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Abstract

Purpose: Propranolol, a nonselective B1/B2 adrenoceptor antagonist, promotes the regression of infantile
hemangiomas likely through suppression of vascular endothelial growth factor (VEGF), which prompted its use
for the prevention of retinopathy of prematurity. We tested the hypothesis that topical ocular propranolol is safe
and effective for reducing the severity of oxygen-induced retinopathy (OIR) in the neonatal rat intermittent
hypoxia (IH) model.

Methods: At birth (P0), rat pups were randomly assigned to room air or neonatal intermittent hypoxia (IH)
consisting of 50% O, with brief episodes of hypoxia (12% O,) from PO to P14, during which they received a
single daily dose of oral propranolol (1 mg/kg/day in 50 puL in sterile normal saline) or topical ocular pro-
pranolol (0.2% in 10 pL in normal saline) from PS5 to P14. Placebo-controlled littermates received 50 pL oral or
10 puL topical ocular sterile normal saline. Retinal vascular and astrocyte integrity; retinal histopathology and
morphometry; and angiogenesis biomarkers were determined.

Results: Topical ocular propranolol improved retinal vascular damage and preserved the astrocytic template,
but did not completely prevent OIR. The beneficial effects of propranolol were associated with reduced ocular
VEGEF and increased endogenous soluble inhibitor, sSVEGFR-1, when administered topically.

Conclusions: Propranolol failed to completely prevent severe OIR, however, it prevented astrocyte degener-
ation resulting from neonatal IH-induced damage. We conclude that the mechanisms of propranolol’s beneficial

effects in neonatal IH may involve in part, astrocyte preservation.
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Introduction

ETINOPATHY OF PREMATURITY (ROP) is a blinding

disease resulting from pathological angiogenesis in the
incompletely vascularized retina of extremely low gesta-
tional age neonates (ELGANS). Despite current therapeutic
strategies, ROP still represents a significant cause of mor-
bidity and disability in childhood, and as many as ~ 50,000
preterm infants worldwide become blind or visually im-
paired from ROP each year.! ROP is characterized by 2
phases: a vaso-obliterative phase and a vasoproliferative
phase of pathologic neovascularization that may lead to
retinal detachment and blindness.> Hyperoxia, fluctuations
in arterial oxygen saturation, or neonatal intermittent hyp-
oxia (IH), are important factors associated with ROP* that
impact retinal vascular development by increasing the pro-
duction of angiogenic factors such as vascular endothelial

growth factor (VEGF) and insulin-like growth factor (IGF)-I,
resulting in pathologic angiogenesis.®

In this regard, anti-VEGF therapies are increasingly being
used to treat aggressive posterior ROP.'*!! However, its use is
associated with many unwanted adverse effects.'>”"> The
primary focus of our laboratory is to develop age-appropriate,
noninvasive, and safe therapies that are less painful, but with
equal or more therapeutic benefits; with particular reference to
neonatal IH, or frequent, brief hypoxia. Our previous studies
have shown that neonatal TH episodes increase the risk for
severe oxygen-induced retinopathy (OIR) regardless of reso-
lution in room air (RA) or hyperoxia between episodes.'® We
also showed that topical ocular ophthalmic solutions of ke-
torolac (Acuvail) combined with systemic caffeine citrate was
beneficial for reducing the severity of OIR in a rat model of
neonatal TH.'” However, although the combination therapy
improved the OIR, it did not fully prevent it.

'Division of Neonatal/Perinatal Medicine, Department of Pediatrics, *Department of Ophthalmology, Downstate Medical Center, State
University of New York, Brooklyn, New York, USA, and 3State University of New York Eye Institute, New York, New York, USA.
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Propranolol is a beta-blocker that has recently been su%-
gested for prevention and treatment of ROP and OIR.'®**
The mechanism of its inhibitory effects may involve sup-
pression of angiogenesis factors, which are also involved in
proliferating hemangiomas.?® The similarities between reg-
ulation of growth of infantile hemangiomas and develop-
ment of ROP have prompted the use of propranolol for
ROP.?® Propranolol is used in children to treat a variety of
diseases, including hypertension, cardiac arrhythmia, ob-
structive heart disease, thyrotoxicosis, and migraine head-
ache, and is generally well tolerated. However, clinically
relevant adverse events, such as hypotension, bradycardia,
heart block, hypoglycemia, and bronchospasm, have been
reported with systemic propranolol administration. These
adverse effects were noted in patients treated with higher
doses of up to 3.0 mg/kg/day for 3—6 months for infantile
hemangioma.”’ A recent systematic review of oral pro-
pranolol for ROP showed dose ranges of up to 2 mg/kg/day
every 6h.%8 However, serious adverse effects were re-
ported.?’ Alternative routes of administration of propranolol
have been considered to reduce the risk of adverse events.
The use of 0.1% propranolol eye drops for ROP has proven
to be safe but ineffective in treating ROP.'® A clinical trial
using higher topical ocular doses of 0.2% propranolol was
well tolerated and resulted in more beneficial effects for
reducing ROP.*

Given that over 90% of ELGANs experience frequent,
brief, recurrent episodes of IH during oxygen supplemen-
tation, it is important to study its effects on the efficacy of
topical ocular propranolol. Due to lack of robust preclinical
investigations, we conducted a series of experiments to test
the hypothesis that topical ocular propranolol at the cur-
rently proposed dose for ROP, is safe and effective for re-
ducing the severity of IH-induced OIR. Our hypothesis
was tested with the following objectives: (1) To compare
the efficacy of topical ocular versus oral propranolol for the
prevention of severe IH-induced OIR; (2) To examine the
effects of oral and topical ocular propranolol on IH-induced
angiogenesis biomarkers in the systemic and ocular com-
partments; and (3) To establish whether propranolol worsens
or reduces IH-induced OIR in the recovery/reoxygenation
phase following neonatal IH exposure. The primary out-
come was retinal vascular and astrocyte integrity, and the
secondary outcomes were retinal histopathology and mor-
phometry, and angiogenesis biomarkers.

Methods

Animals

All experiments were approved by the State University of
New York, Downstate Medical Center Institutional Animal
Care and Use Committee, Brooklyn, NY (Protocol #18-
10456). Animals were treated humanely, in accordance with
the guidelines outlined by the United States Department of
Agriculture and the Guide for the Care and Use of La-
boratory Animals. Certified infection-free, timed-pregnant
Sprague—Dawley rats were purchased from Charles River
Laboratories (Wilmington, MA) at 18 days 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 until delivery of their pups. All procedures
were performed in accordance with the Association for
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Research in Vision and Ophthalmology statement on the
Use of Animals in Ophthalmic and Vision Research and the
American Veterinary Medical Association Guidelines for
the Euthanasia of Animals.

Experimental design

Within 2—4 h of birth, newborn rat pups delivering on the
same day were pooled (8 litters per experimental day; 4
groups at one time) and randomly assigned to expanded
litters of 18 pups/litter. The expanded litter size was used to
simulate relative postnatal malnutrition of ELGANs who are
at increased risk for severe ROP. The pups were assigned to
either: (1) IH (50%-12% O,) from PO to P14; (2) IH from
PO to P14 followed by RA recovery/reoxygenation from P14
to P21; (3) RA from PO to P14; or (4) RA from PO to P21.
The RA groups served as controls. Animals were studied at
P14 to determine immediate effects of IH, or P21, to de-
termine whether the responses to IH resolve following
reoxygenation/recovery in RA for 1 week. Animals were
examined on a daily basis for adverse events. The cecal
period (conception to eye opening) was recorded to deter-
mine the effects of IH and/or propranolol on retinal neural
circuitry maturation.’’ > Percentage changes in body
weight, organ to body weight ratios (brain, heart, lungs,
liver, kidneys), and body length were assessed at P14 and
P21. Mixed arterial and venous blood samples were col-
lected for serum levels of angiogenesis biomarkers (VEGF,
soluble VEGFR-1, soluble VEGFR-2, and IGF-I). Eyes
were collected for vascular and astrocyte integrity, retinal
layer integrity, retinal morphometry, corneal thickness, and
angiogenesis biomarkers.

Groups

Pups were randomized to the following groups (n=18
pups/group): (1) saline oral P14 RA; (2) saline oral P21 RA;
(3) saline oral P14 IH; (4) Saline oral P21 IH; (5) pro-
pranolol oral P14 RA; (6) propranolol oral P21 RA; (7)
propranolol oral P14 IH; (8) propranolol oral P21 IH; (9)
saline topical ocular P14 RA; (10) saline topical ocular P21
RA; (11) saline topical ocular P14 TH; (12) Saline topical
ocular P21 IH; (13) propranolol topical ocular P14 RA; (14)
propranolol topical ocular P21 RA; (15) propranolol topical
ocular P14 IH; and (16) propranolol topical ocular P21 TH.

IH profile

Animals randomized to IH were placed with the dams in
specialized oxygen chambers attached to an oxycycler
(BioSpherix, New York). The animal chambers housed
2 rat cages, were optimized for gas efficiency, and pro-
vided adequate ventilation for the animals in a controlled
atmosphere with minimal gas usage. Oxygen content inside
the chamber was continuously monitored and recorded on a
Dell Computer. Carbon dioxide in the chamber was mon-
itored and removed from the atmosphere by placing soda
lime within the chamber. The IH paradigms consisted of
an initial exposure to hyperoxia (50% O,) for 30 min fol-
lowed by 3 brief, 1-min, clustered hypoxic events (12%
0,), with a 10-min recovery in 50% O, between each IH
events. This model represents infants who recover from IH
in hyperoxia between each IH event. Reoxygenation in
50% O, followed each clustered IH event for 2.5h for a
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total of 8 clustered IH episodes per day for 14 days, as
previously described.’>™'"** Animals randomized to RA
were placed in an oxycycler with the oxygen environment
kept at 21% O,. Dams were switched every 2 days between
RA and IH.

Administration of propranolol or placebo saline

For administration of topical ocular propranolol or pla-
cebo saline, animals were placed in the oxycycler from PO to
P5. Treatment began at P5 because the eyelids of neonatal
rats are fused and the skin above the eyes becomes loose
only at P5 to allow for the formation of a “tent” for in-
jection under the skin.'® Before injection, the eyelids were
first cleansed with betadine solution. A tent was created by
gently pinching the skin above the eyes and propranolol or
placebo saline was injected by inserting the ultra-fine needle
(31 gauge attached to a 0.3-mL syringe; Becton Dickinson,
NJ) into the tent in an upward angle so as to prevent damage
to the eyes. Ten microliters of propranolol (0.2%) was ad-
ministered above the eye once a day from P5 to P14. The
dose of topical ocular propranolol is consistent with that
used in preterm infants with ROP.*® The eyelids were gently
massaged to disperse the solution and cleansed with beta-
dine after injection. For administration of oral propranolol
(1 mg/kg/day) or placebo saline, the rats were gently re-
strained using the left hand with the mouth facing upward.
Using a feeding needle (24G-1n;1” Straight 1.25 mm ball),
50 uL. propranolol or placebo saline was placed into the
mouth once a day from P5 to P14. The dose of oral pro-
pranolol was consistent with that previously used in preterm
infants with ROP.>*?

Sample collection and processing

For serum biomarkers of angiogenesis, whole blood was
collected in Eppendorf tubes with no preservatives and
placed on ice for 30 min. The samples were centrifuged at
3,500rpm for 20min at 4°C. The resulting serum was
transferred to a clean Eppendorf tube and frozen at —20°C
until assay for VEGF, sVEGFR-1, sVEGFR-2, and IGF-I.
For assessment of ocular angiogenesis biomarkers (retina,
choroid, and vitreous fluid), eyes were enucleated and rinsed
in ice-cold phosphate-buffered saline (PBS). The vitreous
fluid was collected by first piercing the eyes and placing
them in Eppendorf collection tubes. The eyes were centri-
fuged at 3,000 rpm for 20 min. The vitreous fluid was col-
lected in the outer collection tube. The retinas and choroids
were then excised under a dissecting microscope (Olympus)
and placed in sterile Lysing Matrix D tubes (2.0 mL) con-
taining 1.4mm ceramic spheres (MP Biomedicals, Santa
Ana, CA) and 1.0mL PBS before snap-freezing in liquid
nitrogen. Samples were stored at —80°C until analysis. For
retinal and astrocyte integrity, eyes were enucleated and
rinsed in ice-cold PBS (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 tis-
sue, nerves, and muscle. Whole eyes were placed in 4%
paraformaldehyde (PFA) on ice for 120min then flat-
mounted for adenosine diphosphatase (ADPase), glial fi-
brillary acid protein (GFAP), and isolectin B4 staining. For
retinal layer integrity and retinal morphometry, whole eyes
were fixed in situ in 10% neutral-buffered formalin (NBF).
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After 2 days, the eyes were enucleated, marked for orien-
tation, placed in 4% NBF, and sent to the SUNY Downstate
Pathology Department (Brooklyn, NY) for tissue processing
and Hematoxylin and Eosin (H&E) staining using standard
laboratory techniques. Cross-sections (5uM) were cut
through the optic disk and stained with H&E using standard
techniques. All samples were analyzed on the same day. On
the day of analyses, the tubes were allowed to defrost on ice
and placed in a high-speed FastPrep-24 instrument (MP
Biomedicals). The homogenates were then centrifuged at
4°C at 10,000 rpm for 20 min. The supernatant was filtered,
and the filtrate was used for the assays. A portion of the
filtrate (10 pL) was used to determine total cellular protein
levels.

Retinal vascular and astrocyte integrity

Eyes were enucleated and placed in 4% PFA on ice for
120 min. The corneas, lens, vitreous, and sclera were re-
moved, and the retinas were cut in quadrants, and flattened
and immersed in 4% PFA overnight at 4°. Following
several washes in tris maleate buffer (pH 7.2) and incu-
bation in ADPase, retinas were stained with ammonium
sulfide, washed, and mounted on slides with PBS/glycerin.
For astrocyte integrity, retinal flatmounts were stained with
GS-lectin and GFAP on the same day of harvesting. Ret-
inal flatmounts were fixed in methanol for 20 min, followed
by permeabilization and blocking in PermBlock (PBS
+0.3% Triton X-100+0.2% bovine serum albumin) in 5%
goat serum for 1h. After washing in PBS/Triton X-100
(TXPBS), flatmounts were then incubated with rabbit
GFAP primary antibody (Cell Signaling Technologies,
Danvers, MA) overnight at 4°C. Following several washes
with TXPBS, the flatmounts were incubated with Alexa
Fluor 488 goat anti-rabbit fluorescent secondary anti-
bodies, and Alexa Fluor 594 Isolectin B4 (Thermo Fisher
Sci/Life Technologies, Grand Island, NY) overnight at
4°C. The flatmounts were washed with TXPBS and
mounted on slides with ProLong Antifade fluorescent
mounting media. Images were captured at 20 X magnifica-
tion using an Olympus BX53 microscope, DP72 digital
camera, and CellSens imaging software attached to a Dell
Precision T3500 computer (Olympus America, Inc., Center
Valley, PA).

Retinal morphometry

ADPase-stained retinal flatmounts were used to determine
the tortuosity index and size of the arteries and veins. For
tortuosity index, a line was traced along the tortuous arteries
using the freehand line tool of the CellSens software
(Olympus America, Inc.) and compared with a straight line
traced from the vessel origin at the optic disk to the branch
point as previously described.'® Vessel diameter at the optic
disk was quantified using the straight line tool. Neovascu-
larization at the periphery was quantified in the ADPase-
stained images (10X magnification) using the count and
measure on ROI tool of the CellSens software. The number
of endothelial cells (ECs) present in the nerve fiber layer
(NFL)/ganglion cell layer (GCL), the total retinal thickness,
and the thickness of the NFL/GCL, inner plexiform layer
(IPL), inner nuclear layer (INL), outer nuclear layer (ONL),
corneal thickness, and number of corneal epithelial cells
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were quantified in the H&E-stained sections using the count
and measure tool of CellSens Dimension software (Olympus
America, Inc.).

Assay of angiogenesis biomarkers

VEGF sVEGFR-1, sVEGFR-2, and IGF-I levels in the
serum, vitreous fluid, and retinal and choroid homogenates
were assayed using the commercially available Quantikine
Enzyme-Linked Immunosorbent Assay Kits from R&D
Systems (Minneapolis, MN). All assays were conducted
according to the manufacturer’s protocol. All tissue data
were standardized using total cellular protein levels.

Total cellular protein levels

On the day of assays, an aliquot (10 pL) of the retinal and
choroid homogenates was utilized for total cellular protein
levels using the Bradford method (Bio-Rad, Hercules, CA)
with bovine serum albumin as a standard.

Statistical analyses

To achieve our objectives, data were analyzed in 2 ways:
(1) 1I-way ANOVA to determine differences within each
mode of administration (eye drops or oral); and (2) unpaired
t-test (saline vs. propranolol; topical ocular vs. oral; and RA
vs. [H). For 1-way ANOVA, we used the Bartlett’s test for
normality of variances. Normally distributed data were an-
alyzed using 1-way ANOVA with Bonferroni’s multiple
comparison post hoc tests. For non-normally distributed
data, we used the Kruskal-Wallis nonparametric test, with
Dunn’s post hoc test.

For comparison between 2 groups, the Levene’s test for
normality of variances was first conducted. Normally
distributed data were analyzed using unpaired #-test. Non-
normally distributed data were analyzed using Mann—
Whitney U nonparametric test. Data are presented as
mean * standard error of the mean and a P value of <0.05
was considered as statistically significant, using IBM SPSS
version 26.0 (IBM, Inc., Chicago, IL). Graphs were pre-
pared using GraphPad Prizm version 7.03 (GraphPad,
San Diego, CA).

Results
Somatic growth

Low postnatal weight accretion is a strong predictor of
severe ROP.*~° The effect of propranolol on percentage
change in body weight, as well as the effects of IH and
comparisons between topical ocular and oral administration
at P14 and P21 are presented in Tables 1 and 2, respectively.
At P14 (the time when both treatment and IH exposure
ended), topical ocular propranolol decreased weight gain
and body length substantially in RA and IH, whereas oral
administration resulted in lower weight gain in RA, but not
in TH. Body length was also lower with topical ocular pro-
pranolol in RA and IH, but not with oral treatment. Organ
weight is considered one of the most sensitive indicators of
toxicity and potential harmful effects of an experimental
compound.®’ Evaluation of organ-to-body weight ratios re-
vealed that at P14, only the lung/body weight ratios were
affected and this was consistent with severe lung

TaBLE 1. SomaTic GROWTH AT P14

IH

Oral

Topical ocular

Oral

Topical ocular

Prop

Saline Prop Saline Prop Saline
286.2+7.8" 214.5+18.2%

Prop

Saline

61.1+2.4%8

0.044£0.001

0.019+0.001"#%5
0.03+0.001

244.9+10.8%

0.03£0.002
0.015£0.0004 0.014£0.0005

55.4+2.6

0.049£0.003
0.007£0.0005 0.006£0.0003

0.018£0.001

0.05+0.004

159.3+ 18.2%+#
36.3 +3.7%%
0.028 +0.002

0.007£0.0003  0.007 £0.0007
0.018£0.0007 0.024+0.001%**

0.028 £0.002
0.014£0.0005 0.014+0.001

252.0£18.8
55.5+6.6
0.044£0.001

0.02+£0.001%**

0.027+0.0009 0.028 +0.003

53.5+2.4%
0.013+£0.0005 0.013£0.0007 0.014+0.0007 0.014+0.001

0.044 +£0.006

258.9+14.8%
0.006+0.0003 0.006+0.0005 0.007+0.0003 0.007 +0.007

54.6+2.7
0.049£0.0016 0.047+0.001

208.8 £14.9%*
35.7+8.5%*
0.027+0.002

57.1+£2.1
0.046+0.002
0.018£0.0009 0.018+0.0009 0.018+0.0001

0.028 +0.001

% Change body wt. (P0-P14) 252.6+14.9

% Change length (PO-P14)

Brain/body wt. ratio
Heart/body wt. ratio
Lung/body wt. ratio
Liver/body wt. ratio
Kidney/body wt. ratio

#P <0.05, **P<0.01 saline versus propranolol; *P<0.05, #P <0.01 topical ocular versus oral; *P<0.05, %P <0.01 RA versus IH (n=18 pups/group).

IH, intermittent hypoxia; Prop, propranolol; RA, room air; Wt., weight.
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IH

TABLE 2. SoMAaTIC GROWTH AT P21

RA

Oral

Oral Topical ocular

Topical ocular

Sal

Prop

Saline
388.0+21.3"8

Saline Prop Saline Prop

Prop

514.0+11.6%
84.1+2.2

482.3+7.2%
0.03+0.0006 0.052+0.001%

475.1+32.4%

429.1+14.5%*

458.6 % 11.3%"

532.0+22.1%

% Change body wt. (P0-P21) 350.1+14.4

73.1+ 1.8 79.1+1.2%5
0.039+0.001%  0.034 +0.0009%**#
0.007 +£0.0003  0.005 +0.0002:*##
0.013£0.0003"* 0.012+0.0004™
0.035+0.002"% 0.034+0.001"

0.01+0.004%
0.013+0.0006 0.012+0.0006 0.012+0.0006 0.013+0.0002 0.021+0.0006% 0.019+0.0005*% 0.011+0.0006"™ 0.012+0.0004"*

84.9+2.28

0.056+0.001%
0.061+0.003%

0.01+0.0003%
0.01£0.0005 0.019+0.0002% 0.019+0.005%

0.03£0.002** 0.067+0.003

99.7+£1.2

97.4+3.6"
0.01£0.001
0.039+0.002

0.034+0.001** 0.034 +0.002"
0.006+0.004 0.006+0.0003 0.005+0.0002 0.006+0.0006

95.2+4.1*
0.01+£0.0004 0.01£0.0005

0.034+£0.002 0.037+0.002

84.6+14
0.041£0.001

% Change length (PO-P21)

Brain/body wt. ratio
Heart/Body wt. ratio
Lung/body wt. ratio
Liver/body wt. ratio
Kidney/body wt. ratio

#P<0.05, **P<0.01 saline versus propranolol; *P<0.05, P <0.01 topical ocular versus oral $P<0.05, ¥P<0.01 RA vs. IH (n=18 pups/group).
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hemorrhage. In RA, oral propranolol increased lung/body
weight ratios in RA and IH (Table 1). At P21 (the time of
recovery/reoxygenation in RA), treatment with propranolol
in RA and IH resulted in higher weight gain. All organ
weights were affected by propranolol and IH at P21. In RA,
only liver/body weight ratios declined with oral propranolol.
In IH, organ/body weight ratios were increased with saline
and propranolol regardless of route of administration
(Table 2).

Eye opening at P14

Rats are born with fused eyes and immature retinas. Re-
tinas continue to mature postnatally, consistent with adult
retinas by postnatal day 14, correlating with maturation of the
retinal neural circuitry, but it continues to mature in the fol-
lowing 2-3 weeks.*® Table 3 shows the percentage of eyes
opened at P14 for each group. In the pups receiving oral
saline, there was a ~40% reduction in the percentage of eyes
opened in pups who were exposed to IH conditions compared
with RA. Results only achieved statistical significance for
opening of the left eye, although a 40%—-50% reduction also
occurred for the right eye and both eyes. Topical propranolol
resulted in delayed eye opening in comparison to topical
saline, in RA and IH conditions. However, this was not evi-
dent in the oral propranolol groups. Oral propranolol-treated
pups had improved eye opening percentages in IH conditions
compared with oral saline controls in IH, although no sta-
tistical significance was achieved.

Serum growth factors

The effect of IH and/or propranolol on systemic growth
factors are presented in Table 4. At P14, in RA, VEGF was
lower with oral treatment than topical ocular treatment with
saline or propranolol, although significant differences were
achieved between the saline groups. An opposite effect was
seen in IH. At P21, systemic VEGF levels were generally
lower than at P14, and levels in both oral groups were higher
than topical ocular groups with significant differences be-
tween the propranolol groups in RA. In IH, VEGF levels in
the topical ocular propranolol group were higher than saline
and not detected in both oral groups. We studied 2 types of
endogenous soluble VEGF receptors: sVEGFR-1 and
SVEGFR-2. Both isoforms are splice variants of their
membrane type. sSVEGFR-1 is believed to trap VEGF and
decrease its angiogenic effect. Membrane type VEGFR-2 is
the main signaling pathway through which VEGF contrib-
utes to the angiogenic process.’® At P14, all IH-exposed
groups had lower levels of sSVEGFR-1 compared with RA.
In RA, topical ocular propranolol decreased sVEGFR-1
compared with topical ocular saline, while oral propranolol
increased sVEGFR-1 compared with saline oral. Similar
findings were noted in IH. The RA effects remained sus-
tained at P21. However, in IH, oral propranolol substantially
decreased sVEGFR-1 levels compared with oral saline.
SVEGFR-2 levels, on the other hand, were significantly
lower than sSVEGFR-1 levels. No differences in sVEGFR-2
levels were noted between the saline and propranolol groups
RA or IH at P14, although lower levels were noted between
the RA and IH oral groups. At P21, topical ocular pro-
pranolol lowered sVEGFR-2 levels, but oral propranolol
increased it in RA. In IH, levels were higher with topical
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TABLE 3. EYE OPENING AT P14
Ambient air (21% O,) 50%—12% O, (IH)
Left eye Right eye Both eyes Left eye Right eye Both eyes
Saline eye drops 14 (77%) 12 (67%) 12 (67%) 11 (61%) 12 (67%) 11 (61%)
Propranolol eye drops 10 (56%) 11 (61%) 10 (56%) 12 (67%) 10 (56%) 10 (56%)
Saline oral 14 (77%) 12 (67%) 12 (67%) 6 (33%)* 7 (39%) 6 (33%)
Propranolol oral 9 (50%) 12 (67%) 12 (67%) 10 (56%) 9 (50%) 9 (50%)

*P <0.05 versus saline oral in ambient air (n= 18 pups/group).

ocular propranolol than saline. IGF-I is highly associated
with postnatal growth and development of ROP. Studies
have shown that infants who developed severe ROP are
deficient in IGF-1.*° IGF-I is also a permissive factor for
VEGEF and is required for maximum VEGF activation.*’ In
our study, IGF-I levels did not appreciably change in re-
sponse to IH or propranolol treatment at P14 or P21.

Retinal vasculature

Figures 1 and 2 show the ADPase-stained retinal flat-
mounts at P21 in RA and IH, respectively. The upper panels
for each figure represent the peripheral vessels and the lower
panels represent the vessels at the optic disk. In Fig. 1 (RA),
the flatmounts from topical ocular saline-treated pups
showed well-preserved retinal vessel architecture at the
periphery and optic disk. However, the pups treated with
topical ocular propranolol showed evidence of hemorrhage
at the periphery (arrows), but the optic disk was unaffected.
Similarly, the groups exposed to oral saline showed no
retinal vascular abnormalities at the periphery or optic disk.
However, in the oral propranolol group, there was vascular
enlargement and tortuosity at the periphery (arrow). IH
exposure (Fig. 2) resulted in significant vascular pathology
evidenced by increased hemorrhage, vascular tufts, vessel
thickening, vascular tortuosity, and vessel overgrowth and
disorganization at the periphery and optic disk (character-
istics consistent with severe ROP). Propranolol treatment
did not appear to appreciably reduce retinal vascular ab-
normalities. For a more objective assessment, we measured
arterial and venous diameter, tortuosity index, and neo-
vascularization. The images were coded and image analysis
was conducted in a masked manner. The results are pre-
sented in Tables 5 and 6. There were no statistically sig-
nificant differences among the groups for vessel diameter
and tortuosity index. In contrast, at P14, vessel density was
higher in all propranolol groups exposed to RA, but lower
with treatment in neonatal IH compared with placebo saline.
Neonatal TH groups treated with topical ocular and oral
saline also had greater vessel abundance than their RA
counterparts. At P21, vessel abundance in the saline groups
exposed to neonatal IH remained elevated compared with
RA, as did topical ocular propranolol groups exposed to
neonatal IH compared with their RA littermates. In neonatal
IH, both topical ocular and oral propranolol reduced vessel
abundance compared with placebo saline.

Astrocyte integrity

GFAP is glial fibrillary acidic protein, the chief constituent
in astrocytes, and one of the markers of Miiller cells and ac-
tivated glial cells. Astrocytes are found in NFL/GCL, and they

provide structure for the retinal vessels, damages to astrocytes
can lead to disruption in retinal vasculature. Isolectin B4 is a
biomarker of blood vessels and is found in ECs. The RA im-
ages are presented in Fig. 3 and the IH images in Fig. 4 for the
P21 rats. The upper panels represent the peripheral vessels and
the lower panels represent the vessels at the optic disk. In RA,
flatmounts show normal astrocytic templates (green, GFAP)
interlaced with normal retinal vasculature (red, Isolectin B4) at
the periphery and optic disk. In IH conditions (Fig. 4), there
were major disturbances in the astrocytic template in the
groups treated with topical ocular and oral saline (arrows),
with activated Miiller cells and significant uptake of GFAP
(reactive gliosis). Under normal conditions, Muller cells are
not positive for GFAP, but they do so during injury. Pups
exposed to IH conditions and treated with propranolol, on the
other hand, had less evidence of astrocytic damage and gliosis
(evident by lower uptake of GFAP), although there was some
loss of astrocytes at the periphery (arrows).

Retinal histopathology

Figure 5 shows representative images of the H&E-stained
retinal layers at P21. The upper panels represent the RA
groups, and the lower panels represent the IH groups.
Images at P14 are not shown, however, at P14, under RA
conditions, the pups exposed to topical propranolol had mild
retinal changes, such as separation in NFL/GCL, and infil-
tration of vitreous. Under IH conditions, NFL/GCL changes
were noticeable in saline groups. Topical propranolol
showed some retinal folding and increased thickness. Ret-
inal layers are identified in the retinas from pups raised in
RA, which showed normal retinal layers. Retinas from pups
receiving topical ocular propranolol in RA showed in-
creased EC numbers and widening of the NFL/GCL (arrow).
Similarly, oral saline treatment in RA showed normal retinal
layers, but retinas from pups treated with oral propranolol
showed widening of the NFL/GCL (arrow). At P21, in-
creased retinal thickness was noticeable in all groups. Re-
tinas from pups treated with saline and exposed to IH
conditions showed increased EC numbers migrating into the
vitreous fluid, which resulted in widening of the NFL/GCL
(arrow). This response was also evident in the saline oral
group exposed to IH (arrow). Retinas from pups treated with
either topical ocular or oral propranolol in IH showed sim-
ilar characteristics, suggesting no therapeutic benefits (ar-
rows). Tables 5 and 6 shows retinal layer thickness at P14
and P21, respectively. At P14, topical ocular propranolol
resulted in a significantly higher number of cells in the
NFL/GCL and increased total retinal, IPL, INL, and ONL
thickness compared with topical ocular saline in IH. An
opposite effect was seen with oral propranolol.
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Corneal thickness

S 3 2 § E ?t; § é % Since topical ocular administration .occur.red when the
& H+HHH FHHAH eyes were fused, we examined corneal integrity at the cen-
raogd SdZa tral cornea. Increased central corneal thickening may im-
av TG a8 plicate intraocular pressure and edema. Imaging and image
3 analysis were conducted in a masked manner. Figure 6
Q ) ) shows corneal stains at P21. Corneal thickening occurred in
2 g W g the topical ocular groups expo§ed to IH and in the oral
v N :; 8 © g (‘3 g = propranolol groups. Corresponding measurements are pre-
RS FAST SasSa sented in Tables 5 and 6. At P14 (Table 5) ocular admin-
3 [;' j,;' ;;' i,' g:' [t' [;' H istration in RA and IH caused significant thickening of the
bt § = 5 2 cornea compared with oral administration. In addition, we
= — — 2 found lower numbers of corneal epithelial cells in the top-
= 5 ical ocular saline group exposed to neonatal IH, compared
2 g % with RA. Propranolol treatment in RA and IH decreased the
2 B B ook g num.be.r of .corneal epitheliai cells regardless of mode of
S f : ; E g R g E’ - g administration, coinpared with the saline counter.part.s. At
& HHHH HHHH | LS P21 (Tablq 6), topipal ocular propranolol result.ed in higher
§ : 2 S 5 S ; : < E: corneal thickness in RA and IH, wherea§ thickness was
g —n F == R H % decreased when administered through oral in RA but not in
3 Z & IH. Topical ocular and oral saline treatment in IH increased
.S 23 corneal epithelial cells compared with RA. Both topical
;é* gmww&% ° %%% o 5 E ocular and oral propranolol treatment in RA increased the
N wnZR S| 28 number of epithelial cells compared with saline, but an
2 = HHH+H HHHAH| S5 opposite response was seen in IH. Furthermore, treatment
g A S2G § 82g E N with oral propranolol decreased the number of corneal ep-
= -2 a °& @« & 3 ithelial cells compared with topical ocular propranolol
- gz treatment in neonatal TH.
= 2 Ve
2 % .k & Ocular VEGF levels
O . 25w IT8o | Ea . . R
= 8 SE2Se SS9 g8 Vitreous fluid VEGF levels are presented in Fig. 7. At
2 & HH+H+H  HHH+H | 2 @‘ P14, pups treated with topical ocular propranolol had lower
A BRIV ‘El.\\\' IR ¥ g2 VEGEF levels in the vitreous compared with pups receiving
< 3 AR T2 o ; g topical saline. This was the opposite for pups treated with
= 3 =& oral propranolol, were pups had higher VEGF levels in the
2 “ w o ~F§ vitreous compared with their control pups treated with oral
= e ~ o ‘\-% w | 82 saline. This was the case whether these pups were exposed
2 2GS 228 3%" to IH or RA conditions. At P21, the pups treated with saline
5 (—t}l :—ol ﬁ .-;I ;I H -g ill =5 in IH conditions had the liighest VEGEF levels, arid their
ol g = % o S S levels seeiiled to go dowri with propranolol (both topical arid
= o — | 4B oral). Retinal and choroidal VEGF levels are presented in
= L Fig. 8.
“ 8 G At P14, one of the most interesting findings is the dif-
. — fei ol kY g ferences in ocular VEGF levels based on the route of pro-
o ~ g g © g z g % & o pranolol administration. For pups gxposed to IH condi'tions,
. E jl " i :f_nl _c:l c:l i " E"ﬁ VEGF levels at P14 were loyver with oral propranolol in the
Nz R R % % retina compared with topical propranoloi. Whereas the
g g SRS ° S £ choroui produced.an opposite response, with lower VEGF
—_ N %8 levels in the topical propranolol versus oral propranolol
.§ g > route. Oral saline administration pups had lower VEGF
é* % g 2 v % ; g o5& levels in comparison to the topical ocular group pups in both
- SIS SwSe | 535 RA and IH conditions at. P14. At P21, VEGF l(.avels are
S j;' b ;' A tﬂ b % s generally lower than P14 in both retina and choroid.
338 sS2vg |2z
¢ O o TS g Ocular sVEGFR-1 and sVEGFR-2 levels
()
—a —a gf Ocular gVEGFR-l and sVEGR-Z. at P14 and P?l are
oo oo *% presented in Figs. 9 and 10, respectively. At P14, in RA,
(o % % S (Ufj % . 8z both c groups (topical and oral) had lower retinal sSVEGFR-1
8 Tz ied 8 @O | $ [; than saline controls. Under IH conditions, pups receiving
$>229 572729 =0 oral propranolol had significantly lower sVEGFR-1 levels
A~ & compared with those receiving topical propranolol. At P21,
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FIG. 1. Representative ADPase-stained retinas from rats raised in RA at postnatal day 21 (P21) and treated with topical
ocular or oral saline or propranolol. The upper panels are peripheral vessels, and the lower panels are vessels at the optic
disk. Pups were administered a single daily treatment of topical ocular or oral propranolol or saline occurred from P5 to P14.
Topical ocular propranolol caused hemorhrage (arrow) and oral propranolol in caused tortuous vessels (arrow). Images are
10 X magnification, scale bar is 100 um. ADPase, adenosine diphosphatase; RA, room air. Color images are available online.

Topical Ocular Oral
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FIG. 2. Representative ADPase-stained retinas from rats exposed to neonatal IH at postnatal day 21 (P21) and treated with
topical ocular or oral saline or propranolol. The upper panels are peripheral vessels, and the lower panels are vessels at the
optic disk. Pups were administered a single daily treatment of topical ocular or oral propranolol or saline occurred from P5
to P14. Saline treatment in neonatal IH resulted in hemorrhage, vessel tortuosity, vascular abundance, and neovascular-
ization (arrows) which were not prevented with propranolol (arrows). Images are 10X magnification, scale bar is 100 pm.
IH, intermittent hypoxia. Color images are available online.
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FIG. 3. Representative GFAP (green)/isolectin B (red)-stained retinas from rats raised in RA at postnatal day 21 (P21)
and treated with topical ocular or oral saline or propranolol. The upper panels are peripheral vessels, and the lower panels
are vessels at the optic disk. Pups were administered a single daily treatment of topical ocular or oral propranolol or saline
occurred from P5 to P14. Images are 10X magnification, scale bar is 100 pm. GFAP, glial fibrillary acid protein. Color
images are available online.
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FIG. 4. Representative GFAP (green)/isolectin B (red)-stained retinas from rats exposed to neonatal IH at postnatal day
21 (P21) and treated with topical ocular or oral saline or propranolol. The upper panels are peripheral vessels, and the lower
panels are vessels at the optic disk. Pups were administered a single daily treatment of topical ocular or oral propranolol or
saline occurred from P5 to P14. Saline treatment in neonatal IH caused astrocyte damage and gliosis (arrows) which was
prevented with propranolol treatment. Images are 10 X magnification, scale bar is 100 pm. Color images are available online.
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FIG. 5. Representative H&E-stained retinas from rats raised in RA (upper panels) or neonatal IH (lower panels) at
postnatal day 21 (P21) and treated with topical ocular or oral saline or propranolol. Pups were administered a single daily
treatment of topical ocular or oral propranolol or saline occurred from P5 to P14. Saline treatment in neonatal IH increased
NFL/GCL layer and number of endothelial cells, as did propranolol treatment in RA and neonatal IH (arrows). Images are
40 x magnification, scale bar is 20 pm. H&E, Hematoxylin and Eosin; INL, inner nuclear layer; IPL, inner plexiform layer;
NFL/GCL, nerve fiber layer/ganglion cell layer; ONL, outer nuclear layer; R/C, rods and cones. Color images are available
online.
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FIG. 6. Representative H&E-stained corneas from rats raised in RA (upper panels) or neonatal IH (lower panels) at
postnatal day 21 (P21) and treated with topical ocular or oral saline or propranolol. Pups were administered a single daily
treatment of topical ocular or oral propranolol or saline occurred from P5 to P14. Images are 40 X magnification, scale bar is
20 um. Color images are available online.
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FIG. 7. Effects of topical ocular or oral propranolol or placebo saline on VEGF levels in the vitreous fluid at P14 (A) and
P21 (B). The open bars represent the topical ocular administration and the solid bars represent oral administration. Data are
expressed as meant SD (n=4 samples/group). SD, standard deviation; VEGF, vascular endothelial growth factor.
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FIG. 9. Effects of topical ocular or oral propranolol or placebo saline on sSVEGFR-1 levels in the retina at P14 (A) and P21
(B) and in the choroid at P14 (C) and P21 (D). Levels were standardized using total cellular protein levels. The open bar
represents the RA groups and the solid bar represents the IH groups. Data are expressed as mean*SD (n=6 samples/
group). sVEGFR, soluble vascular endothelial growth factor receptor.

Propranolol is not as effective in lowering sVEGFR-1 lev-
els. Both groups (oral propranolol and oral saline) in IH
conditions had significantly lower retinal sVEGFR-2 levels
compared with their topical counterparts. Pups treated with
topical propranolol had lower sVEGFR-2 levels compared
with saline controls under RA and IH conditions at P14. At
P21, sVEGFR-2 was decreased significantly in all groups,
and oral propranolol was associated with higher sSVEGFR-2
levels under IH conditions when compared with saline. In
the choroid, sVEGFR-1 levels were generally higher than
sVEGFR-2. Oral propranolol and saline have similar effect
on sVEGFR-1 in the choroid in comparison to their topical
counterparts, under IH conditions. At P14, oral propranolol-
treated pups showed lower sVEGFR-1 levels compared with
pups who received topical propranolol under IH conditions.
The opposite occurred to sVEGFR-2 levels, which were
lower in pups treated with topical propranolol. Overall, there
was a noticeable reduction in the VEGF soluble receptors in
all groups under IH condition at P14, but at P21, the levels
increased following recovery/reoxygenation in RA.

IGF-I in the retina and choroid

Retinal and choroidal IGF-I levels are presented in
Fig. 11.

At P14, IH resulted in lower retinal IGF-I levels com-
pared with RA. Propranolol did not affect IGF-I levels in
IH groups whether administered topically or orally. At
P21, IGF-I levels increased in all groups. In the choroid, at
P14, topical propranolol pups had lower IGF-I levels
compared with saline under RA and IH conditions. At P21,
IH propranolol groups maintained similar levels of IGF-I
as P14.

Discussion

Laser phototherapy continues to be the gold standard
treatment for ROP, despite its long-term side effects, such as
loss of peripheral vision, and requirement of adjunctive
therapy such as intravitreal bevacizumab. In our search for a
noninvasive treatment for ROP, propranolol seemed very
promising. The major findings of this study are: (1) poor
growth accretion during treatment with propranolol, partic-
ularly in the topical ocular groups, which demonstrated
catch-up growth during recovery/reoxygenation; (2) sus-
tained impact on organ/body weight ratios with proprano-
lol treatment in IH, which may indicate toxicity; (3)
elevated systemic VEGF and reduced sVEGFR-1 levels
during recovery/reoxygenation postpropranolol treatment
in IH; (4) propranolol improved, but did not prevent, IH-
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FIG. 10. Effects of topical ocular or oral propranolol or placebo saline on sVEGFR-2 levels in the retina at P14 (A) and
P21 (B) and in the choroid at P14 (C) and P21 (D). Levels were standardized using total cellular protein levels. The open
bar represents the RA groups and the solid bar represents the IH groups. Data are expressed as mean =+ SD (n=6 samples/

group).

induced retinal vascular damage; (5) propranolol reversed
or prevented neonatal IH-induced astrocyte injury; and (6)
propranolol had no beneficial effects on retinal thickness or
EC abundance in the NFL/GCL layer. These data may
provide support for the clinical trial findings®® but also
demonstrate that while propranolol at the doses used, re-
duced the severity of neonatal IH-induced OIR, it does not
fully prevent it. This was evidenced by persistence of
hemorrhage, vascular tufts, and vascular abundance during
recovery/reoxygenation. It is important to point out that
our study differs from the clinical trial®° in the timing of
treatment. We administered propranolol prophylactically
because previous studies in our laboratory showed that in
neonatal TH, retinal damage is evident as early as postnatal
day 3*' suggesting that early intervention may be more
efficacious than rescue treatment when mechanisms in-
volved in severe OIR are already activated. Regardless, the
most important benefit of propranolol was preservation of
the astrocytic template postneonatal IH. This finding is
novel. While the exact mechanism of propranolol effect on
astrocytes remain unclear, it may involve prevention of the
complex metabolic pathways involved in aerobic glycol-

ysis**** which is activated during neonatal IH. Alter-

natively, since astrocytes are one of the main sources of
VEGF in the retina, it is likely that propranolol’s sup-
pressive effect on VEGF secretion by hypoxic astrocytes
reduced their hyperproliferation and prevented gliosis.
Further studies are needed to confirm this.

Our findings of the negative impact of topical ocular and
oral propranolol on growth suggests that the topical ocular
route is not completely safe. This is a major concern since
ELGANSs are already growth suppressed and vital organs,
such as lungs and brain are still maturing. The sustained
effects of propranolol on organ/body weight ratios are
equally concerning because organ/body weight ratios are
important indices of drug toxicity.>” There has been a recent
interest in postnatal weight gain and a link to ROP.** Pups
from large litters are at risk for lower postnatal weight gain,
lower IGF-I levels, and more severe ROP.** By expanding
the litter size, we were able to mimic the relative malnu-
trition of ELGANS, and thus predispose the pups to a greater
risk for OIR. It was interesting that topical ocular propran-
olol also resulted in lower weight accretion and body length.
This is likely due to leakage of propranolol into the systemic
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circulation under neonatal IH conditions, as weight gain was
lower in neonatal IH than RA. Vascular leakage in neonatal
IH is caused by IH induction of VEGF, which increases
vessel permeability. Nevertheless, it was reassuring that the
animals exhibited catchup growth post-treatment and neo-
natal IH and even surpassed that of the placebo littermates.
This raises questions regarding propranolol’s half-life and
the longevity of its effect. Smits and Struyker-Boudier*
have shown that propranolol is cleared from rat bodies
within hours and does not accumulate in tissues. However,
while there are no studies examining the effect of neonatal
IH on propranolol pharmacokinetics, studies show that the
metabolism is slower in newborns than adults.*® Whether
the excessive body weight seen in the propranolol group
during recovery/reoxygenation is due to increased adiposity,
which is linked to later onset of metabolic disorders, re-
mains to be determined.

Retinal damage, including hemorrhage, vascular tufts,
neovascularization, enlarged vessels, are characteristic
features associated the recovery/reoxygenation phase (va-
soproliferation) and are associated with overproduction of
VEGF, a vascular permeability factor. Indeed, our model

produced many of these features evidenced in the retinal
flatmounts from the placebo group. In particular, retinal
hemorrhage was pervasive predominantly at the periphery,
which is consistent with vascular damage and leakage.
Propranolol treatment successfully reduced the occurrence
of retinal hemorrhage and severity of IH-induced OIR
during the recovery/reoxygenation phase, but did not fully
prevent it. This may be due to rebound elevations in VEGF
levels and reductions in sVEGFR-1 levels, which is an
endogenous inhibitor of VEGF action. Rebound VEGF
levels during the recovery/reoxygenation ZPeriod may be
due to the drug’s clearance within hours,*” as treatment
occurred only during neonatal IH and not during the
recovery/reoxygenation period. In this regard, preventing
neonatal IH or apnea of prematurity, with the use of drugs
such as caffeine citrate, may potentiate propranolol’s ef-
ficacy. Further studies are needed to test this hypothesis.
It was surprising that topical ocular propranolol resulted
in lower serum VEGEF levels than oral administration under
IH conditions. This could be explained by the first pass
effect on oral propranolol, as it undergoes extensive me-
tabolism by the liver, decreasing its bioavailability.*” With
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IH, an increased leakiness of retinal vessels due to VEGF
upregulation, it is likely that more propranolol leaked into
the systemic circulation from the topical ocular route. VEGF
exerts is angiogenic action through 2 main receptors:
VEGFR-1 and VEGFR-2, both of which have soluble var-
iants, which act like as endogenous VEGF traps to inhibit
angiogenesis. At P14, sVEGFR-1 levels were lower in IH
than in RA, which is reasonable, as IH upregulates VEGF,
so it would be counterintuitive for it to increase the VEGF
trap levels. However, sVEGFR-1 levels decreased at P21 as
a rebound recovery. Conversely, both orally administered
saline and propranolol treatment in neonatal IH increased
SVEGFR-2 levels compared with RA. These findings are
consistent with previous reports, which showed that higher
sVEGFR-2 was associated with increased plasma leakage.*®
Whether sVEGFR-2 levels can serve as a biologic marker
for vascular leakage in preterm infants at risk for ROP re-
main to be determined. Oral propranolol resulted in lower
sVEGFR-1 and sVEGFR-2 retinal levels under IH condi-
tions. Suppression of sSVEGFR-1 allows more angiogenesis
due to increased availability of VEGF. Rota et al.*’ proved
that injection of sVEGFR-1 into the eye of rats exposed to
alternating cycles of high and low O, decreased neovascu-
larization by up to 97.5%. Vitreous fluid VEGF levels fol-
lowed the same pattern as in the serum at P14. It is easier for
propranolol to reach the vitreous through the systemic cir-
culation than locally bypassing the anterior segment of the
eye. Retinal VEGF levels were lower with oral propranolol
under IH conditions compared with topical ocular propran-
olol. This finding may be due to the retina’s anatomic lo-
cation posteriorly, which makes it less accessible to topical
ocular medications. In rats, subconjunctival injections of
propranolol resulted in lower concentrations in retina com-
pared with anterior eye segment.’® Another factor that could
affect propranolol’s penetration to retina was the hydro-
philic vehicle we used to administer propranolol (saline).
Main et al.s’ work® showed that lipophilic solutions
achieve better concentrations in the choroid and retina when
applied locally.

It was interesting to note that oral propranolol achieved a
better control of VEGEF levels in the retina, whereas topical
ocular propranolol was more effective in the choroid. This is
not surprising because the choroid is continuous with the
ciliary bodies, having direct access to the anterior segment
of the eye,>® hence the better penetration by topical ocular
than oral propranolol, and may have had a greater influence
on the astrocyte outcomes. Unlike Miiller cells, which have
their end feet in NFL/GCL and extend from the inner lim-
iting membrane to the outer limiting membrane, astrocytes
are found primarily in the NFL/GCL layer, and reacts with
GFAP. They are major sources of VEGF and form a tem-
plate for the retinal vasculature to promote normal angio-
genesis.”® On the other hand, Miiller cells are not generally
reactive to GFAP, except when injured.>* Beharry et al.'®*!
have shown that neonatal ITH-induced retinal damage is as-
sociated with degeneration of photoreceptors and activation
of Miiller cells, indicating gliosis. It was reassuring that
propranolol was beneficial for astrocyte preservation during
IH. Weidemann et al.>® argued that astrocytes’ role might be
more important in pathological than developmental angio-
genesis. Dal Monte et al.>* showed that propranolol (2% eye
drops) decreased angiogenesis in superficial vascular plexus
of retinas of mice exposed to the OIR model. An effect that
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was demonstrated at P17 lasted to P21. Our study provides
some support for those findings. However, there are several
reasons for the lack of complete protection in our study.
First, the model is different. Mice are generally exposed to
75% O, from P7 to P12, not neonatal IH. Second, the effect
of hyperoxia in mice produces vaso-obliteration in the
central vessels, not in the periphery, as seen in human ne-
onates, and in our model. Third, regression/normalization of
neovascularization in mice occurs spontaneously at around
P21.5° In human neonates, and in our model, the damage
worsens, if left untreated. Fourth, propranolol was applied 4
times daily D12-16 during recovery/reoxygenation in RA,
whereas in our study, the rats were exposed to neonatal TH
from PO to P14 and treatment occurred during neonatal IH,
not during recovery/reoxygenation. Retinal changes noted
on H&E-stained retinal layers in IH were consistent with our
previous findings of increased total retinal, NFL/GCL, and
IPL, and ONL thickness, as well as increased EC abundance
violating the vitreous fluid.'® These changes persisted de-
spite treatment with propranolol. Increased retinal thickness
has been shown to predict severe ROP using spectral do-
main optical coherence tomography.57 While the present
study has important clinical implications, there are limita-
tions. Topical ocular administration began at P5. This was
due to loosening of the skin at that age and fear of damaging
the eyes while treating with subpalpebral injections. Sub-
palpebral injections may cause increased ocular pressure,
which may account for the differences in the outcomes
between oral and topical ocular. Subpalpebral injections are
not consistent with general topical ocular administration of
drugs. Our neonatal IH model produces retinal damage as
early as P3 and may be irreversible.*! Furthermore, we used
a hydrophilic vehicle to deliver propranolol topically, lim-
iting its availability to the retina. Whether lipophilic prep-
arations and earlier treatment will provide better outcomes
remain to be determined. We administered treatment or
placebo to both eyes, and did not use one eye as placebo,
since we have proven, ocular drugs can leak into the con-
tralateral eye under neonatal IH conditions (likely due to
vessel damage and leakage), and into the systemic circula-
tion, affecting the outcomes. '

Conclusions

Apnea of prematurity with brief, alternating, frequent
episodes of arterial oxygen desaturations occurs in 100% of
neonates born <28 weeks gestation.”® The present study is
the first to compare the beneficial effects of topical ocular
versus oral propranolol in neonatal IH. We tested the hy-
pothesis that topical ocular propranolol at the currently
proposed dose for ROP, is safe and effective for reducing
the severity of IH-induced OIR. Our findings led us to
partially accept the hypothesis. Regarding safety, the effects
on growth and organ/body weight ratios are concerning.
Regarding efficacy, propranolol reduced in neonatal IH-
induced OIR, but did not prevent it, as many unwanted
characteristics consistent with OIR persisted. On the other
hand, propranolol was effective for preserving astrocyte
integrity. Given the importance of astrocytes in retinal and
brain development, it is possible that propranolol at the
appropriate doses may be neuroprotective, but the mecha-
nism underlying its beneficial effect in the setting of neo-
natal IH remains to be determined.
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