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PURPOSE. To describe a mouse model of hyperoxia-induced vitreoretinopathy that replicated
some of the clinical and pathologic features encountered in infants with severe retinopathy of
prematurity and congenital ocular conditions such as persistent hyperplastic primary vitreous.
METHODS. Experimental mice (C57BL/6J) were exposed to 65% oxygen between postnatal
days (P)0 to P7 and studied at P10, P14, and 3, 5, 8, 20, and 40 weeks. Controls were exposed
to normoxic conditions. Fundus imaging and fluorescein angiography were performed at all
time points, and spectral-domain optical coherence tomography (SD-OCT) and electroretinography were performed at 8- and 20-week time points. Eyes were processed for resin
histology, frozen sections, and retinal whole mounts. Immunostaining was performed to
visualize vasculature isolectin B4 (Ib4), collagen type IV, glial fibrillary acidic protein, and asmooth muscle actin.
RESULTS. Early exposure to hyperoxia resulted in bilateral vitreous hemorrhages at 3 weeks.
From 5 weeks onward there were extensive zones of retinal degeneration, scarring or gliosis,
retinal folding, and detachments caused by traction of a-smooth muscle actin–positive
vitreous membranes. Tortuous retinal vessels, together with hyperplastic and persistence of
hyaloid vessels are evident into adulthood. In the early stages (P10–3 weeks), branches from
the tunica vasculosa lentis (TVL) supplied the marginal retina until retinal vessels were
established. The peripheral retina remained poorly vascularized into adulthood. Electroretinography revealed 50% to 60% diminution in retinal function in adult mice that strongly
correlated with vitreal changes identified using SD-OCT.
CONCLUSIONS. This animal model displays a mixture of vitreoretinal pathologic changes that
persist into adulthood. The model may prove valuable in experimental investigations of
therapeutic approaches to blinding conditions caused by vitreous and retinal abnormalities.
Keywords: vitreoretinopathy, hyperoxia, disease model, retinal vessels, hyaloid vasculature

L

andmark clinical observations and animal research in the
1950s alerted neonatologists to the danger of providing high
concentrations of supplemental O2 during intensive care of
premature neonates in respiratory distress.1–3 It became
apparent that hyperoxia followed by normoxia was a critical
causative factor in retinopathy of prematurity (ROP) or
retrolental fibroplasias, as it was then known. While supplemental O2 ensured survival of neonates with pulmonary
insufficiency, relative hyperoxia in the eyes caused by high
blood O2 saturation levels results in an interruption to normal
retinal vascular development (phase I of ROP). When infants
are returned to breathing room air, the ensuing relative hypoxia
experienced by the growing and maturing retina results in
excess vascular endothelial growth factor (VEGF) production
that drives an aggressive neovascular response in the retina and
vitreous (phase II of ROP) that can lead to retinal detachment,
intravitreal hemorrhages, persistence of hyaloid vessels in a
minority of cases, and subsequent vision loss.4–6
Normal retinal vascularization in humans commences
around weeks 16 to 17 gestational age (GA) and grows
centrifugally at 0.1 mm/week to almost reach the margins of

the retina at birth.7 The eye in some nonprimate mammals with
holangiotic retinae is less mature at birth and retinal
vascularization is often incomplete compared to the precocial
state in the human eye. Researchers have exploited this
situation by exposing newborn or very young animals,
including cats, dogs, rats, and rabbits, to hyperoxic conditions
at birth to ‘‘mimic’’ the human premature infant.2,5,8,9 As the
high O2 exposure occurs at term, the pathology in these
models is referred to as oxygen-induced retinopathy (OIR).10 At
birth, mice still have a functioning and prominent hyaloid
vasculature and the retina is largely avascular. Superficial vessels
growing radially from the optic nerve head to reach the retinal
margin by postnatal day 8 (P8) coincide with regression of
hyaloid vasculature.11 Vertical sprouting occurs around P7 to
form deep and intermediate plexi of capillaries, a process that
continues centrifugally to reach the retinal margins between
P12 and P15.12 This process is roughly analogous to the manner
in which retinal vascularization occurs in humans in the third
trimester. The timing of hyperoxia exposure between P7 and
P12 in the well-described OIR mouse model13,14 was chosen to
mimic the equivalent stage of ocular development in very
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preterm or moderate-preterm human infants. In this model,
mouse pups are exposed to 75% oxygen between P7 and P12
and when examined around P17 to P21, the retina is
characterized by a central quantifiable zone of avascularity
and patches of neovascular tufts breaching the inner limiting
membrane in the midperipheral retina and entering the
vitreous, both resembling to some extent features of human
ROP.13,14 Several pathognomonic features of severe (stage 4, 5)
ROP such as retinal detachment, vitreous hemorrhages,
cicatricial changes (retinal scarring), and avascularity of
peripheral retina are not a feature of this model.11,15,16
Secondly, electroretinographic studies have shown that both
photoreceptor (a-wave) and bipolar cell (b-wave) function
while significantly reduced at P1817 have largely recovered by
8 weeks.18 Lastly, the hyaloid system has regressed as normal
by week 5, and the retina and its vasculature, despite the
earlier disturbances, are described as normal.14,17,19
The hyaloid artery, entering the eye early in development,
courses through and supplies the vitreous via branches, the
vaso hyaloidea propria (VHP), before forming the tunica
vasculosa lentis (TVL) around the lens posteriorly. The
pupillary membrane, arising from developing iris vessels,
covers the lens anteriorly. In humans, the hyaloid system
undergoes regression in the third trimester and is absent at
birth.7 In mice at P0 while the retinal vessels are just
commencing growth, the hyaloid system has not commenced
its regression.11 WNT7b, expressed by macrophages, has been
identified as a signal for hyaloid vessel regression in the
postnatal mouse eye, 20,21 as has the WNT receptor Frizzled.
Ashton9 and later Browning et al.22 described severe
vitreoretinopathy in mice when the period of hyperoxia
exposure was immediately after birth (P0–P5). They noted
the occurrence of vitreous hemorrhages, retinal detachments,
and neovascular tufts in the vitreous that were thought to arise
from superficial retinal vessels.9,22 However, there have been
no comprehensive long-term studies or detailed analyses of
hyaloid and retinal vascular changes and the functional
implications of such severe disruptions to normal eye
development. The present study aimed to characterize the
clinical, histopathologic, and functional changes in the eyes of
mice at multiple time points up to adulthood that had been
exposed to 65% O2 from P0 to P7. Our data demonstrate that
such early hyperoxia conditions produce severe vitreoretinal
disturbances, some of which bear similarities to severe ROP as
well as congenital ocular conditions such as persistent
hyperplastic primary vitreous, sometimes now referred to as
persistent fetal vasculature.

MATERIALS

AND

METHODS

Animals
All animal experiments were approved by the Monash
University Animal Ethics Committee (MARP/2014/073 and
MARP/2011/061) and conducted in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research. A total of 134 C57BL/6J mice (Animal Resources
Centre, Murdoch, WA, USA and Monash Animal Services, VIC,
Australia) of both sexes were used in the present study (control
normoxia, n ¼ 69; hyperoxia exposed, n ¼ 85), and sex made
no difference to the outcome. Genotyping revealed the
absence of the Crb1rd8 mutation in these mice.23

Exposure to Hyperoxia
An established mouse hyperoxia model (P0–P7 65% O2 model)
was used in the present study.24 Pregnant females were placed
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at embryonic (E) 14 in sealed clear plastic chambers (405 3
205 3 185 mm; length 3 width 3 height); floor area 501 cm2
(Tecniplast, Buguggiate [VA], Italy), in which a continuous gas
flow could be introduced to maintain a uniform O2 concentration, and left to give birth to their litters naturally at term.
Experimental litters were randomly assigned to normoxia
(ambient room air; 21% O2) or hyperoxia exposure (65% O2).
Hyperoxia exposure was achieved by the mixing of medicalgrade dry air and medical-grade O2. Oxygen and carbon
dioxide concentrations were continuously monitored by a gas
analyzer (Servoflex MiniMP 5200; Servomex, Valley Point,
Singapore). Litters were continuously exposed to hyperoxia or
normoxia from birth for 7 days (P0–P7), with a brief
interruption daily for animal care. Food and water were
provided ad libitum for the duration of the experiment. For the
65% O2 groups, the total gas flow (medical O2 and medical air
combined) into each chamber was 1.8 to 2.5 L/min. For the
control groups (normoxia; air breathing) there was no gas flow
artificially introduced into the chambers; gas exchange
occurred passively across a microbiological filter. For litters
exposed to 65% O2, each dam was paired with another dam
and her litter, and the dams were rotated between normoxia
and hyperoxia-exposed litters every 24 hours during the
hyperoxic gas exposure; this usually prevents loss of body
weight in dams and pups. After the 7-day exposure period, all
mice were returned to conventional cages and breathed room
air until necropsy. Animal house conditions were maintained
on 12-hour day/night cycles throughout the experimental
period. Light intensity in the cages housing control and
hyperoxia-exposed mice in the animal facility never exceeded
103 lux (range, 23–103 lux) (Lux & Fc Light meter; Dick Smith,
Melbourne, VIC, Australia). Animal weight was monitored at
regular intervals, and no difference in growth of the mice up to
8 weeks was noted between control and hyperoxia mice or
between sexes in both groups (data not shown).

Retinal Fundus Imaging
At various time points (P10, P14, 3, 5, 8, 20, 40 weeks), the
eyes of anesthetized mice from both hyperoxia and control
groups were examined using the multimodal fundus Micron III
camera (Phoenix Research Laboratories, Pleasanton, CA, USA)
as previously described.25

Calculation of Hemorrhage Area in Fundus Images
The fundus was traced using the circle tool in ImageJ (National
Institutes of Health, Bethesda, MD, USA), and size of
hemorrhage was calculated as a percentage of the total fundal
area. The fundus was not readily visible in P10 and P14
hyperoxia mice due in part to the presence of the stillprominent hyaloid vasculature and in some cases the vitreous
hemorrhages.

Quantitation of Vessel Tortuosity in Retinal and
Hyaloid Vasculature
Vessel tortuosity index was calculated on images of the retinal
fundus (3 weeks onward) using a previously published
protocol that is described for retinal whole mounts.26

Assessment of Retinal Function Using
Electroretinography (ERG)
At 8 weeks (hyperoxia, n ¼ 8; controls, n ¼ 9) and 20 weeks
(hyperoxia, n ¼ 8; controls, n ¼ 6) of age, groups of mice in
their habitual cages were dark-adapted overnight in a darkened
room (maximum of 12–15 hours). After dark adaptation, the
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animals were anesthetized with an intraperitoneal injection of
a combination of ketamine (67 mg/kg) and xylazine (13 mg/
kg). Dilation of the pupil was induced with tropicamide eye
drops, and corneal anesthesia was provided via proxymetacaine eye drops (Alcaine 0.5 %; Allergan, Frenchs Forest, NSW,
Australia). Animals were wrapped in a blanket and placed on a
heat pad (378C) to maintain core temperature. Artificial tear
lubricant (Celluvisc, Allergan) was placed on the cornea. Two
custom-made chlorided (electroplated in 0.9% saline, for 15
seconds) silver (99% silver; A&E Metals, Marrickville, NSW,
Australia) electrodes were then placed onto the animal: one on
the surface of the central cornea, and a second differencing
negative electrode placed around the circumference of the
globe. Both electrodes were referenced to a ground needle
electrode (F-E2-30; Grass Telefactor, West Warwick, RI, USA)
inserted subcutaneously into the tail. Throughout functional
testing, animals were continuously monitored for body
temperature, arousal, and vital signs. A Ganzfeld sphere
(Photometric Solutions International, Werribee, VIC, Australia)
was used to deliver luminous energy ranging from 6.26 to
2.07 log cd.s/m2 calibrated with an IL1700 integrating
photometer (International Light Technologies, Peabody, MA,
USA). Signals were collected with band-pass settings of 0.3 to
1000 Hz (3 dB) and digitized at an acquisition rate of 4 kHz.
To ensure that differences in the ERG did not arise from
impaired pupillary dilation, pupil size was measured by taking
a photograph of the iris and pupil.
Electroretinographic waveforms were analyzed using wellestablished methods.27 In brief, the photoreceptor response
was modeled to return the amplitude of the photoreceptoral
response by fitting the initial negative-going a-wave using a
delayed-Gaussian function. Rod bipolar cell–mediated function
was quantified in terms of its maximal amplitude (lV) by
modeling the b-wave amplitudes as a function of stimulus
energy with a hyperbolic curve. Oscillatory potentials (OPs),
which provide an index of inner retinal inhibitory pathways
involving amacrine cells, were isolated using a digital band-pass
filter (3 dB; 50–250 Hz). The amplitude of the largest OP was
quantified at a stimulus energy of 0.72 to 2.07 log cd.s/m2. The
ganglion cell dominant response was measured as the peak-totrough amplitude of the scotopic threshold response (STR)
recorded at 5.25 log cd.s/m2. For each of the above ERG
parameters, the amplitude for the two eyes was averaged and
then expressed as a percentage of the average amplitude for all
control eyes. Group data are given as mean (6 standard error
of the mean).
Intraocular pressure was measured using a rebound
tonometer (Tonolab; iCare, Oy, Finland).

Spectral-Domain Optical Coherence Tomography
(SD-OCT)
Immediately following ERG recording, the 8-week (n ¼ 8
hyperoxia, n ¼ 9 controls) and 20-week (n ¼ 8 hyperoxia, n ¼ 6
controls) groups of mice were placed on the rodent alignment
stage attached to the Envisu SD-OCT imaging device (Bioptigen, Inc., Morrisville, NC, USA). Lubricant was added to the
cornea (Systane; Alcon, Fort Worth, TX, USA) and any excess
liquid was absorbed using a cotton tip. Care was taken in
alignment to allow volumetric scans centered on the optic
nerve head (ONH; 1 .4 3 1.4 3 1.57 mm) to be obtained from
both eyes, where a randomly selected eye was imaged first.
The acquired volume consisted of 1000 A-scans per 100 Bscans. Imaging included the vitreous, which allowed us to
visualize any abnormal vasculature or membranes. Animals
were culled after examination and tissues collected as
described below.
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Quantitation of Hyaloid Vasculature Using SD-OCT
Optical coherence tomography images were exported as a Tiff
stack (100 B-scans, each 14 lm apart) and analyzed using FIJI
software.28 The central 30 slices encompassing the nerve were
collapsed into a single image by obtaining the maximum
intensity of each slice. Next, images were converted to 8-bit
binary using automatic thresholding algorithm Renyi Entropy.29 A median filter was applied to remove single pixel-wide
specks before the hyaloid area in the vitreous was quantified in
micrometers within an oval region of interest (width 3 height:
800 3 250 pixels).

Quantification of Total Retinal Thickness
Total retinal thickness (TRT) was measured, using SD-OCT
images, from the inner limiting membrane to Bruch’s
membrane as previously described elsewhere.30 In brief,
measurements were made from the B-scans containing the
optic nerve using FIJI. Retinal thickness was measured using
calipers perpendicular to Bruch’s membrane at a distance of
200 lm from the center of the optic nerve. Thickness values
from nasal and temporal regions across five B-scans were
averaged to give a global thickness measure for each eye.

Tissue Processing and Histology
For histology and whole-mount immunostaining, euthanized
animals were perfusion fixed (4% paraformaldehyde [PFA]) and
eyes enucleated. The eyes were allocated to either retinal wholemount staining, glycomethacrylate (GMA) resin histology, or
frozen sections. Serial resin sections (5 lm) where possible
including the optic nerve–pupil axis were collected and stained
with hematoxylin and eosin (H&E). A selection of eyes (3, 5, 8,
and 20 weeks, n ¼ 4/time point) were frozen and sectioned (6
lm) for immunostaining to detect glial fibrillary acidic protein
(GFAP; BD Pharmingen, San Diego, CA, USA), a-smooth muscle
actin (a-SMA; Sigma-Aldrich Corp., St. Louis, MO, USA) to
characterize the preretinal membranes, and collagen type IV
(Coll IV; AbD Serotec, Oxford, UK) to stain superficial retinal
and hyaloid vessels.31 Primary antibodies were visualized with
AF546 goat anti-mouse secondary antibody (Molecular Probes,
Mulgrave, VIC, Australia).

Retinal Whole-Mount Immunohistochemistry
The fixed left eye from some animals was dissected in
phosphate-buffered saline (PBS). Following the method previously described for processing whole mounts,32 the neural
retinae were dissected from the retinal pigment epithelial–
choroid–sclera and flattened by radial incisions.11 Using the
staining regimen described by Tual-Chalot et al.,31 the retinae
were permeabilized with an overnight incubation in 0.5%
Triton X in PBS. They were incubated overnight in isolectin B4
(Ib4; Vector Laboratories, Inc., Burlingame, CA, USA) diluted in
PBS and then incubated for 5 hours with a Strep-647 secondary
antibody (Molecular Probes). Hoechst 33342 (Molecular
Probes) was added to all preparations as a nuclear stain. All
the steps outlined above were performed at room temperature
on a rocker. Stained retinae were imaged using an SP5 fivechannel inverted confocal microscope (Leica, North Ryde,
NSW, Australia). Digital scanning of entire stained retinae were
obtained using an AF6000LX wide-field microscope (Leica).

Calculation of Area of Avascularity in Retinal
Whole Mounts
The extent of avascularity in experimental mouse retinal
samples was analyzed per a modified version of a method
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described by Connor et al.14 Tiled images of retinal samples
were analyzed with the polygon selection tool available in the
open-source FIJI software.28

Quantitation of Fundus Images Reveals Persistent
Tortuosity of Retinal and Hyaloid Vessels in P0 to
P7 Hyperoxia-Exposed Mice

Statistical Analysis

Normally, mouse retinal vessels radiate in a spoke-like pattern
from the ONH with approximately five or six arterioles and five
or six venules in alternating pairs (Supplementary Fig. S4,
middle).35 Since increased tortuosity of the retinal vessels is a
predictor of clinical outcomes in human ROP,16 we quantified
tortuosity in our P0 to P7 hyperoxia-exposed mice. Analysis of
vessels (arteries and veins) in FA revealed highly significant
differences between control (normoxia) and hyperoxia-exposed groups in tortuosity index of both hyaloid and retinal
vessels (Figs. 2B, 2C). While hyaloid vessels became progressively less tortuous with recovery time (Fig. 2B), the index in
retinal vessels remained approximately similar from 3 to 40
weeks (Fig. 2C).

The area of vitreous hemorrhages, number of hyaloid vessels,
vessel tortuosity index, area of unvascularized retina, and ERG
parameters in normoxia and hyperoxia mice were compared
using 1-way or 2-way ANOVA (depending on experimental
variables) and Tukey’s post hoc comparison. Where data were
obtained from both eyes (quantitation of vessels from Micron
imaging, ERG, OCT), these were used to calculate a mean per
animal. In cases where only one eye was available (retinal
whole mounts), only one eye per animal contributed to the
data point.

RESULTS
Clinical Fundus and Fluorescein Angiography
Findings in P0 to P7 Hyperoxia-Exposed Mice
In vivo fundus examination of the eyes of P10 and P14 mice
exposed to 65% O2 between P0 and P7 by bright-field and
fluorescein angiography (FA) was obscured by large dilated
vessels of the hyaloid system (TVL, VHP) (Fig. 1). By week 3
(P21), vitreous hemorrhages were commonly encountered
(11/13 animals, 10 bilateral), as were extensive retinal
detachments (12/13 animals, 11 bilateral). The hemorrhages
occupied on average between 10% and 15% of the fundus
field of view; however, this diminished rapidly by week 5 (Fig.
1; Supplementary Fig. S1). At later time points (5–40 weeks)
there was evidence of hypopigmented zones of marked
retinal degeneration and retinal folding (Fig. 1, left column;
full data, Supplementary Fig. S2). Retinal vessels of hyperoxiaexposed mice were dilated, highly tortuous, and displayed
evidence of nondichotomous branching when compared to
normoxia (control) mice (Supplementary Fig. S3). This
abnormal retinal vascular pathology persisted until 40 weeks
in the hyperoxia-exposed mice (Fig. 1). At none of the time
periods examined did there appear to be a central avascular
zone. At later time points there appeared to be patchy
peripheral avascular zones with leakage of vessels at the
interface between the vascularized and avascular retina
(Supplementary Fig. S4).

Exposure of Mice to Early Hyperoxia (P0–P7)
Disrupts the Normal Hyaloid Vascular Regression
During normal development in humans and other mammals,
the hyaloid artery arises from the ONH and passes anteriorly
through the vitreous, which it supplies via the VHP, before
forming a regular capillary bed (the TVL) around the lens. This
entire system undergoes regression in the last trimester in
humans, and its abnormal persistence is a feature of a minority
of cases of severe ROP33 and persistent hyperplastic primary
vitreous.34 In the present study, while three to five major
branches of the hyaloid artery were patent and highly visible
during FA examination of normoxia (control) mice at P10, P14,
and 3-week mice, these vessels had undergone normal
regression by 5 weeks (Fig. 2A; Supplementary Fig. S4, right)
as previously described.19 By contrast, in P0 to P7 hyperoxiaexposed mice the TVL, VHP, and hyaloid artery were more
tortuous and dilated at 3 weeks compared to controls and
furthermore persisted until 40 weeks of age (Fig. 1, right; Fig.
2A).

SD-OCT Reveals Severe and Persistent Pathology in
the Vitreous and Retina of P0 to P7 HyperoxiaExposed Mice
Subgroups of control and P0 to P7 hyperoxia-exposed mice
were investigated using SD-OCT at 8 and 20 weeks
immediately prior to ERG studies. In control mice, normal
retinal topography and anatomic arrangement of the layers
corresponding to previous descriptions were observed (Fig.
3A). 36 In 8-week hyperoxia-exposed mice there were
conspicuous pathologic changes including retinal detachment, retinal thickening, disorganization of retinal layers,
retinal folds, and rosettes (Figs. 3B, 3C). The most noticeable
feature was the presence of vitreal opacities or preretinal
membranes that had distinct adhesion points to the puckered
or elevated retinal surface. These frequently overlaid areas of
severe retinal disruption, folding, and detachment (Figs. 3B,
3C). This corresponded to the clinical fundus appearance in
these mice described above. Isolated hyaloid vessel profiles
representing persistent parts of the VHP were connected to
the TVL around the lens (Fig. 3B). Three-dimensional
reconstruction of the SD-OCT data demonstrated clearly the
disorganized retina, vitreal membranes, retinal detachment,
and persistent abnormal hyaloid vessels compared to controls
(data not shown). By 20 weeks, while the changes were
slightly less marked, there were still extensive regions of
preretinal membranes, retinal tenting, and persistent hyaloid
vessels extending to the posterior surface of the lens (Fig.
3D).
Significantly greater areas of the vitreous were occupied by
persistent abnormal hyaloid vessels and preretinal membranes
in the hyperoxia-exposed groups compared with control at
both 8 and 20 weeks of age (Supplementary Fig. S5). Total
retinal thickness, as measured by SD-OCT, showed no
difference between hyperoxia and control groups at 8 or 20
weeks; however, there was a trend toward higher TRT values
in the hyperoxia-exposed mice at 20 weeks due to retinal
detachment and tenting due to upward pressure from hyaloid
scar tissue at the vitreous–retinal interface (Supplementary Fig.
S5).

ERG Shows Abnormal, Longstanding Functional
Changes in Hyperoxia Mice
In light of the importance of the loss of a lifetime of visual
function for infants with severe ROP or congenital vitreoretinopathies, we sought to determine if the persistence of
marked retinal pathology into adulthood that was noted in the
P0 to P7 hyperoxia-exposed mice was reflected by long-term
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FIGURE 1. The clinical appearance of the mouse eye as seen using Micron III retinal fundus imaging at various recovery times after P0 to P7
hyperoxia exposure. Left column: bright-field (BF) mode; middle column: fluorescein angiography (FA) mode focused on the retinal vessels; left
column: FA focused on the hyaloid vessels. The retina and retinal vessels cannot be visualized clearly in P10 and P14 due the hyaloid artery and its
branches, which are hypertrophic at both time points. Note the vitreous hemorrhages at 3 weeks, and retinal detachments (arrowheads) and focal
degenerative changes (pale focal areas) from week 8 onward together with the highly tortuous retinal and persistent hyaloid vessels at all time
points. Further time points are shown in Supplementary Figure S2.
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FIGURE 2. Quantitative analysis of the number of hyaloid vessels
observed by in vivo fundus imaging in P0 to P7 hyperoxia-exposed
mice and controls (A); the tortuosity index of those hyaloid vessels (B)
and retinal vessels (C). Values are mean 6 SEM, ***P < 0.001 (1-tailed ttest). (A) Control group sizes, n ¼ 11, 5, 20, 8, 16; experimental group
sizes, n ¼ 26, 9, 18, 8, 29. (B) Control group sizes, n ¼ 11, 4, 13, 0, 3;
experimental groups, n ¼ 26, 9, 18, 8, 29. (C) Control group sizes, n ¼
11, 5, 20, 7, 16; experimental group sizes, n ¼ 26, 9, 18, 8, 29.

altered retinal function. Figure 4A shows averaged responses
from a control (thin trace) and a treated eye (thick trace) in an
8-week-old mouse. The top traces show the response to a
bright flash of light, which provides information about the
integrity of photoreceptors (a-wave), ON bipolar cells (bwave), and inhibitory pathways involving amacrine cells (OPs).
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FIGURE 3. SD-OCT imaging of control (A) and hyperoxia-exposed mice
at 8 weeks (B, C) and 20 weeks (D). Note the dense membranes in the
vitreous (arrowheads) in hyperoxia-exposed mice and the manner in
which the retina is puckered or elevated where these membranes
attach to the inner retina. Extensive retinal detachment is clearly
evident (large arrow [B]). Isolated profiles of hyaloid vessels are also
present in 8- and 20-week-old eyes. Note the large rosette in the retina
at 8 weeks (black arrowhead [C]).

The lower trace shows the response to a very dim flash. This
produces the STR, which is known to be dominated by
ganglion cell responses in rodents.37 Figure 4B shows that
photoreceptor (a-wave), bipolar cell (b-wave), amacrine cell
(OPs), and ganglion cell (STR) function are all significantly
attenuated in P0 to P7 hyperoxia-exposed mice (P < 0.01)
when compared to control groups at 8 weeks.

Downloaded From: http://iovs.arvojournals.org/pdfaccess.ashx?url=/data/journals/iovs/935913/ on 03/30/2017

Early Hyperoxia Causes Severe Vitreoretinopathy

IOVS j December 2016 j Vol. 57 j No. 15 j 6519

FIGURE 4. Retinal function as assessed by ERG in control and OIR mice (65% O2 P0–P7) at 8 weeks (A, B) and 20 weeks (C, D). (A) Average group
waveforms for control (thin traces) and OIR mice (thick traces) elicited with a bright (a-wave, b-wave, oscillatory potentials46 at 1.2 log cd.s/m2)
and dim (scotopic threshold response, 5 log cd.s/m2) flash. (B) Size (average 6 SEM) of each of the major ERG components expressed relative to
the group average of control eyes (OIR response/average control, %). (C) Average waveforms at 20 weeks. (D) Relative response at 20 weeks. At 8
weeks, n ¼ 8 hyperoxia, n ¼ 9 controls; 20 weeks, n ¼ 8 hyperoxia, n ¼ 6 controls.

All components of the ERG remained significantly attenuated
in hyperoxia-exposed mice compared with controls at 20 weeks
of age (Figs. 4C, 4D) (P < 0.01). In particular, Bonferroni post
hoc analysis shows that the STR was significantly more affected
than all other ERG components (P < 0.05), suggesting a further
compromising of ganglion cell function with age in hyperoxiaexposed mice. No significant difference was found in pupil size
(1.5 6 0.1 mm) between the hyperoxia-exposed and control
groups of mice at either 8 or 20 weeks. In addition, there was no
significant difference in intraocular pressure between the
control and the hyperoxia-exposed groups at 8 weeks (hyperoxia, 9 6 1 mm Hg versus control, 8 6 1 mm Hg) or 20 weeks
(hyperoxia, 10 6 1 mm Hg versus control, 9 6 1 mm Hg).
Given that the hyperoxia-exposed group showed more
vitreal opacities and hyaloid vascular remnants, we performed
a correlation analysis in order to determine if there was a
relationship between both measures and retinal function.
There was a poor relationship between retinal function and
retinal thickness (Supplementary Fig. S4C); however, there was
a very strong correlation between the photoreceptoral
(Supplementary Fig. S4D), bipolar cell (Supplementary Fig.
S4E), and ganglion cell (Supplementary Fig. S4F) function and
vitreal opacities identified using SD-OCT.

Early (P0–P7) Hyperoxia Induces Severe
Vitreoretinopathy
Ocular histology of P10 and P14 eyes (Fig. 5) revealed that full
differentiation of all retinal layers was complete although the

photoreceptor layer was not fully mature, a situation that
appeared ostensibly similar to that for normoxia controls (not
shown). However, there was minimal evidence of retinal
vasculature but marked hyperplasia of the VHP and the TVL,
particularly at the P14 time point at which the TVL formed a
thick condensation on the posterior lens surface (Figs. 5D, 5E).
The vessels in the periphery of this abnormal TVL sent
branches onto the peripheral retinal surface (Fig. 5F). This was
confirmed in retinal whole mounts (not shown). Observations
in 3-week-old hyperoxia-exposed mice confirmed the pathologic changes observed clinically by fundus bright-field
imaging, FA imaging, and SD-OCT. Namely, these eyes were
characterized by vitreous hemorrhages, vitreous or preretinal
membranes, persistent hyaloid artery and associated TVL and
VHP, retinal folds, and rosettes, together with various degrees
of retinal degeneration including complete loss of the outer
retina (Figs. 6A–C). Most of these changes were consistently
observed in 5-week-old (data not shown) and 8-week-old mice
(Figs. 5D–F) with the exception that vitreous hemorrhages had
partly resolved along with the preretinal membranes and
persistent VHP (Figs. 6D, 6E), which were less conspicuous
than in P10, P14, and 3-week-old mice (Fig. 5). By 20 and 40
weeks, vitreal or preretinal membranes were not as frequently
encountered in sections (data not shown); however, capillaries
were still present on the posterior lens surface (the persistent
TVL) and in the vitreous (the persistent VHP) near the ONH
(Fig 6E; Supplementary Fig. S5G). In eyes from 3 to 40 weeks
there was marked focal loss of outer retinal layers (Figs. 6B, 6C,
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FIGURE 5. Histopathology of representative eyes from P10 (A–C) and P14 (D–F). At P10, note the prominent hyaloid vessels and TVL. The retinal
morphology appears ostensibly normal for the age of the mouse. At P14 the hyaloid artery and TVL are hyperplastic and extend onto the retina near
the optic nerve head and form a thick distinct capsule on the posterior lens surface (E) that extends laterally and appears to send branches to supply
the peripheral retina (F). Magnifications: 350, insets 310 (A, D); 3100 (B, C, E, F).

6F) and distinct patches of RPE loss leading to retinal tissue
abutting directly onto the choroid (not shown).
Immunolabeling of frozen sections demonstrated moderate
inner retinal gliosis as evidenced by increased immunoreactivity for GFAP at 3 weeks (data not shown) and 8 weeks (Fig. 7).
In 3- and 8-week hyperoxia-exposed eyes, preretinal membranes were found to contain extensive quantities of type IV
collagen, which is normally detectable only around largercaliber vessels in the superficial retina and is absent in the
normal vitreous (Fig. 7). Immunolabeling also detected a-SMA
associated with vitreous membranes (Fig. 7).

Early Hyperoxia Exposure in Mice Leads to
Marked Changes in Retinal Vasculature
One of the critical issues in ROP in humans (stage 2 upward) is
the incomplete vascularization of the peripheral retina and
leakage into the vitreous from abnormal superficial retinal
vessels at the margins of the vascularized zone.38 In normoxia
control mice at 5 to 8 weeks onward, the retinal vasculature
could be seen to have grown radially and reached the peripheral
margins of the neural retina (Fig. 8A) and consisted of three
laminae of vessels or capillary beds (superficial, deep, and

intermediate layers) (Figs. 8B, 8C), which conforms to previous
descriptions of mouse retinal vasculature.35 While a classical
feature of the conventional 75% O2 P7 to P12 OIR model when
studied at around P17 to P21 is a central avascular or vasoobliterative zone, this was not a characteristic of the present
65% O2 P0 to P7 model (Figs. 8D–I). Instead, a less dense plexus
of smaller superficial retinal vessels had grown more haphazardly in a radial direction toward the periphery but had failed to
completely vascularize the margin by week 3 (day 21). In
addition, there was largely an absence of the deep capillary
plexus (Figs. 8D–I). Only in the central retina were occasional
larger-caliber vessels noted penetrating into the deeper layers of
the retina (Figs. 8F, 8I). By week 5 the pattern of highly tortuous
morphology with nondichotomous branching radiating arteries
and veins observed in fundus imaging (Fig. 1) was confirmed in
lectin- and antibody-stained retinal whole mounts (Figs. 8D–F).
In 20-week-old hyperoxia-exposed mice, an avascular zone
persisted in the peripheral retina (Fig. 8G); vessels were not
arranged in the normal distinct laminae (Fig. 8H) and had failed
to form the normal deeper or intermediate branches (Fig. 8I),
and the density of vessels was abnormally low. Quantitative
analysis confirmed that there was consistent failure of vascularization of the peripheral retina (Supplementary Fig. S5H).
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FIGURE 6. Histopathology of representative eyes from 3-week (A–C) and 8-week (D–F) time points in hyperoxia-exposed mice. Low magnification
(insets) reveals the general layout of the mouse eyes and shows normal anterior segment morphology. At 3 weeks of age, a large prominent hyaloid
artery along with vitreal membranes (black arrow) is clearly identifiable bridging between the connective tissue around the hyaloid artery and the
elevated retinal surface. Extensive retinal folding and rosettes are also visible. Vitreous hemorrhages (red arrows) are clearly identifiable (A, B), as
are focal regions of extensive outer retinal degeneration (B, C). At 8 weeks of age, vitreous membranes (arrow in [D]) are still evident associated
with elevated and disrupted retinal layers. Numerous hyaloid or epiretinal vessels (arrows in [E]). Note extensive outer retinal disruption and
folding and loss of outer retinal layers (arrowhead in [F]). Control normoxia mice were normal and revealed no abnormal pathology at all time
points examined (Supplementary Fig. S3). Magnifications: 350, insets 310 (A, D); 3100 (B, C, E, F).

DISCUSSION
The present study describes the long-term clinical, functional,
and histopathologic changes in a small animal model that result
from early hyperoxia exposure. Some of the features of this
oxygen-induced vitreoretinopathy (OIVR) partly mimic some
of the features of severe ROP while others are closer in nature
to various congenital vitreoretinal disorders. The noteworthy
features in this new OIVR model produced by a hyperoxia
regimen of 65% O2 exposure between P0 and P7 include

vitreous hemorrhage; retinal detachment; retinal degeneration;
loss of outer and inner retinal function; cicatricial changes or
glial scarring; persistence of the primary vitreous or VHP and
TVL; and a peripheral avascular zone with leakage of vessels at
the interface of vascularized and nonvascularized retina. These
changes produced by early exposure to hyperoxia cause a
permanent vitreoretinal degeneration, which ERG studies
confirmed resulted in the marked loss of retinal function that
fails to recover by 8 weeks. Indeed, the inner retina or ganglion
cell function deteriorates further by 20 weeks.
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FIGURE 7. Immunostained frozen sections of control and hyperoxia-exposed eyes at 8 weeks showing astrogliosis in the superficial retina
(abnormal GFAP immunoreactivity, top right) and abnormal deposition of type IV collagen (Coll IV; middle right) together with the presence of asmooth muscle actin (a-SMA)-positive staining in the superficial retina and vitreal membranes (bottom right). Bar: 50 lm.

The well-studied 75% O2 P7 to P12 mouse OIR model has
been pivotal in elucidating the mechanism of vessel regression
during the vaso-obliterative phase of ROP (phase I), and the
role of VEGF and other factors such as insulin-like growth
factor-1 (IGF-1) in the subsequent neovascular response to

relative hypoxia when animals or neonates are returned to
room air (phase II of ROP).11 However, the OIR model does not
display several of the other characteristic features of severe
ROP.11,13 Specifically, the presence of a central avascular area
or vaso-obliterative zone in this mouse OIR model is unlike
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FIGURE 8. Retinal whole mounts from control and hyperoxia-exposed mice at 5 and 20 weeks stained with Ib4 (red/magenta). The entire retinal
vasculature is shown in the left column (A, D, G), and confocal three-dimensional reconstructions or Z profiles of retinal vessels in the central and
peripheral retina are in the right column. The latter show the extent of penetration of the capillaries into the neural retina. The nuclear layers of the
retina (ganglion cell layer [GCL], inner nuclear layer [INL], and outer nuclear layers [ONL]) are visualized by Hoechst nuclear staining (blue) and
best seen in control retinal profiles (B, C). The vitread aspect of the retina is orientated superiorly. Note that at 5 weeks of age in normal eyes there
are already three layers of vessels in the central and peripheral retina: a superficial, an intermediate (inner plexiform layer), and a deep (outer
plexiform layer) (labeled 1, 2, 3, respectively in [B]). Note the mainly superficial vessels from 5 weeks onward in the hyperoxia mice; however,
large-caliber vessels are seen penetrating the central retina in 20-week hyperoxia-exposed mice. Scale bars: 1 mm, right column (A, D, G); 50 lm
(B, C, E, F, H, I).
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human ROP, where by contrast it is the peripheral retina that
remains avascular due to impaired radial growth of retinal
vessels.5 Further, the retinal vasculature in the P7 to P12 75%
O2 mouse OIR largely remodels during the postnatal reparative
phase (P21 onward), and the hyaloid system regresses as
normal by week 5 or 6.14,17,19 While remodeling occurs in mild
ROP, severe untreated ROP can lead to a lifetime of visual
impairment. The OIVR model described herein leads to
abnormal persistence of the hyaloid system, not only a feature
of a minority of cases severe ROP33 but also a characteristic of a
spectrum of other sight-threatening conditions including the
congenital abnormality known as persistent hyperplastic
primary vitreous (PHPV).34 This new OIVR model thus
presents an opportunity to dissect the molecular and cellular
mechanisms that lead to persistence of the hyaloid system.
Such persistence may relate to the delayed growth of retinal
vasculature and hence the reduced oxygenation levels in the
vitreous when animals were returned to normoxia at P7.
Perhaps this relative hypoxia interferes with the normal
mechanisms that cause hyaloid regression.
We acknowledge that the timing of the hyperoxia exposure
in the present OIVR model is not completely comparable to
premature human infants at risk of ROP as retinal vascularization has barely commenced in the mouse eye at P0,9 while in
the human eye at 23 to 25 weeks of gestation, between 50%
and 60% of the retina is already vascularised.7 However, in both
situations there is developing growing retina that is unvascularized. Whether the current model can inform us on the
mechanisms of some of the pathologic changes observed will
prove fertile ground for future studies.
Ashton and other investigators9,39,40 noted many years ago
that the retinae of mice exposed to hyperoxia between P0 and
P5 had more severe changes than those of mice exposed to
hyperoxia at later time points. Ashton attributed this to a
complete obliteration of the developing retinal vessel complex
after 5 days of hyperoxia. Upon return to room air for 5 days
(P10), mice exposed to early hyperoxia showed abnormal
retinal neovascularization and vasoproliferation into the
adjacent vitreous accompanied by an overgrowth and proliferation of hyaloid vessels similar to those described in the
present study. These observations went largely unnoticed until
Gole and colleagues,10,22 in a study of P10 mice exposed to
98% to 100% O2 from P0 to P5, noted ultrastructural changes
in vessels of the retina, vitreous, or hyaloid system that
mimicked the neovascular phase of ROP and concluded that to
produce proliferative vitreoretinopathy in mouse, the O2
concentration must be in the order of 98% as had been
previously postulated. In our laboratory, exposure to concentrations of O2 over 75% at P0 onward leads to death of the
pups (data not shown). We conclude therefore that it is not
only the timing of the hyperoxia but also the choice of O2
concentration of 65% that may be responsible for the
observations presented herein.
As long ago as 1957, Ashton41 commented in relation to the
value of animal models of ROP that ‘‘[t]he main divergence is in
the course of their development, for while the vasoproliferations in the premature infant frequently (but by no means
inevitably) progress to retinal detachment and cicatrization,
they regress in the animal eye and retinal detachment does not
develop’’ (450). The clinical and correlated histopathologic
data in the present study convincingly show that our P0 to P7
65% O2 protocol does indeed produce an animal model with
vitreous hemorrhages, vitreous contractile membranes (as
evidenced by the presence of a-SMA), retinal detachment,
cicatrial changes (as evidenced by increased and longstanding
GFAP expression), and profound retinal degeneration. While in
premature infants only 6% of ROP patients may progress to
threshold or severe disease, even apparently involuted ROP is
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still associated with changes in the eye including abnormal
nondichotomous branching of retinal vessels, failure to
vascularize the peripheral retina, vitreous membranes with
vitreoretinal traction, retinal detachment, and persistent
tortuosity of vessels,42 all of which are seen as predictors of
unfavorable clinical sequelae.43 In the original description of
the P7 to P12 75% O2 mouse OIR model, Smith et al.13 stated it
was not their intention to produce a model with cicatricial
changes or retinal detachment but rather a model of retinal
neovascularization, and indeed, it is for this reason that most
investigators choose to look at this model at the early time
points (around P17). The presence of ‘‘neovascular tufts’’
(small vessels that appear elevated from the inner retinal
surface, which arise from retinal vessels) is an important
characteristic of the conventional P7 to P12 75% O2 OIR
model. However, even at our earliest time point (3 weeks), we
did not observe obvious examples of neovascular tufts in
sections or whole mounts. We concluded that the numerous
vessels in the vitreous identified on SD-OCT and histologic
sections were in fact abnormally persistent hyaloid vessels and
in the main were not originating from the retinal vessels.
From ERG studies in humans it is known that the magnitude
the photoreceptoral response is smaller and kinetics of
activation of phototransduction are prolonged in rod photoreceptors in children (10–16 years of age) who have suffered
severe ROP due to preterm birth (mean gestational age [MGA]
of 26 weeks, mean birth weight 700 g).44 We found both a
significant reduction in photoreceptoral response amplitude
and phototransduction activation kinetics at 8 weeks in
hyperoxia-exposed mice, an effect that persisted at 20 weeks.
In addition to outer retinal deficits, previous studies in the rat
model of OIR have indicated decreased inner retinal responses
as evidenced by a diminished oscillatory potentials model at
P31 when retinopathy is maximal.45 This is in agreement with
our observation of inner retinal deficits in OPs and the ganglion
cell STR. Functionally, while both the a- and b-waves are
significantly reduced at P18 in the mouse P7 to P12 75% O2
OIR model,17,23 recent evidence describes their near recovery
by 8 weeks.18 Not only has our present study revealed that the
hyperoxia between P0 and P7 produces prolonged and severe
changes (60%–70% loss) in the mouse retina ERG, but we have
specifically demonstrated the continued deterioration in
ganglion cell function between 8- and 20-week-old mice,
which indicates that the pathologic changes are not merely
restricted to the photoreceptor layer in the early phase of the
disease but that there is an ongoing deterioration in inner
retinal function. The significant correlations between vitreal
opacities and ERG data we observed strongly suggest that this
compromised inner retinal function may in part be due to the
ongoing effects of contractile changes in preretinal membranes. To our knowledge, this is the first study not only to
demonstrate contractile elements in preretinal membranes in a
mouse model of vireoretinopathy but also to show that their
presence is likely strongly correlated with functional deterioration in retinal function.
While the lack of mechanistic data may be regarded as a
limitation of the present study, we propose that this model
presents many opportunities for such studies in the future, and
indeed these are currently in progress.
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