPGF2a levels (Fig. 1B) in the
IH group. There was no effect of MnTBAP on 8-isoPGF2a in the
RA-treated groups.

MnTBAP Increases Vitreous Fluid SOD

At P14 there was a decrease in retinal SOD activity with
progressively larger MnTBAP doses (Fig. 2A) in both RA and IH
groups. At P21, retinal SOD activity in saline-treated IH control
was significantly lower than in RA (Fig. 2B). MnTBAP treatment
in RA uniformly suppressed retinal SOD activity. Conversely,
treatment with the lower doses in IH increased retinal SOD
levels, but not with the highest dose. In the VF, there was a
more robust SOD response to MnTBAP resulting in higher
levels with all doses in RA and IH compared to saline treatment
in RA and IH at P14 (Fig. 2C). Similar to the changes in retinal
tissue, at P21, the decrease in SOD in response to IH persisted.
Treatment with 1 and 5 mg/kg MnTBAP in RA decreased VF
SOD activity, but not 10 mg/kg. The opposite was true for
treatment in IH (Fig. 2D). No differences in catalase and GPX
were detected among the groups (data not shown).

MnTBAP Increases VEGF

At P14, exposure to IH increased retinal VEGF levels compared
with RA. Treatment with MnTBAP further increased VEGF level
in all treatment groups, but the effect was greater with the
lower doses (Fig. 3A). At P21, the increase in retinal VEGF was

sustained with IH with no amelioration by MnTBAP treatment.
Of note was the increase in VEGF level with MnTBAP
treatment in RA groups (Fig. 3B). Vitreous fluid VEGF was
lower in the saline-treated IH group and in the group that
received the highest dose of MnTBAP. An opposite effect
occurred with the two lower doses of MnTBAP (Fig. 3C). At
P21, VEGF levels were higher in both the saline-treated and 10
mg/kg MnTBAP groups (Fig. 3D). At P14, retinal sVEGFR-1 was
lower only with MnTBAP 5 mg/kg treatment in IH (Fig. 4A). At
P21, retina sVEGFR-1 levels were higher in the saline-treated IH
group. MnTBAP treatment resulted in higher sVEGFR-1 levels
in RA groups. On other hand, MnTBAP treatment at 5 and 10
mg/kg decreased retinal sVEGFR-1 levels in IH compared to RA
groups (Fig. 4B). In the VF, sVEGFR-1 levels were lower with
MnTBAP treatment in RA (Fig. 4C). At P21, VF sVEGFR-1 was
lower with 10 mg/kg MnTBAP treatment in RA and higher with
treatment in IH (Fig. 4D).

High Doses of MnTBAP Cause Severe OIR

The avascular-to-vascular ratios are presented in Table 1. At
P14, the mean ratio was higher in the saline-treated IH group
(4.8 6 0.47, P < 0.001) compared to the corresponding RA
group (3.1 6 0.31). The ratio was significantly lower with 10
mg/kg MnTBAP treatment in RA (1.92 6 0.21, P < 0.01)
compared to saline (3.1 6 0.31). Similar reductions were
noted with the 5 mg/kg (2.0 6 0.21, P < 0.01) and 10 mg/kg
(1.93 6 0.21, P < 0.01) doses when administered during IH
compared to saline treatment in IH (4.8 6 0.47). At P21, the

FIGURE 2. Dose–response effects of MnTBAP on retinal SOD activity in neonatal rats at P14 (A) and P21 (B) and vitreous fluid SOD at P14 (C) and
P21 (D). Treatment groups are as described for Figure 1. Statistical analyses were conducted as described for Figure 1. Data are presented as mean 6
SEM (n¼ 6 samples/group).
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avascular-to-vascular ratio was reduced with 1 mg/kg (1.1 6
0.09, P < 0.01) and 5 mg/kg (0.72 6 0.05, P < 0.01) doses
compared to saline (3.0 6 0.24) treatment in RA. In IH, only
the 5 mg/kg dose effectively reduced the avascular-to-vascular
ratio (0.85 6 0.1, P < 0.01) compared to saline (2.3 6 0.23).
The average retinal scores are presented in Table 2. At P14,
retinal scores were increased with 10 mg/kg MnTBAP
treatment in RA (P < 0.01) compared to saline. Treatment
with MnTBAP in IH did not significantly improve the retinal
scores. At P21, retinal scoring for vascular pathology revealed
that 75% of the retinal flat mounts in the saline-treated and IH
group scored >12. Similar findings were noted with the
highest dose of MnTBAP.

Figures 5 and 6 show a single representative retinal flat
mount from each group at P14 and P21, respectively. Specific
areas have been magnified and presented in the Supplementary
Material for the IH groups only. The retinas were stained with
ADPase (brown) and fluorescein-dextran (green). The upper
images represent the RA saline (Figs. 5A, 6A), 1 mg/kg MnTBAP
(Figs. 5B, 6B), 5 mg/kg MnTBAP (Figs. 5C, 6C), and 10 mg/kg
MnTBAP (Figs. 5D, 6D) groups. The lower images represent
the corresponding IH groups. At P14, RA images show early
vascular dilation (Fig. 5B, arrow), moderate vascular dilation
(Fig. 5C, arrow), and vessel dilation and neovascularization in
loops (Fig. 5D, arrow). The corresponding fluorescein images
confirm the findings. The IH images show mild vascular
dilation and fluorescein leakage (Fig. 5E); moderate vascular
dilation (Fig. 5F); moderate vascularization and capillary
dropout (Fig. 5G); and moderate vascularization, advanced

capillary dropout, and fluorescein leakage (Fig. 5H). At P21, RA
images show moderate capillary dropout (Fig. 6B), early
neovascularization (Fig. 6C), and neovascularization (Fig. 6D).
The IH images show retinal hemorrhages and vascular leakage
(Fig. 6E); retinal hemorrhages, neovascularization, and focal
vascular leakage (Fig. 6F); capillary dropout and moderate
vascular dilation and neovascularization (Fig. 6G); and retinal
hemorrhages and neovascularization (Fig. 6H). Treatment with
MnTBAP did not appreciably reduce the vascular pathology,
resulting in similar extents of retinal vascular overgrowth and
retinal scoring (Figs. 6F–H). Of concern was the evidence for
vascular pathology with MnTBAP treatment in RA groups.

High Doses of MnTBAP Cause Photoreceptor
Damage

Figure 7 shows the retinal layers stained with H&E. The layers
are labeled in Figure 7A only (NFL, nerve fiber layer; GCL,
ganglion cell layer; IPL, inner plexform layer; INL, inner
nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear
layer; P, photoreceptors; C, choroid). Figures 7A through 7D
represent saline, MnTBAP 1 mg/kg, MnTBAP 5 mg/kg, and
MnTBAP 10 mg/kg treatment in RA at P14, respectively.
Figures 7E and 7F are the corresponding IH groups. Figures 7I
through 7L are the corresponding RA groups at P21, and
Figures 7M through 7P are the corresponding IH groups at P21.
For all groups the inner retina is oriented to the right. Images
show mild NFL vacuolization and/or loss (arrow, Fig. 7B);
moderate NFL vacuolization and/or loss (Fig. 7C); severe NFL

FIGURE 3. Dose–response effects of MnTBAP on retinal VEGF in neonatal rats at P14 (A) and P21 (B) and vitreous fluid VEGF at P14 (C) and P21
(D). Treatment groups are as described for Figure 1. Statistical analyses were conducted as described for Figure 1. Data are presented as mean 6
SEM (n¼ 6 samples/group).
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vacuolization and/or loss, ganglion cell nuclear atrophy, and
photoreceptor degeneration (arrow, Fig. 7E); degeneration of
NFL and increased blood vessel caliber (arrow, Fig. 7F);
degeneration of NFL and severe photoreceptor damage
(arrows, Fig. 7H); moderate NFL vacuolization and/or loss
(arrow, Fig. 7J); moderate NFL vacuolization and/or loss,

dilation of the choroidal vasculature; and photoreceptor
degeneration (arrows, Fig. 7K); severe NFL vacuolization and/
or loss, ganglion cell nuclear atrophy, and photoreceptor
degeneration (arrow, Fig. 7L); neovascularization and hemor-
rhage (arrows, Fig. 7M); degeneration of NFL, increased blood
vessel caliber and wall thickness, retinal folding, photoreceptor

FIGURE 4. Dose–response effects of MnTBAP on retinal sVEGFR-1 in neonatal rats at P14 (A) and P21 (B) and vitreous fluid sVEGFR-1 at P14 (C) and
P21 (D). Treatment groups are as described for Figure 1. Statistical analyses were conducted as described for Figure 1. Data are presented as mean 6
SEM (n¼ 6 samples/group).

TABLE 1. Ratio of Avascular to Vascular Area in Retinal Flat Mounts From 14- and 21-Day-Old Neonatal Rats Exposed to Intermittent Hypoxia and
Treated With MnTBAP (n ¼ 8 Eyes/Group, 4 Males and 4 Females)

Clock

Hours Saline RA Saline O2

MnTBAP

1 mg, RA

MnTBAP

1 mg, O2

MnTBAP

5 mg, RA

MnTBAP

5 mg, O2

MnTBAP

10 mg, RA

MnTBAP

10 mg, O2

P14:

3 0.80 6 0.06 0.91 6 0.12 0.66 6 0.05 0.66 6 0.12 0.46 6 0.04 0.55 6 0.06 0.52 6 0.09 0.54 6 0.11

6 0.87 6 0.11 1.1 6 0.14 0.86 6 0.13 0.93 6 0.41 0.51 6 0.04 0.41 6 0.04 0.50 6 0.07 0.47 6 0.04

9 0.70 6 0.07 1.81 6 0.1 0.76 6 0.12 0.83 6 0.24 0.73 6 0.21 0.54 6 0.05 0.49 6 0.08 0.42 6 0.08

12 0.76 6 0.07 1.00 6 0.1 0.72 6 0.13 0.81 6 0.15 0.49 6 0.05 0.58 6 0.17 0.41 6 0.04 0.50 6 0.06

Total 3.1 6 0.31 4.8 6 0.47* 3.0 6 0.27 3.2 6 0.72 2.2 6 0.25 2.0 6 0.21† 1.92 6 0.21‡ 1.93 6 0.21†

P21:

3 0.84 6 0.05 0.66 6 0.05 0.23 6 0.02 0.64 6 0.06 0.18 6 0.02 0.27 6 0.03 0.94 6 0.1 1.2 6 0.07

6 0.84 6 0.09 0.58 6 0.05 0.29 6 0.03 0.37 6 0.05 0.19 6 0.04 0.20 6 0.02 0.86 6 0.14 0.53 6 0.06

9 0.73 6 0.05 0.53 6 0.09 0.28 6 0.04 0.72 6 0.14 0.20 6 0.04 0.23 6 0.03 0.64 6 0.15 0.54 6 0.12

12 0.63 6 0.05 0.54 6 0.04 0.25 6 0.04 0.57 6 0.07 0.15 6 0.02 0.15 6 0.04 0.77 6 0.11 0.35 6 0.06

Total 3.0 6 0.24 2.3 6 0.23 1.1 6 0.09‡ 2.3 6 0.23 0.72 6 0.05‡ 0.85 6 0.1† 3.2 6 0.50 2.6 6 0.68

* P < 0.01 versus RA.
† P < 0.01 versus saline IH.
‡ P < 0.01 versus saline RA.
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TABLE 2. Retinopathy Scores From 14- and 21-Day-Old Neonatal Rats Exposed to Intermittent Hypoxia and Treated With MnTBAP (n ¼ 8 Eyes/
Group, 4 Males and 4 Females; Maximum Score¼ 24)

Measured Variables Saline RA Saline O2

MnTBAP

1 mg, RA

MnTBAP

1 mg, O2

MnTBAP

5 mg, RA

MnTBAP

5 mg, O2

MnTBAP

10 mg, RA

MnTBAP

10 mg, O2

P14:

Vascular tufts 0 3 2 3 0 2 2 2

Extraretinal neovascularization 0 0 0 1 0 1 2 0

Vessel tortuosity 0 4 0 3 2 2 2 2

Hemorrhage 0 4 2 2 1 2 2 3

Dilated vessels 0 3 0 2 0 2 2 3

Persistence of hyaloid vessels 2 2 0 3 3 2 3 4

Average score 2 16 4 14 6 11 13* 14

P21:

Vascular tufts 0 4 0 2 1 3 0 4

Extraretinal neovascularization 0 4 0 3 1 1 0 4

Vessel tortuosity 0 4 1 3 1 3 2 4

Hemorrhage 0 4 0 3 1 4 1 4

Dilated vessels 0 4 1 2 0 3 2 4

Persistence of hyaloid vessels 1 4 2 2 3 2 1 4

Average score 1 24 4 15 7 16 6 24

* P < 0.01 versus saline RA.

FIGURE 5. Representative retinal flat mounts showing ADPase- and fluorescein–dextran-stained retinas from 14-day-old rat pups exposed to RA (A–
D) and IH (E–H). (A, E) Saline (control); (B, F) 1 mg/kg MnTBAP; (C, G) 5 mg/kg MnTBAP; (D, H) 10 mg/kg MnTBAP. Images are at 310
magnification.
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degeneration, and ONL hemorrhage (arrows, Fig. 7N); marked
degeneration of NFL, increased blood vessel caliber and wall
thickness, and neovascularization violating the ILM (arrow, Fig.
7O); neovascularization of retina posterior to the level of OPL,
degeneration of the NFL, and severe choroidal hemorrhage
with possible retinal detachment (arrows, Fig. 7P).

VEGF and OXPHOS Gene Profiling

Table 3 represents the retinal VEGF signaling genes taken from
a panel of 84 genes. Data are fold regulation compared to
saline-treated RA controls. At P14, there were only mild
changes in the VEGF signaling pathway genes with MnTBAP
treatment in RA and IH. However, at P21, all genes were
upregulated in the saline-treated IH group several-fold com-
pared to saline-treated RA controls. A less robust upregulation
(downregulation compared to saline-treated IH group) was
noted with MnTBAP treatment. Table 4 shows expression of
retinal OXPHOS genes taken from a panel of 84 genes. Data are
fold regulation compared to saline-treated RA controls. At P14,
in the saline IH group, only Uqcrb (involved in complex III)
was upregulated compared to RA. With regard to MnTBAP
treatment, ATPSF0E (involved in complex V) was 457-fold
downregulated with 1 mg/kg MnTBAP in the IH group. Similar
effects were noted with the 10 mg/kg dose in RA (89-fold) and
IH (115-fold) groups. Cox4i1 and Cox8c (involved in complex

IV) were also downregulated 84-fold and 16-fold, respectively,
with the 1.0 mg/kg MnTBAP dose in IH groups. In contrast,
Uqcrb (involved in complex III) was robustly upregulated in all
groups compared to control. At P21, IH caused significant
downregulation of ATPSF0E (18-fold), Cox4i1 (27-fold), Cox8a

(6-fold), and Ndufab1 (31-fold). MnTBAP treatment in the
saline-treated IH groups resulted in attenuation of this effect;
ATPSF0E was upregulated 9-fold with MnTBAP treatment of 1
mg/kg, 1.4 upregulated with 5 mg/kg dose, and 6.4 upregu-
lated with 10 mg/kg dose. MnTBAP treatment resulted in
similar attenuation of IH on Cox4i1, Cox8a, and Ndufab1. On
the other hand, Ndufc2 was significantly upregulated in the
saline-treated IH group. MnTBAP therapy maintained this
upregulation with some additive effect at the 1 mg/kg dose
(77-fold versus 63-fold). MnTBAP therapy in RA also caused
upregulation of Ndufc2. In addition, Ndufb9 was downregu-
lated with 10 mg/kg MnTBAP treatment in the group
recovering from IH. Lastly, Uqcrb upregulation noted in the
saline-treated IH group at P14 was ameliorated at P21.

DISCUSSION

The present study examined the hypothesis that a SOD
mimetic will decrease IH-induced ROS and prevent severe
OIR in a rat model simulating frequent, brief IH episodes in
ELGANs. We opted to treat the pups only from P0 to P2, which

FIGURE 6. Representative retinal flat mounts showing ADPase- and fluorescein–dextran-stained retinas from 21-day-old rat pups exposed to RA (A–
D) and reoxygenation from IH (E–H). (A, E) saline (control); (B, F) 1 mg/kg MnTBAP; (C, G) 5 mg/kg MnTBAP; and (D, H) 10 mg/kg MnTBAP.
Images are at 310 magnification.
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is equivalent to 3 weeks in human infants, because the first few
weeks of life in ELGANs are critical. Recent studies have
demonstrated that ELGANs experience chronic IH episodes
over the first 4 weeks of postnatal life19 and that the pattern of
IH was associated with a more severe form of ROP,20 which is
consistent with and confirms our previous findings.11,12 Using
this same model we previously showed that IH results in ocular
oxidative stress and hydrogen peroxide (H2O2) accumulation
in the choroid predominantly during the reoxygenation
phase.17 We now show that treatment with a superoxide
anion and peroxynitrite scavenger alone, MnTBAP, did not
protect the eye against oxidative stress. Instead, increasing
doses exacerbated the damage particularly during the reox-
ygenation phase. Since SOD converts superoxide anion to
H2O2, this finding suggests that the use of exogenous SOD
without catalase and/or GPX may lead to further H2O2

accumulation. Ocular H2O2 accumulation contributes to
photoreceptor damage21 and angiogenesis via induction of
VEGF/VEGFR-1 signaling,22 thus leading to retinal neovascu-
larization as demonstrated in Figures 5 through 7. While the
lower doses of MnTBAP showed a trend toward decreased
angiogenesis, it is unlikely that the lower doses will prevent
severe OIR as the use of a H2O2 scavenger would still be
required. Previous studies by Usui et al.21 showed that

although SOD is an important component of the antioxidant
defense system of photoreceptors, coexpression with GPX
reduced oxidative damage in the retina. The authors concluded
that in order to prevent high levels of H2O2 in the retina, SOD
must be coadministered with a H2O2 detoxifying enzyme. Our
data support this premise and suggest that parsimonious use of
a single, low-dose SOD with a H2O2 scavenger may be a more
beneficial therapeutic approach.

Reactive oxygen species including superoxide anion, H2O2,
and peroxynitrite are catalyzed by various antioxidant systems
including SOD.23 Reactive oxygen species are formed in the
mitochondria and play an important role in retinal vaso-
obliteration in ROP.24–26 Oxygen fluctuations experienced by
preterm infants induce cells to express nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, which leads to ROS
and apoptosis of endothelial cells.6,27 Using a reliable and
proven biomarker for oxidative stress, 8-iso-PGF2a

28,29 we
showed higher levels in the saline- and MnTBAP 10 mg/kg-
treated IH groups at P21 or reoxygenation (phase 2). The
present findings confirm previous findings17,30 and highlight
the ongoing damage from ROS during reoxygenation and
repair. Superoxide dismutase converts superoxide anion to
H2O2, which is then metabolized by GPX and catalase.31

Therefore, coadministration with other antioxidants such as

FIGURE 7. Representative H&E stain of retinal layers from 14-day-old (A–H) and 21-day-old (I–P) rat pups. Retinal layers are labeled in (A) as NFL
(nerve fiber layer); IPL (inner plexiform layer); INL (inner nuclear layer); OPL (outer plexiform layer); ONL (outer nuclear layer); P (photoreceptors);
C (choroid). (A–D) Saline, MnTBAP 1 mg/kg, MnTBAP 5 mg/kg, and MnTBAP 10 mg/kg treatment in RA at P14, respectively; (E–H) the
corresponding IH groups; (I–L) the corresponding RA groups at P21; (M–P) the corresponding IH groups at P21. Images are at 340 magnification.
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catalase and/or GPX may provide more protection.27 Super-
oxide dismutase is the first line of defense against oxidative
stress in the mitochondria, with MnSOD located in the inner
mitochondrial matrix. Neisman et al.31 showed an improve-
ment in the avascular area when hyperoxia-exposed rats were
treated with liposomal SOD. In our study, during phase 1
(vaso-obliteration), retinal SOD activity was suppressed by
MnTBAP in a dose-dependent manner, while during phase 2
(reoxygenation) retinal SOD activity was depleted in response
to IH and MnTBAP, suggesting compromised oxidative stress

defense systems in the retina during this phase despite high
levels in the VF. Previous studies have shown similar high SOD
levels in the vitreous of patients and loss of SOD in the
vasculature with proliferative diabetic retinopathy, which
correlated with increased VEGF.32 In the present study, high
vitreous SOD in response to MnTBAP, a peroxynitrite
scavenger,33 suggests accumulation. We have previously
shown that the vitreous is a reservoir for growth factors34

and therefore may reflect the ROS milieu resulting from
peroxynitrite scavenging. This tight balance of antioxidant–

TABLE 3. Fold Regulation of VEGF Signaling Genes in the Retinas of Neonatal Rats at 14 and 21 Days Postnatal Age (Data Are Compared to Those for
Saline-Treated 14-Day or 21-Day RA Littermates)

Genes of Interest Saline O2

MnTBAP

1 mg, RA

MnTBAP

1 mg, O2

MnTBAP

5 mg, RA

MnTBAP

5 mg, O2

MnTBAP

10 mg, RA

MnTBAP

10 mg, O2

P14:

HIF-1a 1.2 1.0 1.0 1.4 1.1 1.2 �1.4

NP-1 1.8 2.8 2.0 2.4 2.4 1.9 4.3

NP-2 1.5 1.5 1.9 2.6 1.6 1.6 1.3

VEGF-A �1.7 1.7 1.7 1.4 1.9 1.4 2.8

VEGFR-1 �1.6 2.0 1.4 2.0 1.5 1.9 2.5

VEGFR-2 �1.1 1.3 1.2 1.6 1.6 1.4 1.1

VEGFR-3 �1.4 �1.2 �1.1 �1.1 �1.3 �1.2 1.3

P21:

HIF-1a 1.4 1.7 2.5 2.1 2.0 2.5 1.6

NP-1 173.6 3.4 5.0 6.0 4.8 4.0 2.0

NP-2 118.8 4.5 5.3 9.1 6.0 5.1 6.8

VEGF-A 45.0 2.7 2.9 3.1 3.0 2.5 2.7

VEGFR-1 151.4 3.0 4.0 5.4 4.0 5.2 1.2

VEGFR-2 10.9 3.0 3.5 2.7 3.5 2.8 3.2

VEGFR-3 195.0 1.5 2.3 2.4 2.4 2.0 1.7

All data were corrected using five different housekeeping genes. Genes were selected from a focused panel of 84 genes in the VEGF signaling
pathway. Genes were selected from a focused panel of 84 genes in the OXPHOS signaling pathway. Genes of interest are HIF-1a (hypoxia-inducible
factor-1 alpha), NP-1 (neuropilin-1), NP-2 (neuropilin-2), VEGF-A (vascular endothelial growth factor A), VEGFR-1 (VEGF receptor-1), VEGFR-2

(VEGF receptor-2), VEGFR-3 (VEGF receptor-3).

TABLE 4. Fold Change in Mitochondrial OXPHOS Genes in the Retinas of Neonatal Rats at 14 and 21 Days Postnatal Age (Data are Compared to
Those for Saline-Treated 14- or 21-Day RA Littermates)

Genes of Interest Saline O2

MnTBAP

1 mg, RA

MnTBAP

1 mg, O2

MnTBAP

5 mg, RA

MnTBAP

5 mg, O2

MnTBAP

10 mg, RA

MnTBAP

10 mg, O2

P14:

ATPSF0E 1.1 �1.2 �457.0 1.3 �1.7 �89.4 �115.9

Cox4i1 1.3 1.1 �83.5 2.3 �1.4 1.1 �11.2

Cox8c �1.1 1.2 �15.5 �1.0 �1.4 �1.6 �2.7

Ndufab1 �1.1 �1.0 �6.2 2.1 �1.8 �1.1 �2.7

Ndufb9 1.4 1.2 1.3 2.6 1.1 1.1 1.4

Ndufc2 1.3 1.3 1.1 2.8 �1.1 1.1 1.2

Uqcrb 22.7 23.8 21.9 53.2 16.9 22.0 22.7

P21:

ATPSF0E �17.5 5.7 8.9 2.5 1.4 �28.2 6.4

Cox4i1 �26.5 3.0 5.2 1.3 �3.4 2.6 2.9

Cox8a �5.5 2.4 3.4 1.1 1.8 1.6 1.7

Ndufab1 �31.4 1.2 1.7 �1.6 �2.0 1.3 1.3

Ndufb9 1.8 2.0 1.9 1.6 2.1 1.7 �42.3

Ndufc2 63.0 84.0 77.3 74.2 67.3 80.2 67.3

Uqcrb 2.0 2.5 2.1 2.1 2.5 2.3 1.9

All data were corrected using five different housekeeping genes. Genes were selected from a focused panel of 84 genes in the OXPHOS signaling
pathway. In alphabetical order, the genes of interest are ATPSF0E (ATP synthase Hþ transporting mitochondrial F0 complex subunit E); Cox4i1

(cytochrome c oxidase subunit IV isoform 1); Cox8a (cytochrome c oxidase subunit VIIIa); Ndufab1 (NADH dehydrogenase [ubiquinone] 1, alpha/
beta subcomplex, 1); Ndufb9 (NADH dehydrogenase [ubiquinone] 1 beta subcomplex, 9); Ndufc2 (NADH dehydrogenase [ubiquinone] 1,
subcomplex 2); Uqcrb (ubiquinol-cytochrome c reductase binding protein).
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ROS systems must remain in the forefront as antioxidant
therapies for ROP are explored.

The role of VEGF in oxidative stress and OIR is well
documented. However, it is not known how ocular VEGF
responds to exogenous antioxidants in the IH setting. Here, we
show that MnTBAP treatment increased VEGF in the retina
and, to a lesser degree, in the vitreous during IH. The reason
for this is not clear; however, studies by Oshikawa et al.22

demonstrate that accumulation of H2O2 with the use of SOD
alone increases angiogenesis via VEGF/VEGFR-2 induction.
Despite the trend for decreased angiogenesis with the lower
doses of MnTBAP, the pathological findings of nerve fiber
edema, outer nuclear layer hemorrhage, and defects in the
neural retina, particularly during reoxygenation/recovery (Fig.
7), may have resulted from H2O2 accumulation, even with the
lower doses. Studies in children with ROP showed that the
photoreceptors are the primary site of retinal dysfunction.35–37

This is confirmed in the rat model of ROP,38,39 and suggests
that hyperoxia causes damage not only to the peripheral
vessels, but in the photoreceptors, and that this photoreceptor
damage may even persist after the damage to the vessels has
resolved.35 It should also be noted that unlike retinal vessels,
choroidal vessels, which provide oxygen to the photorecep-
tors, are incapable of autoregulation when tissue oxygen levels
are increased, thus leading to high oxygen levels in the outer
retina and accumulation of ROS and cell death. Indeed, studies
by Yu et al.40 demonstrate a relationship between H2O2 and
autophagy. Other studies show co-occurrence of autophagy
and apoptosis in photoreceptor degeneration in response to
H2O2.41 Soluble VEGFR-1 is a splice variant of the membrane
type, VEGFR-1. It inhibits VEGF action in humans and mice by
competitively binding to VEGF receptor.42 Studies by Aiello et
al.43 showed that intravitreous injection of soluble VEGF–like
chimeric proteins reduced retinal neovascularization by 50% in
an animal model of ischemic retinopathy. Work by Rota et al.44

showed an even greater decrease in retinal neovascularization
in oxygen-exposed rats injected with sVEGFR-1. Our data show
that endogenous sVEGFR-1 is increased in response to high
VEGF levels, but this effect is abrogated with the highest dose
of MnTBAP in the retina but not the VF.

The retina is a highly metabolically active tissue; therefore
modifications in the retinal environment would impact the
efficiency of OXPHOS. In OXPHOS, complex I (reduced
nicotinamide adenine dinucleotide [NADH] dehydrogenase) is
the main entrance point of electrons to the respiratory chain.45

Complex II, or succinate dehydrogenase, is an alternate
entrance point that transfers electrons from succinate to
ubiquinone. Complex III, or cytochrome c reductase, is the
central point in OXPHOS; complex IV or cytochrome c oxidase
is the terminal complex that uses adenosine triphosphate
(ATP) synthase or complex V to translocate protons across the
inner mitochondrial membrane.45 Our data showed that IH
mainly affects complexes I, III, IV, and V. Phase 1 or vaso-
obliteration was highly associated with upregulation of Uqcrb

component of complex III. Previous reports suggest that the
primary site for ROS generation is at complex III triggering
hypoxia-inducible factor (HIF)-1a.46 Therefore, complex III
appears to be a critical point of cellular hypoxia signaling.47–49

Inhibition of Uqcrb with terpestacin50 or HDNT51 inhibited
hypoxia-induced angiogenesis as well as mitochondrial ROS
production in tumor cells. The early activation of this gene
highlights that the process of neovascularization is triggered
long before phase 2 (vasoproliferation) of ROP begins
according to the classical definition of ROP. However, in the
‘‘new ROP,’’ the two phases are no longer clearly defined, with
infants experiencing this variation on a minute-to-minute basis.
Treatment with MnTBAP during vaso-obliteration suppressed
Cox (complex IV) and ATPSF0E (complex V). This is most

likely due to upregulation of uncoupling proteins, which,
when under oxidative stress, are upregulated to dissociate the
electron transport chain from ATP production converting the
energy to heat loss and limiting further endogenous ROS
production.52 In our model of brief IH, reoxygenation at P21
was associated with upregulation of ubiquinone (complex I).
Complex I is a major site of ROS production. One possible
explanation for increased complex I activity is accumulation of
H2O2.

In summary, we have shown that administration of an
exogenous SOD mimetic without efficiently scavenging H2O2

causes photoreceptor damage and neovascularization. Further-
more, we have shown that retinal mitochondrial energy
balance is disturbed in this model and that the developing
retina is unable to recover. With the renewed interest in
antioxidants in the preterm infant, we recommend there be an
abundance of caution when pursuing these therapies, as the
complex roles of antioxidants and ROS in retinal development
are clearly not yet understood.
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