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ABSTRACT: Low-serum IGF-I levels at birth is a risk factor for the
development of retinopathy of prematurity in extremely LBW in-
fants. We tested the hypothesis that JB1 (an IGF-I analog) prevents
oxygen-induced retinopathy in our rat model. Neonatal rats were
exposed to 50% oxygen with brief, clustered, hypoxic (12%) epi-
sodes from birth to P14. The pups were treated with s.c. injections of
1) JB1 (1 �g/d) on P1, P2, and P3 (JB1x3); 2) JB1 (1 �g/d) on
alternate days from P1 to P13 (JB1x7); or 3) equivalent volume
saline. Control littermates were raised in room air (RA) with all
conditions identical except for inspired O2. Groups were analyzed
after hyperoxia/hypoxia (H/H) cycling at P14 or allowed to recover
in RA until P21. Systemic and ocular VEGF, soluble VEGFR-1, and
IGF-I; retinal vasculature; and gene profile of retinal angiogenesis
were assessed. JB1x3 was more effective with associated increases in
sVEGFR-1 and decreased retinal pathologies than JB1x7. We con-
clude that early short-term exposure to systemic JB1 treatment
normalizes retinal abnormalities seen with H/H cycling, an effect that
may involve sVEGFR-1. (Pediatr Res 69: 135–141, 2011)

Retinopathy of prematurity (ROP) is a developmental vas-
cular disorder characterized by abnormal growth of

retinal blood vessels in the incompletely vascularized retina of
premature newborn infants exposed to high levels of oxygen
(1). It is especially severe in extremely LBW (ELBW), pre-
mature infants (�1000 g) who require mechanical ventilation
and experience arterial oxygen fluctuations (2). Frequent hy-
peroxia/hypoxia (H/H) cycling may lead to neovascularization
before recovery in room air (RA). This phenomenon has been
demonstrated in our laboratory (3) and is correlated with high
levels of ocular VEGF, soluble VEGF receptor (sVEGFR)-1,
and IGF-I (3–6).
The role of VEGF and IGF-I in normal and pathologic

retinal development is well documented (3–7). The study by
Smith et al. (8) demonstrated that JB3 (an IGF-I analog and
IGF-I receptor antagonist) administered from P12 until P17
(after oxygen exposure) suppressed oxygen-induced retinop-
athy (OIR) in mice. These previous reports and our own

observations prompted us to hypothesize that JB1 treatment
during brief, frequent, clustered H/H cycling will prevent OIR
in our rat model. We used two treatment strategies a) early,
short-term treatment on postnatal days 1, 2, and 3 (P1 to P3)
and b) long-term treatment on alternate days from P1 to P13
during the H/H cycling period to address specific questions: 1)
Does systemic administration of an IGF-I receptor antagonist
affect ocular levels of IGF-I?; 2) If low systemic IGF-I levels
is an indicator of ocular status, will early postnatal adminis-
tration of JB-I (blocking systemic IGF-I signaling) result in
accumulation of ocular VEGF and severe OIR?; 3) If our
speculation that the mechanisms involved in the development
of severe OIR is activated during H/H cycling is true, can
treatment with JB-1 prevent neovascularization?; and 4) how
does IGF-I suppression influence angiogenesis-related gene
expression in the retina?

MATERIALS AND METHODS

All experiments were approved by the Memorial Medical Center Institu-
tional Animal Care and Use Committee, Long Beach, CA. Animals were
managed according to The Association for Research in Vision and Ophthal-
mology Statement for the Use of Animals in Ophthalmic and Visual Research
and the Guide for the Care and Use of Laboratory Animals.

Experimental design. Certified infection-free, timed-pregnant Sprague
Dawley rats were purchased from Charles River Laboratories (Wilmington,
MA) at 18 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 1–3 h of birth, newborn rat pups delivering on the same day
were pooled from 4 to 5 litters and randomly assigned to expanded litters of
17 pups/litter. The expanded litter size was used to simulate relative postnatal
malnutrition in ill ELBW infants. Rat pups raised in large litters have been
shown to develop more severe abnormal neovascularization (9). One dam
remained with the same litter for the entire study. Each pup was weighed and
measured for linear growth (crown to rump) before experimentation. On the
day of birth, or postnatal d 0 (P0), the OIR groups were placed in specialized
chambers for H/H cycling. The H/H cycles consisted of 50% O2 followed by
three consecutive brief episodes of hypoxia (12% O2) for 2 min each 10 min
apart, every 6 h for a total of 12 hypoxic cycles per day. This OIR model was
modified from a previously validated model (6,10,11) and shown to result in
severe OIR in our laboratory (3). Hypoxia of 12% O2 was used because of the
extended time period needed to reach 10% and the desire to keep the hypoxic
episodes brief. Twelve groups were studied. Six groups were exposed to
clustered H/H cycling for 14 d from P0 to P14 and treated with 1) JB1 (an
IGF-I peptide analog that potently inhibits the autophosphorylation of the
IGF-I receptor by IGF-I) at 1 �g/d on P1, P2, and P3 (JB1x3); 2) JB1 (1 �g/d)
on P1, P3, P5, P7, P9, P11, and P13 (JB1x7); or 3) equivalent volume saline.
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The dose of JB1 was based on doses of JB3 used by Smith et al. (8). Animals
were either killed on P14 (JB1x3, JB1x7, and saline) or allowed to recover in
RA until P21. Six groups of normoxic littermates received similar dosing
regimens of JB1, and three groups were killed on P14 or P21.

Sample collection. Both eyes from eight rats in each group were enucle-
ated and rinsed in ice-cold PBS (pH 7.4) on ice. The vitreous fluid was
aspirated using a 0.5-mL insulin syringe and placed on ice in sterile Eppen-
dorf tubes. Vitreous fluid was pooled for a total of four samples per group.
None of the vitreous fluid samples were contaminated with blood. The retinas
were then excised, placed in sterile polypropylene tubes, and snap frozen. To
obtain enough tissue, retinas were pooled and a total of four samples were assayed
per group. Each sample contained vitreous or retina from four eyes. Of the
remaining nine rats, three rats were used for fluorescein-dextran staining, one rat
was used for histological analysis of the retinal layers (data not shown), and five
rats were used for ADP staining (total of 10 retinal flatmounts per group). Blood
samples were collected in sterile Eppendorf tubes after decapitation and pooled
for a total of eight samples and 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,
sVEGFR-1, and IGF-I levels were determined in serum, undiluted vitreous
fluid and retinal homogenates using commercially available sandwich immu-
noassay kits for rat/mouse from R & D Systems, Minneapolis, MN (VEGF
and sVEGFR-1) and Diagnostic Systems Laboratories, Webster, TX (IGF-I).
IGF-2 (Diagnostic Systems Laboratories) was also determined in serum,
according to the manufacturer’s protocol, but not in the ocular compartment
because of the sample size limitations. Growth factor levels in the retinal
homogenates were standardized using total cellular protein levels according to
the Bradford method (BioRad Laboratories, Hercules, CA).

Fluorescein-dextran perfusion. To determine retinal vascular develop-
ment, computer-digitized images of fluorescein-dextran stained retinas from
three rats, chosen randomly, in each group were examined. Fluorescein-
dextran perfusion was performed as previously described (3).

ADPase retinal staining. ADPase staining of the retinas was accomplished
according to the method of Penn et al. (10,11). Digital images of the whole
flattened, stained retinas were captured at 4� magnification and saved using
the SPOT software (Diagnostic Instruments, Inc., Sterling Heights, MI),
Olympus BH-2 microscope (McBain Instruments, Chatsworth, CA), and Dell
Optiplex GX280 computer (Dell Computer Corporation, Dallas, TX). Images
of the fluorescein-dextran stained retinas were captured at 10� magnification.

Quantification of retinal neovascularization and retinal scoring. Neo-
vascularization was determined as calculated area (�m2) of retinal overgrowth
extending beyond the avascular zone into the ciliary body in each quadrant of
the retinal flatmounts (total 40 measurements/group). The area was outlined
on the retinal images using the region selection tool of the image analysis
software (SPOT), and the total area was quantified. For retinal scoring, we
used a modified version of the scoring system developed by Higgins et al.
(12). The scoring criteria included vascular tufts, retinal overgrowth (vessels
growing beyond the avascular zone and into the ciliary body), retinal hem-
orrhage, vessel tortuosity, and persistence of hyaloid vessels. 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 3–5 clock hours; a score of 3 was given if
found in 6–8 clock hours; and a score of 4 was given found in 9–12 clock

hours. The retinopathy score was calculated by the sum of points for each
criteria. A score of �12 was considered severe OIR.

Real-time PCR. Total retinal RNA was extracted using RNA Pro solution
(MP Bio, Solon, OH) using the FastPrep-24 instrument (MP Bio) according
to the manufacturer’s protocol. The amount of RNA was quantified at 260 nm
using a Beckman spectrophotometer and diluted to 1 �g/�L. Cleanup of the
RNA was performed using RNEasy mini cleanup kits (Qiagen, Valencia, CA)
followed by on-column treatment with DNase I (Qiagen). Reverse transcrip-
tase was performed using a RT2 First Strand kit purchased from SABio-
sciences, Frederick, MD. The real-time PCR arrays were done in duplicate
using the rat Angiogenic Growth Factors & Angiogenesis Inhibitors PCR
Array System (SABiosciences) using a BioRad IQ5 real-time instrument
(BioRad Laboratories). Each PCR array plate consisted of a panel of five
housekeeping genes to normalize the PCR array data; replicate genomic DNA
controls to detect nontranscribed genomic DNA contamination with a high
levels of sensitivity; replicate reverse transcription controls to test the effi-
ciency of the RT2 first strand reaction; and replicate positive PCR controls to
test the efficiency of the PCR reaction itself using a predispensed artificial
DNA sequence and the primer set that detects it. The replicate controls also
tests for interwell and intraplate consistency. Calculations were made by
exporting the data into an Excel spreadsheet using the SABiosciences PCR
Array Data Analysis Excel Template and uploading the real-time amplifica-
tion data into the SABiosciences RT2 Profiler PCR Array Data Analysis web
portal. Quantitative PCR was based on the cycle threshold (Ct) value. A gene
was considered not detectable if the Ct value was �35. The [Delta]Ct for each
gene was calculated as Ct (gene of interest) � Ct (housekeeping gene).

Statistical analysis. One-way 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, Bonferoni, and
Student-Newman-Keuls tests for significance. To compare data between RA
and H/H groups, unpaired t test was used for normally distributed data, and
Mann-Whitney U tests were used for nonnormal data following Levene’s test
for equality of variances. Significance was set at p � 0.05, and data are
reported as mean � SEM. All analyses were two tailed and performed using
SPSS version 16.0 (SPSS, Inc. Chicago, IL).

RESULTS

Somatic growth. As shown in Table 1, H/H cycling de-
creased body weight and linear growth at P14. JB1x3 treat-
ment in RA and H/H cycling resulted in higher body weights
and increased linear growth in H/H cycling than their saline-
treated littermates at P14. JB1x7 treatment in H/H cycling de-
creased body weight and linear growth compared with saline and
JB1x3 in H/H cycling. By P21, body weight and linear growth
remained suppressed with JB1 treatment in H/H cycling.
VEGF protein. At P14, JB1x3 treatment in RA suppressed

VEGF in the serum compared with saline. At P21, JB1x7 in
H/H cycling increased serum VEGF levels but not signifi-
cantly (Table 2). In the retina at P14, only JB1x7 decreased
VEGF levels in RA compared with saline RA. In H/H cycling,

Table 1. Effect on somatic growth

Sal JB1x3 JB1x7

RA H/H cycling RA H/H cycling RA H/H cycling

Body weight (g)
P14 23.0 � 0.72 19.2 � 0.61*† 27.4 � 0.56* 22.1 � 0.51†‡ 24.2 � 0.80 17.5 � 0.45†
P21 36.4 � 1.2 37.8 � 1.2 39.2 � 1.0 34.7 � 1.1† 34.1 � 0.56 32.5 � 1.00‡

Linear growth (cm)
P14 6.3 � 0.10 5.7 � 0.14† 6.5 � 0.11 6.0 � 0.12†‡ 5.7 � 0.09* 5.3 � 0.10†
P21 6.8 � 0.15 7.2 � 0.10† 7.2 � 0.15 6.7 � 0.12† 6.5 � 0.11 6.4 � 0.11‡

n � 17 pups/group. Saline (Sal)-treated (control) animals received equivalent volume saline. Linear growth was measured as crown to rump length.
* p � 0.001 vs Sal RA.
† p � 0.05 vs RA.
‡ p � 0.01 vs Sal H/H cycling.
JB1x3, animals that received i.p. injections of JB1 (1 �g/day) on P0, P1, and P2; JB1x7, animals that received JB1 (�g/day) on P1, P3, P5, P7, P9, P11, and P13.
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saline treatment resulted in lower VEGF levels compared with
saline treatment in RA. JB1x3 treatment increased VEGF
compared with saline (Fig. 1A). At P21, VEGF was increased
in the saline-treated group in H/H cycling compared with RA.
In the vitreous fluid, VEGF levels were generally lower with
H/H cycling compared with RA, but significance was
achieved only in the saline-treated group compared with saline
in RA. JB1x3 treatment in RA decreased vitreous fluid VEGF
levels compared with saline RA (Fig. 2A).

sVEGFR-1 protein. sVEGFR-1 protein levels were in-
creased in the serum at P14 in RA and H/H cycling with
JB1x3 and JB1x7. At P21, the increases in the serum
sVEGFR-1 levels were sustained in the JB-1x3 group, but an
opposite effect was seen with JB1x7 (Table 2). In the retina at
P14, the levels of sVEGFR-1 were decreased with H/H cy-
cling in the saline-treated group compared with saline treat-

ment in RA. In contrast, JB1x3 treatment in RA and H/H
cycling increased retinal sVEGFR-1 levels compared with
saline treatment. JB1x7 in RA and H/H cycling suppressed
retinal sVEGFR-1 (Fig. 1B). Similar effects occurred at P21.
In the vitreous fluid, only JB1x7 in H/H cycling suppressed
sVEGFR-1 levels at P14 and P21 (Fig. 2B and E).

IGF-I protein. At P14, serum levels of IGF-1 were lower in
all H/H cycling groups compared with RA. There were no
differences in serum IGF-I among the RA groups. At P21,
both JB1x3 and JB1x7 treatment in H/H cycling decreased
serum IGF-1 levels compared with saline in H/H cycling
(Table 2). In the retina at P14, JB1x3 treatment in RA
decreased IGF-I levels compared with saline and JB1x7. In
H/H cycling, retinal IGF-I levels were lower with saline
treatment compared with RA and higher with JB1x7 com-
pared with saline and JB1x3 treatment in H/H cycling (Fig.

Table 2. Effect on systemic growth factors

Sal JB1x3 JB1x7

RA H/H cycling RA H/H cycling RA H/H cycling

VEGF (pg/mL)
P14 28.3 � 3.6 17.9 � 4.3 12.3 � 3.8* 16.5 � 2.8 21.6 � 2.5 27.5 � 3.0
P21 6.5 � 3.3 9.4 � 3.0 9.7 � 3.3 4.4 � 2.9 8.8 � 1.9 16.6 � 3.0

sVEGFR-1 (pg/mL)
P14 1224.1 � 363.6 1461.4 � 166.1 4304.5 � 366.8* 3562.5 � 439.7† 4428.3 � 434.2‡ 5834.40 � 903.5†§
P21 1923.7 � 108.0 1877.5 � 328.8 6499.6 � 1365.0* 6011.8 � 800.2† 387.7 � 57.3 401.7 � 31.7

IGF-I (ng/mL)
P14 68.8 � 11.2 39.7 � 6.0¶ 75.6 � 6.6 38.2 � 2.8§ 130.2 � 28.9 49.3 � 3.1§
P21 144.2 � 32.9 246.4 � 27.3 182.7 � 12.3 145.7 � 24.0† 120.5 � 8.1 138.6 � 26.4†

IGF-II (ng/mL)
P14 129.8 � 1.2 147.5 � 10.4 160.2 � 13.5 144.3 � 8.2 154.4 � 16.9 104.1 � 3.8†
P21 131.2 � 4.5 131.6 � 1.2 132.0 � 1.4 131.9 � 0.9 128.7 � 1.9 166.0 � 3.2†

n � 8 samples/group. Saline (Sal)-treated (control) animals received equivalent volume saline.
* p � 0.01.
† p � 0.05 vs Sal H/H cycling.
‡ p � 0.001 vs Sal RA.
§ p � 0.05 vs RA.
¶ p � 0.05 vs RA.
JB1x3, animals that received i.p. injections of JB1 (1 �g/day) on P0, P1, and P2; JB1x7, animals that received JB1 (�g/day) on P1, P3, P5, P7, P9, P11, and P13.

Figure 1. Effects of frequent, brief, clustered H/H cycling on retinal VEGF, sVEGFR-1, and IGF-I protein at P14 (A–C) and P21 (D–F). The open bar represents
the saline-treated group, the lined bar represents the JB1x3-treated group, and the solid black bar represents the JB1x7 group. Data are expressed as mean �
SEM (n � 4 samples/group; *p � 0.05, **p � 0.01 vs saline RA, and §p � 0.05 vs saline H/H cycling).
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1C). At P21, an opposite rebound effect was noted with both
treatment groups in RA and H/H cycling (Fig. 1F). In the
vitreous fluid, IGF-I levels were increased with JB1x7 treat-
ment in RA and H/H cycling at P14 (Fig. 2C). A similar effect
occurred at P21 (Fig. 2F).
IGF-2 protein. At P14, treatment with JB-1x7 in H/H cycling

decreased serum IGF-2 levels compared with saline and JB1x3
treatment. A rebound effect was noted at P21 with JB1x7 in H/H
cycling compared with saline and JB1x3. No significant differ-
ences were determined in the ocular compartment between the
three treatment groups in RA or H/H cycling (Table 2).
Retinal neovascularization. At P14, the extent of vascular-

ization was decreased in the JB1x3 treated (1.4 � 105) groups
in H/H cycling compared with saline treatment in RA (1.7 �
105, p � 0.05) and H/H cycling (2.0 � 105, p � 0.01) and
JB1x7 treatment in RA (1.5 � 105, p � 0.05) and H/H cycling
(1.7 � 105, p � 0.05). At P21, the area of retinal overgrowth
was extended to 2.5 � 105 (p � 0.01) in the saline-treated H/H

cycling group compared with 1.8 � 105 in the saline-treated RA
littermates. Similar extents of retinal vascular overgrowth was
quantified in the JB1x7 H/H cycling group (2.6 � 105, p � 0.01)
but not in JB1x3. Retinal scoring for vascular pathology revealed
that 90% of the retinal flatmounts in the 14-d saline-treated H/H
groups scored �12. This was associated with persistence of
hyaloid vessels in all clock hours, tortuosity, hemorrhage, and
vascular overgrowth (Fig. 3A, arrows). Few vascular tufts were
present. JB1x3 and JB1x7 treatment scored �12 in all flatmounts
at P14. At P21, 70% of the saline-treated H/H groups scored
�12. This was associated with extensive punctuate hemorrhages
in all clock hours, some tortuous vessels and vascular overgrowth
(Fig. 4A, arrows). Similarly, 50% of retinas in the JB1x7 RA
groups scored �12 because of vascular overgrowth, tortuosity,
and persistence of hyaloid vessels (Fig. 4C, arrows). A greater
percentage (90%) of retinas in the JB1x7 H/H cycling group
scored �12 due to a predominance of tortuous vessels, vascular
overgrowth, and punctuate hemorrhage (Fig. 4F, arrows).

Figure 2. Effects of frequent, brief, clustered H/H cycling on vitreous fluid VEGF, sVEGFR-1, and IGF-I protein at P14 (A–C) and P21 (D–F). The groups are
as described in Figure 1. Data are expressed as mean � SEM (n � 4 samples/group; *p � 0.05, **p � 0.01 vs saline RA, and §p � 0.05 vs saline H/H cycling).

Figure 3. Representative retinal flatmounts showing ADPase (whole retinas) and fluorescein-dextran- (inset) stained retinas from 14-d-old rat pups treated with
saline (control), JB1x3, or JB1x7 in RA (A–C) and H/H 50%/12% O2 cycling (D–F) for 14 d. Five rats were used for ADPase staining and three rats for
fluorescein-dextran staining. Images of the whole retinal flatmounts were taken at �4 magnification. Inset images were taken at �10 magnification.
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Angiogenesis-related gene mRNA expression. Tables 3–5
show the fold difference from saline treatment in RA in
angiogenesis-related genes in the retinas at P14 and P21. At
P14, mRNA expression of all genes was down-regulated
except PDGFB with saline treatment in H/H cycling. JB1x3
treatment in RA and H/H cycling preserved retinal VEGFA
expression whereas treatment with JB1x7 did not. At P21, an
opposite effect was seen with saline treatment. JB1x3 treat-
ment in RA and H/H cycling decreased VEGFA mRNA
expression but JB1x7 did not (Table 3). Expression of positive

regulators of angiogenesis was down-regulated in the 14-d and
21-d retinas exposed to H/H cycling and saline treatment. A
robust down-regulation in RUNX1 gene expression was noted
in all groups at P14. This effect was abolished at P21 except
in the saline-treated group. Treatment with JB1 in RA and
H/H cycling up-regulated all angiogenesis-related genes at
P21 (Table 4). Interestingly, RUNX1, a gene involved in
matrix remodeling and proliferation was robustly down-
regulated with H/H cycling and JB1 treatment at P14 and
remained suppressed at P21 in the saline-treated H/H group
but not in the JB1-treated groups. A similar effect was noted

Figure 4. Representative retinal flatmounts showing ADPase (whole retinas) and fluorescein-dextran- (inset) stained retinas from 21-d-old rat pups treated with
saline (control), JB1x3, or JB1x7 in RA (A–C) and H/H 50%/12% O2 cycling (D–F) for 14 d followed by 7 d of recovery in RA. Five rats were used for ADPase
staining and three rats for fluorescein-dextran staining. Images of the whole retinal flatmounts were taken at �4 magnification. Inset images were taken at �10
magnification.

Table 3. Gene expression of angiogenic growth factors in the
retina of neonatal rats at 14 and 21 d postnatal age

Gene
14-DO2

Sal
14-DRA
JB1x3

14-DO2

JB1x3
14-DRA
JB1x7

14-DO2

JB1x7

CSF3 �11.8 �29.1 �9.5 �10 �20.4
FGF1 �1.6 �1.4 �1.4 �1.3 1.0
FGF2 �9.1 �4 �3.3 �3.4 �2.5
LEP �4.3 �2.5 �2.6 �1.6 �1.9
PDGFB 1.0 �1.1 �2.0 �1.7 1.1
PGF �1.2 1.0 �2.6 1.1 1.2
TGFA �1.6 1.0 �1.3 1.4 �1.2
VEGFA �1.0 1.0 1.6 �1.1 �1.5

Gene
21-DO2

Sal
21-DRA
JB1x3

21-DO2

JB1x3
21-DRA
JB1x7

21-DO2

JB1x7

CSF3 5.1 �7.5 �3.0 4.8 3.9
FGF1 2.0 �1.3 �1.2 11.3 1.2
FGF2 7.0 �2.5 �4.4 1.6 1.7
LEP 17.7 �11.5 �21.3 1.6 4.1
PDGFB 1.8 �1.2 �1.9 �8.7 �1.0
PGF 1.1 1.3 �1.9 10.7 1.7
TGFA 2.2 �2.4 �2.1 3.6 1.3
VEGFA 5.0 �1.0 �1.4 6.7 1.1

Data are fold change from saline-treated 14- or 21-d RA littermates. All
data were corrected using five different housekeeping genes. Genes are
selected from a profile of 84 genes. In alphabetical order, the genes of interest
are as follows: CSF3, colony stimulating factor 3; FGF1–2, fibroblast growth
factor 1 or 2; LEP, leptin; PDGFB, platelet-derived growth factor beta;
FGFA, transforming growth factor alpha; and VEGFA, vascular endothelial
growth factor A.

Table 4. Gene expression of positive regulators of angiogenesis in
the retina of neonatal rats at 14 or 21 d postnatal age

Gene
14-DO2

Sal
14-DRA
JB1x3

14-DO2

JB1x3
14-DRA
JB1x7

14-DO2

JB1x7

KDR �1.0 1.2 2.0 �1.2 �1.2
NTRK2 �1.6 �1.5 �1.1 �1.8 �1.3
PTPRJ �1.1 �1.2 �1.1 1.0 1.1
RASA1 1.2 1.4 1.3 1.0 �1.1
RHOB �1.1 �1.2 �1.7 �1.0 �1.3
RUNX1 �6.2 �11.8 �68.1 �8.0 �44.5
SHH �1.6 �2.6 �3.3 �2.8 �1.1

Gene
21-DO2

Sal
21-DRA
JB1x3

21-DO2

JB1x3
21-DRA
JB1x7

21-DO2

JB1x7

KDR 1.7 1.4 2.0 23.5 1.6
NTRK2 �1.3 1.1 1.2 10.2 1.5
PTPRJ �1.2 1.0 1.5 7.3 1.2
RASA1 �1.1 1.6 1.1 16.7 1.2
RHOB �1.2 1.2 1.4 7.9 1.1
RUNX1 �1.5 1.8 1.1 5.7 2.3
SHH �1.0 1.5 1.2 8.3 1.0

Data are fold change from saline-treated 14- or 21-d RA littermates. All
data were corrected using five different housekeeping genes. Genes are
selected from a profile of 84 genes. In alphabetical order, the genes of interest
are as follows: KDR, kinase insert domain protein receptor (VEGFR-2);
NTRK2, neurotrophic tyrosine kinase receptor type 2; PTPRJ, protein tyrosine
phosphatase receptor type J; RASA1, RASp21 protein activator (GTPase
activating protein) 1; RHOB, RAS homolog gene family B; RUNX1, runt-
related transcription factor 1; and SHH, sonic hedgehog.
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with SHH, a retinal angiogenesis gene. The effects on negative
regulators of angiogenesis were variable, but the genes in the
prolactin family were most affected by H/H cycling and JB1
treatment. Of the TIMP family, TIMP-2 was mostly influ-
enced by JB1x3 at P21 (Table 5).

DISCUSSION

Systemic treatment with three early postnatal doses of JB1
during H/H cycling resulted in successful suppression of OIR
with no adverse effects on anthropometric growth. In contrast,
intermittent exposure with seven alternate doses throughout
the H/H cycling period resulted in decreased body growth at
P21 associated with higher ocular VEGF and IGF-1 levels as
well as vascular tortuosity albeit, decreased retinal neovascu-
larization compared with saline-treated retinas. IGF-I is a
major growth regulator and positively correlates with body

weight and body length (13). Therefore, short-term use of JB1
most likely resulted in an initial suppression followed by a
subsequent rebound in IGF-1 thereby triggering catch-up
growth. This may explain why the short-term treated pups
were bigger. JB1 competes with IGF-1 by binding the IGF-1
receptor. It acts as a selective and potent IGF-1R antagonist
preventing its autophosphorylation, with no activity in IGF-II
(14,15). Smith et al. (8) administered a similar IGF-I analog,
JB3, after exposure to oxygen, with similar suppressive effects
on ischemia-induced retinopathy. In this study, the drug was
administered during exposure to oxygen because previous
studies in our laboratory showed that the mechanisms in-
volved in severe OIR are triggered before recovery in RA (3).
Interestingly, our data showed that the serum levels of

IGF-1 were suppressed during H/H cycling with both JB1
treatment regimens. An opposite effect was seen in the ocular
compartment with IGF-1 levels increasing as a function of
JB1 exposure time. These findings provide support of our
previous study which showed that the levels of IGF-I in the
systemic and ocular compartments differ possibly because of
the ocular-blood barrier (16). The increase in ocular IGF-1
levels in response to JB1 treatment may be due to increased
production of IGF-1 through hypoxia-induced IGF-1 tran-
scriptional activation (17). Alternatively, the effect may be
explained by accumulation of IGF-I due to binding of IGF-1R
to JB1, thereby preventing IGF-I transport and uptake. In
addition, the status of the IGF-1R is extremely dependent on
local and circulating levels of IGF-1 (18). Thus, an increase in
the IGF-1 concentrations may cause a decrease in IGF-1R
numbers. The study by Hellstrom et al. (19) suggested that
low systemic IGF-1 in mice prevents normal retinal vascular
development despite the presence of VEGF, which might lead
to increased neovascularization. We found that the use of an
IGF-1 inhibitor during the first 3 d of life indeed suppressed
normal retinal development up to 14 d of life. However,
longer exposure with JB1x7 had an opposite effect on IGF-1
in the ocular compartment and was not associated with exac-
erbated neovascularization at P21, as expected. These intrigu-
ing findings raise the possibility that a rebound increase in
IGF-I levels after exposure to JB1 may have provided protec-
tion against oxidative injury and contributed to hypoxia tol-
erance as previously reported by Wang et al. (17). In that
context, the JB1x3 dosing regimen was more effective for
normalization of retinal IGF-I levels and retinal vascular
abnormalities seen with H/H cycling. An obvious corollary to
hypoxia would be induction of VEGF or other angiogenic
factors. Although VEGF has been shown to play a major role
in the development of ROP (3–8,5,6,20), our study demon-
strates that the use of an IGF-1 analog had no major affects on
VEGF levels in the serum, vitreous, or retina confirming the
findings of Smith et al. (8).
The sVEGFR-1 is a splice variant of the membrane-type,

VEGFR-1. It inhibits VEGF action in humans and mice by
competitively binding to VEGFR (21). In our study, the use of
JB1 during the first 3 d of life was associated with an increase
in serum and retinal sVEGFR-1 at P14 and P21. The study by
Aiello et al. (20) showed that intravitreous injection of solu-
ble-VEGF-like chimeric proteins reduced retinal neovascular-

Table 5. Gene expression of negative regulators of angiogenesis
in the retina of neonatal rats at 14 and 21 d postnatal age

Gene
14-DO2

Sal
14-DRA
JB1x3

14-DO2

JB1x3
14-DRA
JB1x7

14-DO2

JB1x7

BAI �2.2 �1.3 �2.3 �1.1 �1.1
COL18A1 �1.2 1.0 �1.0 1.1 1.6
COL4A3 2.3 5.0 2.6 2.2 4.4
CRHR2 �1.3 �1.8 �1.1 �1.8 �1.2
FN1 �2.3 �4.8 �6.8 �3.2 �3.5
PLG �10.0 �2.4 �6.1 �2.8 �4.5
PRL �18.5 �10.9 �6.1 �2.7 �3.7
PRL7D1 �8.4 �3.9 �5.2 �3.2 �3.8
RNH1 1.0 1.6 1.1 �1.3 �1.1
THBS1 �1.5 �1.7 �4.7 �1.5 �2.4
TIE1 �1.0 �1.7 �2.4 1.1 �1.9
TIMP1 1.1 1.3 1.2 �1.1 1.3
TIMP2 �1.6 �2.0 �1.8 �1.8 �2.0
TIMP3 1.2 1.1 �1.1 1.1 1.9
TIMP4 �1.2 �1.8 1.1 �2.3 �1.4

Gene
21-DO2

Sal
21-DRA
JB1x3

21-DO2

JB1x3
21-DRA
JB1x7

21-DO2

JB1x7

BAI �1.2 1.7 1.1 13.5 1.5
COL18A1 �1.1 1.3 �1.2 �52.1 1.4
COL4A3 1.7 2.4 1.3 17.6 2.3
CRHR2 �1.9 1.1 �1.5 3.1 �1.1
FN1 1.2 1.6 1.9 11.4 1.1
PLG �10.2 �11.5 �14.9 1.6 �1.4
PRL �33.9 �22.1 �41.0 �1.1 �1.8
PRL7D1 �14.3 �11.5 �21.3 1.6 1.2
RNH1 2.0 2.4 1.8 1.1 2.3
THBS1 1.1 �1.2 �1.1 �16.0 �1.5
TIE1 �1.5 �1.2 �1.7 6.7 �1.3
TIMP1 1.1 1.2 1.1 14.3 1.4
TIMP2 1.1 �52.4 1.0 8.5 1.0
TIMP3 �1.0 1.0 �1.4 6.9 �1.1
TIMP4 1.1 1.4 �1.1 10.7 �1.0

Data are fold change from saline-treated 14- or 21-d RA littermates. All
data were corrected using five different housekeeping genes. Genes are
selected from a profile of 84 genes. In alphabetical order, the genes of interest
are as follows: BAI, brain-specific angiogenesis inhibitor 1; COL18A1, col-
lagen, type XVIII, alpha 1; COL4A3, collagen type IV, alpha 3; CRHR2,
corticotrophin releasing hormone receptor 2; FN1, fibronectin 1; PLG, plas-
minogen; PRL, prolactin; PRL7D1, prolactin family 7, subfamily D, member
1; RNH1, ribonuclease/angiogenin inhibitor 1; THBS, thrombospondin 1;
TIE1, tyrosine kinase with immunoglobulin-like and EGF-like domains 1; and
TIMP1–4, tissue inhibitor of metalloproteinase 1–4.
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ization by 50% in an animal model of ischemic retinopathy.
The work by Rota et al. (22) showed an even greater decrease
in retinal neovascularization in oxygen-exposed rats injected
with sVEGFR-1. In our study, up-regulation of sVEGFR-1
with JB1x3 may explain the ocular benefits. However, reduc-
tions in ocular levels of sVEGFR-1 with JB1x7 may explain
the evidence of vascular tortuosity in that group. Of the
positive regulators of angiogenesis, VEGFA, CSF3, FGF,
LEP, PDGFB, TGFA, RUNX1, and SHH were most affected
by H/H cycling and JB1 treatment. The effects on negative
regulators of angiogenesis were variable, but the genes in the
prolactin family were most affected by H/H cycling and JB1
treatment. Of the TIMP family, TIMP-2 was mostly influ-
enced by JB1x3 at P21. These findings add to the explanation
of decreased OIR in the JB1x3 group and the evidence of
vascular tortuosity with JB1x7 treatment.
In summary, we have shown that systemic administration of

JB1 influences ocular IGF-I levels. Short-term exposure has
more beneficial ocular effects than long-term exposure. Early
postnatal inhibition of IGF-I signaling with the use of JB1 has
no major effects on ocular VEGF levels. The length of expo-
sure to IGF-I blockers must be considered because long-term
suppression of IGF-I may result in a later rebound up-
regulation in the ocular compartment and contribute to retinal
neovascularization. The mechanisms involved in JB1 influ-
ence on sVEGFR-1 has not yet been determined. However,
because sVEGFR-1 has been shown to act as a VEGF trap and
reduce VEGF bioavailability, further confirmatory studies are
needed to determine whether systemic JB1 should be used in
ELBW infants for prevention or treatment of severe ROP.
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