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ABSTRACT: Oxygen fluctuation patterns in preterm infants who
develop retinopathy of prematurity (ROP) are varied and poorly
represented in animal models. We examined the hypothesis that
clustered (CL) episodes of hypoxia during hyperoxia results in a
more severe form of oxygen-induced retinopathy (OIR) than dis-
persed episodes. Rat pups were exposed to alternating cycles of 1)
50% O2 with three CL episodes of 12% O2 every 6 h; or 2) 50% O2

with one episode of 12% O2 every 2 h, for 7 (P7) or 14 (P14) days
postnatal age. Pups were killed after hyperoxia, or placed in room air
(RA) until P21. RA littermates were killed at P7, P14, and P21.
Systemic and ocular vascular endothelial growth factor (VEGF),
soluble VEGFR-1 (sVEGFR-1), insulin-like growth factor I (IGF-I),
and growth hormone were examined. All hyperoxia-exposed retinas
had evidence of neovascularization. Animals in the CL group had a
more severe form of OIR at P21 evidenced by vascular tufts, leaky
vessels, retinal hemorrhage, and vascular overgrowth. These charac-
teristics were associated with low body weight; high systemic and
ocular VEGF; and low systemic and high ocular sVEGFR-1 and
IGF-I. These data suggest that preterm infants who experience CL
fluctuations in PaO2 during supplemental O2 therapy are at a higher
risk for severe ROP. (Pediatr Res 64: 50–55, 2008)

Retinopathy of prematurity (ROP) continues to be a sig-
nificant long-term morbidity in very low birth weight

(VLBW) preterm infants (�1500 g) who experience numer-
ous alterations in their O2 saturations (1,2). Although strict
management of O2 exposure with careful monitoring of O2

saturation has been shown to be successful in controlling the
disease (3), infants who experience the greatest fluctuations in
their PaO2 seem to be at a higher risk for the development of
threshold ROP (4). This is corroborated by animal studies
which show a greater degree of retinal neovascularization in
variable O2 levels (80/40%) compared with constant levels
(80%) with further studies showing greater vascular pathology
in cycles of hyperoxia/hypoxia (50/10%) compared with vari-
able hyperoxia alone (80/40%) (5,6). Most of these studies

have used models of hyperoxia with hypoxia lasting 12–24 h
(5–9), but ill VLBW infants experience O2 fluctuations on the
order of minutes, not hours.
Utilizing an experimental O2 model of brief, 2-min episodes

of hypoxia dispersed (DP) every 2 h, we have demonstrated
upregulation of retinal vascular endothelial growth factor
(VEGF), VEGF receptor-2 (VEGFR-2), and severe neovascu-
larization before recovery in room air (RA) (Coleman et al.,
2007, unpublished data) suggesting that retinal VEGF upregu-
lation, changes in vascular morphology, and neovasculariza-
tion may be initiated before weaning from O2 therapy in
VLBW infants who experience frequent apnea and variability
in O2 saturations. Those previous findings contrast with the
current hypothesis for the etiology of ROP and provide direct
evidence for the onset of retinal neovascularization before
weaning from O2 therapy. Further, we observed that VLBW
infants who experience clustered (CL), consecutive apnea and
desaturations appear to be more susceptible to the develop-
ment of severe ROP. This enabled us to hypothesize that brief,
CL episodes of hypoxia during prolonged hyperoxia would
result in a more severe form of oxygen-induced retinopathy
(OIR) than brief, evenly DP episodes of hypoxia.

MATERIALS AND METHODS

All experiments were approved by the Memorial Health Services Institu-
tional Animal Care and Use Committee, Long Beach, CA. Animals were
managed according to the ARVO Statement for the Use of Animals in
Ophthalmic and Visual Research, the United States Department of Agricul-
ture, the Guide for the Care and Use of Laboratory Animals, and the American
Veterinary Medical Association.

Experimental design. Certified infection-free, timed-pregnant Sprague
Dawley rats were purchased from Charles River Laboratories (Wilmington,
MA) at 19 d gestation. The animals were housed in an animal facility with a
12-h-day/12-h-night cycle and provided standard laboratory diet and water ad
libitum. Within approximately 5 h of birth, newborn rat pups delivering on the
same day were pooled and randomly assigned to expanded litters of 17
pups/litter. The expanded litter size was used to simulate relative postnatal
malnutrition in ill VLBW infants. Rat pups raised in large litters have been
shown to develop more severe abnormal neovascularization (10). One dam
remained with the same litter for the entire study. Each pup was weighed andReceived October 29, 2007; accepted February 8, 2008.
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measured for linear growth (crown to rump) before experimentation. On the
day of birth, or postnatal day 1 (P1), the OIR groups were placed in
specialized chambers for hyperoxia/hypoxia cycling. The hyperoxia/hypoxia
cycles consisted of 50% O2 followed by brief episodes of hypoxia (12% O2)
for 2 min for a total of 12 cycles per day. These hypoxic episodes were spaced
in one of two ways. In the DP group, the cycles were evenly spaced every 2 h
throughout the day. In the CL group, three episodes of hypoxia were grouped,
each 10 min apart, followed by hyperoxia to complete 6 h. These OIR models
were modified from a previously validated model (5–9). Hypoxia of 12% O2

was used due to the extended time period needed to reach 10% and the desire
to keep the hypoxic episodes brief. To reach 12% O2 required 2 min, but to
reach 10% O2 required a total of 5 min. The O2 concentration remained at
12% for 2 min. Previous work by Werdich et al. (9) showed that hypoxia of
12.5% O2 was significant enough to cause retinal pathology. Nine groups
were studied. Two groups were exposed to DP or CL hyperoxia/hypoxia
cycling for 7 d from P1 to P7 (7D-O2 DP and 7D-O2 CL); two groups were
exposed to DP or CL hyperoxia/hypoxia cycling for 14 d from P1 to P14
(14D-O2 DP and 14D-O2 CL); two groups were exposed to DP or CL
hyperoxia/hypoxia cycling for 14 d (P1 to P14), then allowed to recover in RA
until P21 (21D-O2 DP and 21D-O2 CL); and three groups of age-matched
control littermates in expanded litters of 17 pups/litter, were raised in RA
from P1 to P7 (7D-RA), P1 to P14 (14D-RA), or P1 to P21 (21D-RA).

Hyperoxia/hypoxia cycling. On the day of birth (P1), all hyperoxia-
exposed litters were placed with the dams into specialized O2 chambers
(BioSpherix, NY) attached to an oxycycler. The oxycycler sensed O2 inside
the chamber and infused nitrogen to reduce O2 and O2 to raise it. Oxygen
content inside the chamber was continuously monitored and recorded on a
Dell Computer. The animals remained undisturbed except during the bedding
change, which occurred every 3 d, during a 50% O2 cycle, and lasted no more
than 3 min. The chamber was optimized for gas efficiency and provided
adequate ventilation for the animals in a controlled atmosphere. Carbon
dioxide in the chamber was continuously monitored and controlled with the
use of a built-in fan and soda lime. Humidity in the chamber was also
continuously monitored and controlled.

Fluorescein-dextran perfusion. To determine retinal vascular develop-
ment, computer-digitized images of fluorescein-dextran stained retinas from
five rats in each group were examined. The rats were anesthetized with
intraperitoneal sodium pentobarbital (40 mg/kg IP) and a median sternotomy
was performed. The left ventricle was perfused with 1 mL of 4% phosphate
buffered formaldehyde containing 50 mg of 2 � 106 molecular weight
fluorescein-dextran (Sigma Chemical Co., St. Louis, MO). The eyes were
enucleated and placed in 4% paraformaldehyde for at least 2 h before removal
of the retina. The retinas were flattened by making four incisions and mounted
with glycerol-gelatin. The flat-mounted retinas were viewed by fluorescence
microscopy and the images were saved on a computer using SPOT software
(Diagnostic Instruments, Inc., Sterling Heights, MI), Olympus BH-2 micro-
scope (McBain Instruments, Chatsworth, CA) and Dell Optiplex GX280
computer (Dell Computer Corporation, Dallas, TX). Images of the retinas
were digitized at 640 � 480 pixels and 4.0� magnification.

Sample collection. Both eyes from 12 rats in each group were enucleated
and rinsed in ice-cold phosphate-buffered saline (pH 7.4) on ice. Enucleation
was performed with the use of iris forceps and scissors for separation of the
eyes from the surrounding connective tissue, nerves, and muscle. The vitreous
fluid was aspirated using a 0.5 mL insulin syringe and placed on ice in sterile
Eppendorf tubes. Vitreous fluid was pooled for a total of five samples per
group. None of the vitreous fluid samples were contaminated with blood. The
retinas were then excised under a dissecting microscope, placed in sterile
polypropylene tubes, and frozen. To obtain enough tissue, retinas were pooled
and a total of five samples were assayed per group. Each sample contained

vitreous or retina from 4–5 eyes. Blood samples were collected in sterile
Eppendorf tubes following decapitation, placed on ice and allowed to clot for
30 min before processing. The tubes were centrifuged at 3000 rpm for 20 min
for collection of serum. Vitreous and serum samples were stored in �20°C
and retinal samples were stored in �80°C until assay.

Assays. On the day of the assay, retinas were homogenized on ice,
centrifuged at 5000 rpm at 4°C for 20 min, and then filtered. VEGF and
soluble VEGFR-1 (sVEGFR-1); and growth hormone (GH) and insulin-like
growth factor I (IGF-I) levels in serum, undiluted vitreous fluid and retinal
homogenates were assayed using commercially available sandwich immuno-
assay kits for rat/mouse from R & D Systems, Minneapolis, MN, and
Diagnostic Systems Laboratories, Webster, TX, respectively, according to the
manufacturer’s protocol. Growth factor levels in the retinal homogenates were
standardized using total cellular protein levels.

Total cellular protein levels. A 10 �L portion of the retinal homogenate
was used for total cellular protein levels using the Bradford method (Bio-Rad,
Hercules, CA) with BSA as a standard. The protein assay was carried out on
the same day as the assays for growth factors.

Statistical analysis. One-way analysis of variance 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
and Student-Newman-Keuls tests for significance. Significance was set at p �
0.05 and data are reported as mean � SEM, where applicable. All analyses
were two-tailed and performed using SPSS (SPSS, Inc. Chicago IL).

RESULTS

Effects on growth. Body weight was lower in both 7D
oxygen-exposed groups compared with their RA air litter-
mates with no differences in linear growth. At P14, only the
CL group had a significantly lower body weight, while
linear growth remained comparable. In contrast, at P21,
both body weight and linear growth were lower in the CL
group (Table 1). Figure 1 represents the DP and CL models
used in the study.
Total VEGF. VEGF levels (pg/mL: serum and vitreous,

pg/mg protein: retina) were significantly elevated in all com-
partments in the CL groups compared with both the DP
hypoxia groups and RA controls (Fig. 2A–C). At P7, serum
VEGF in the CL group (278.1 � 18.9) was more than twice
that of the DP group (122.8 � 9.6, p � 0.001) or RA (146.1 �
8.9, p � 0.001), whereas in the vitreous (488.6 � 141.5 vs.
45.3 � 3.3, 154.7 � 17.2, p � 0.05) and retina (137.8 � 19.2
vs. 15.9 � 6.7, 4.7 � 0.8, p � 0.001) there were multiple fold
increases in VEGF in the CL group. These large increases
continued in the 14D groups. Serum VEGF in the CL group
(172.1 � 3.8) was 10-fold that of either the DP group (14.9 �
1.1, p � 0.001) or RA controls (17 � 2.5, p � 0.001) while
the retina showed 20–40 fold differences (15.7 � 1.3, 6 �
0.8, p � 0.001). In addition, at 14 d, the DP hypoxia group

Table 1. Body weight, linear growth, and growth hormone levels

Body weight
(g)

Linear
growth (cm)

Serum GH
(ng/mL)

Vitreous GH
(ng/mL)

Retinal GH
(ng/mg protein)

7-D RA 14.5 � 0.15 5.2 � 0.05 145.9 � 24 11.8 � 3.8 0.29 � 0.1
7-D O2-DP 12.0 � 0.22* 5.3 � 0.05 179.6 � 10.3 8.8 � 2.3 0.43 � 0.3
7-D O2-CL 12.3 � 0.26* 5.1 � 0.05 97.0 � 27.5 3.4 � 1.3 0.15 � 0.1
14-D RA 23.2 � 0.31 6.2 � 0.07 123.0 � 18.9 2.1 � 1.3 0.59 � 0.5
14-D O2-DP 22.9 � 0.36 6.2 � 0.07 124.1 � 24.7 1.0 � 1.5 0.45 � 0.3
14-D O2-CL 21.5 � 0.20* 6.16 � 0.06 104.2 � 9.9 2.0 � 0.5 0.20 � 0.1
21-D RA 34.0 � 0.90 7.9 � 0.10 51.9 � 22.8 0.5 � 0.1 0.19 � 0.1
21-D O2-DP 35.4 � 1.50 7.4 � 0.12 41.2 � 14.7 1.9 � 1.4 0.19 � 0.1
21-D O2-CL 27.7 � 0.68* 7.1 � 0.10* 23.3 � 11.3 0.2 � 0.1 0.38 � 0.2

* p � 0.01 vs. RA (n � 17/group).
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showed a significant increase in the vitreous VEGF level
(397.9 � 19.7) compared with RA (235.5 � 23.6, p � 0.05)
while the CL hypoxia group showed a significant increase
over both groups (864.4 � 56, p � 0.001). After RA recovery,
there was a highly significant increase in VEGF in the serum
(126.8 � 8.1 vs. 18.3 � 1.3, 10.9 � 1.5, p � 0.001), vitreous
(229.5 � 36.2 vs. 153.3 � 19.4, 116.4 � 9.3, p � 0.05), and

retina (163.3 � 31.5 vs. 27.7 � 3.4, 12.1 � 2.1, p � 0.01) of
the CL hypoxia groups vs. both the DP group and the RA
controls.
sVEGFR-1. Figure 3A shows that after 7 d of cyclic O2

exposure, a significant increase was seen in the serum level of
sVEGFR-1 in the DP group (465.4 � 63.4) compared with both
the CL group (269.6 � 28.2, p � 0.01) and RA (243 � 51,

Figure 1. Graphic representation of the dispersed
(A) and clustered (B) hyperoxia/hypoxia models
used in the study.

Figure 2. Effects of brief dispersed vs. clustered hypoxia during hyperoxia on serum (A), vitreous fluid (B), and retinal (C) VEGF protein levels. The open bar
represents the room air (RA) groups; the lined bar represents the O2-dispersed group (DP); and the solid bar represents the O2-clustered group (CL). Data are
expressed as mean � SEM (n � 12 samples/group for serum; n � 5 samples/group for vitreous fluid and retina). **p � 0.01 vs. RA.

Figure 3. Effects of brief, dispersed (DP) vs. clustered (CL) hypoxia during hyperoxia on serum (A and D), vitreous fluid (B and E), and retinal (C and F)
sVEGFR-1 protein levels at 7 and 21 d postnatal age, respectively. Data are expressed as mean � SEM (n � 12 samples/group for serum; n � 5 samples/group
for vitreous fluid and retina). **p � 0.01 vs. RA.
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p � 0.01). The retinal levels were also decreased in both
experimental groups (DP 380.3 � 115.9, CL 220.2 � 27.4)
compared with RA (1370.3 � 94.5, p � 0.001), while no
differences were noted in the vitreous fluid (Figs. 3B and C).
There were no significant differences in any compartments at
P14 (data not shown). After RA recovery, there was a de-
crease in the serum sVEGFR-1 in the CL group (217.6 �
15.8) compared with both the DP group (654 � 90, p � 0.01)
and RA (530.1 � 51.3, p � 0.01) (Fig. 3A). At this same time,
the vitreous showed a highly significant increase in the
sVEGFR-1 level in the CL group (2641.4 � 288.3) compared
with the DP and control groups (1092.1 � 331.3, 661.7 �
210.1, p � 0.01), while a nonsignificant decrease was noted in
the retina (Figs. 3B and C).

Insulin-like growth factor-1. Significant decreases were
seen in the serum level of IGF-1 in all the CL hypoxia groups
compared with the other two groups (data not shown). In the
7D-O2 CL and 14D-O2 CL groups, the levels of IGF-1 were
nearly half of that seen in either the DP hypoxic group or RA
(7D-O2: 261.8 � 26.7 vs. 455.8 � 17.7 and 405.2 � 32.9, p �
0.01; 14D-O2: 226.55 � 27.6 vs. 445.5 � 26 and 403.3 �
21.2, p � 0.001). No significant changes were noted in the
vitreous or retina (data not shown). After RA recovery, both
experimental groups showed a substantial decrease in serum
IGF-1 levels compared with the RA groups (Fig. 4A). The DP
hypoxic group had less than half the IGF-1 level seen in the
RA group (441 � 29.8 vs. 1039.9 � 114.8, p � 0.05) whereas
the CL group showed a highly significant decrease compared
with both the DP group and RA (174.6 � 17.5, p � 0.001). No
changes were noted in the vitreous fluid IGF-I levels among
the groups (Fig. 4B). Retinal IGF-I levels were elevated in the
CL group compared with the DP and RA groups (13.1 � 1.3
vs. 8.2 � 0.4 and 7.7 � 0.6, p � 0.05) as shown in Figure 4C.

Growth hormone. There were no significant differences in
GH in the serum, vitreous, or retina among any of the groups
(Table 1).
Retinal vascularization. The RA control rats showed the

normal progression of vessels extending toward the periphery
and increasing capillary density, followed by remodeling of
the capillary beds with pruning of the capillary tree around
large vessels from day 7 (Fig. 5A) to day 14 (Fig. 5B) and day
21 (Fig. 5C). There was preservation of the avascular zone
between the peripheral retina and the ciliary body. In contrast,
there was evidence of abnormal vascular morphology in the
hyperoxia-exposed groups. The DP 7D-O2 group showed

vessel leakage and vascular tufts (Fig. 5D) and the DP 14D-O2

groups showed vascular overgrowth extending into the avas-
cular zone (Fig. 5E). Following RA recovery, there was
evidence of severe tortuosity, dilatation, and advanced neo-
vascularization in the 21D-O2 DP group (Fig. 5F). These
vessels bypassed the avascular zone and grew into the ciliary
bodies. These findings of abnormal vessel morphology were
more striking in the CL hypoxia group. In the CL 7D-O2

group (Fig. 5G), there was a severe delay in vascular growth
with the persistence of primordial vessels, which are normally
gone by 3 d of postnatal life in rats. By P14 (Fig. 5H), the
vessels showed severe dilation and tortuosity with areas of
hemorrhage. After RA recovery, the retinas were severely
overgrown and disorganized, obliterating the avascular zone
(Fig. 5I).

DISCUSSION

The present study demonstrated that CL episodes of hyp-
oxia were associated with a more severe form of OIR, thereby
proving our hypothesis that brief, CL episodes of hypoxia
during prolonged hyperoxia would result in a more severe
form of OIR than brief, evenly DP episodes of hypoxia. The
most interesting finding was the effect of CL hypoxia on
VEGF protein levels, which was consistently elevated in all
compartments. VEGF is a potent mitogen specific for endo-
thelial cells and is essential for normal retinal vascular devel-
opment (11,12). Previous studies have examined the effect of
hypoxia on retinal VEGF expression as well as the link
between VEGF upregulation and neovascularization (7,9,13–
15). Work by McColm et al. (7) found that repeated fluctua-
tions in O2 resulted in upregulation of retinal VEGF to a
greater extent than a single episode. Our results are consistent
with, and confirm those findings. Furthermore, our data sug-
gest that the O2 fluctuations also contribute to VEGF upregu-
lation such that grouping of desaturations with minimal time
for recovery leads to a more exaggerated response. This may
be due to decreased VEGF protein turnover during the periods
of hyperoxia or may be caused by upregulation of transcrip-
tion or translation of VEGF mRNA by CL hypoxia, leading to
increased VEGF production. Our animal model is consistent
with the reported clinical findings that VLBW infants who are
clinically unstable have a higher risk of ROP. Although the
exact mechanism for differences in physiologic consequences
between the two OIR models remains unclear, we speculate

Figure 4. Effects of brief, dispersed (CP) vs. clustered (CL) hypoxia during hyperoxia on serum (A), vitreous fluid (B), and retinal (C) IGF-I protein levels at
21 d postnatal age. Data are expressed as mean � SEM (n � 12 samples/group for serum; n � 5 samples/group for vitreous fluid and retina). *p � 0.05; **p �
0.01 vs. RA.
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that it may be due to differences in exposure time of the retina
to hypoxia at a given time point. In the CL group, the retinas
remained hypoxic for a longer period of time.
VEGF exerts its angiogenic effects through its membrane

receptors, VEGFR-1 and VEGFR-2 (16). A cDNA encoding
an alternatively spliced soluble form of VEGFR-1
(sVEGFR-1) binds VEGF with high affinity and inhibits
VEGF-induced angiogenesis (17). Work by Aiello et al. (15)
showed a 50% reduction in retinal neovascularization when
sVEGFR-1-like chimeric proteins were injected into the vit-
reous of animals with retinal ischemia. These proteins are
large and were thought to be unable to diffuse into retinal
tissue, thus limiting their inhibitory effects. More recent work
by Rota et al. (18) showed an even greater reduction in
neovascularization (97.5%) when sVEGFR-1 was injected
into the vitreous of rats with oxygen-induced injury. In the
present study, retinal sVEGFR-1 levels were suppressed in
both OIR models after 7 d of hyperoxia/hypoxia cycling, an
effect that was not reflected in the serum or vitreous fluid.
Interestingly, vitreous fluid sVEGFR-1 levels progressively
increased with advancing age and were significantly higher in
the CL hypoxia group reflecting elevations of VEGF. This
calls into question whether VEGF regulation by endogenous
sVEGFR-1 is developmentally regulated and therefore would
have been permissive to the development of neovasculariza-
tion at such at early point in postnatal life, much earlier than
has been previously thought in the current two-phase view of
ROP. In fact, the lack of an increase of sVEGFR-1 in the
experimental groups is consistent with the findings of severe
progressive neovascularization in all O2-exposed groups. By
the time an increase in sVEGFR-1 was seen in the recovering
CL hypoxia group, there would have been no effect on neo-
vascularization since sVEGFR-1 has been shown to have no
effect on preexisting retinal vessels (18). These data provide
further support that the onset of OIR may occur before RA
recovery.
IGF-1 is involved in normal vascular development and its

deficiency has been correlated to pathologic findings in retinal
vascularization (19). Low serum IGF-1 levels in VLBW pre-
term infants have been shown to be as strong a risk factor for
ROP as gestational age and birth weight (20). This is thought
to be due to the interaction between IGF-1 and VEGF. Low
IGF-I levels contribute to poor vascular growth and a hypoxic
maturing avascular retina, which eventually leads to increased
VEGF production and neovascularization (20,21). Our data
showed that IGF-1 was suppressed only in the serum, did not
increase later in postnatal life, and continued to be low despite
the presence of severe neovascularization. We previously
showed that the ontogeny of IGF-1 in the developing retina is
compartment-specific and that there is no correlation between
the IGF-1 levels in the serum and in the retina (22). Thus, we
believe that the low IGF-1 levels seen in the serum of the CL
hypoxia group are not causative of the neovascularization
since no significant changes were seen in the ocular compart-

Figure 5. Fluorescein-dextran stained retinas from room air (RA) controls and
oxygen-exposed rats. Retinas from RA controls at P7 (A), P14 (B), and P21 (C)
show normal vasculature. Retinas from rat pups exposed to 50/12% dispersed
hypoxic cycling for 7 d (D) show vascular tufts and leaky vessels (arrow). Retinas
from rat pups exposed to 50/12% clustered hypoxic cycling for 7 d (G) show
persistence of immature, primordial vessels (arrow). Retinas from rat pups
exposed to 50/12% dispersed hypoxic cycling for 14 d (E) show vascular
overgrowth, dilatation, and some tortuosity (arrow). Retinas from rat pups
exposed to 50/12% clustered hypoxic cycling for 14 d (H) had severe OIR
evidenced by leaky vessels, hemorrhage, and vessel dilatation (arrows). Retinas
from rat pups exposed to 50/12% dispersed hypoxic cycling for 14 d with 7 d of
RA recovery (F) show vascular overgrowth, dilatation, and tortuosity (arrow)
consistent with “plus disease.” Retinas from rat pups exposed to 50/12% clustered

hypoxic cycling for 14 d with 7 d of RA recovery (I) show leaky vessels,
hemorrhage, and persistence of immature, primordial vessels (arrows). Im-
ages of the retinas were digitized at 640 � 480 pixels and 4.0� magnification.

54 COLEMAN ET AL.



ment. This leads us to speculate that the low serum IGF-1
levels may be a consequence of low body weight and gesta-
tional age rather than a causal factor for ROP.
It has been suggested that GH may be of importance for

angiogenesis (23,24). This is thought to be due to the effect of
GH on IGF-1 with decreased GH levels leading to decreased
IGF-1 synthesis (23). However, newborns are known to be in
a state of GH resistance and this state may be exaggerated in
ill preterm infants who are also at risk for ROP (25). In our
study, severe neovascularization in all O2-exposed groups was
not associated with changes in GH levels at any time or in any
compartment, shedding doubt on a role for GH in OIR. The
evidence of a support for our primary hypothesis is in the
appearance of the retinal vasculature which demonstrated that
upregulation of VEGF in response to CL hypoxia is marked
and leads to characteristics similar to that seen in “plus
disease.” These characteristics appear to emerge before recov-
ery in RA. This could potentially explain the inability of
supplemental O2 given during the recovery phase in the
STOP-ROP trial to prevent ROP since the factors leading to
neovascularization were already upregulated (26). Most pre-
vious studies have drawn conclusions based on the collection
of serum data, the only media available in human studies.
Since neovascularization results in the production of weak,
leaky neovessels, it would be reasonable to speculate that a
breakdown in the blood-ocular barrier would allow differences
between the compartments to equalize. However, the present
study demonstrates that this is only true for VEGF and not
sVEGFR-1, IGF-I, or GH, suggesting increased VEGF pro-
duction.
In summary, we have shown that clustering episodes of

hypoxia results in a more severe form of OIR than DP
episodes; characteristics consistent with “plus disease”
emerge as early as during phase 1; endogenous sVEGFR-1
production may be age-dependent; and compartment-specific
differences in sVEGFR-1, IGF-I, and GH persist in OIR. The
implications of these findings are that VLBW infants who
experience CL episodes of hypoxia during prolonged hyper-
oxia are at a higher risk for severe ROP. Because of possible
compartmental-specific differences, caution is emphasized
when anti-growth factor therapies are proposed for the treat-
ment of OIR.
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