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Purpose. T'o develop oxygen-induced retinopathy in the mouse with reproducible and quantifi-
able proliferative retinal neovascularization suitable for examining pathogenesis and therapeu-
tic intervention for retinal neovascularization in retinopathy of prematurity (ROP) and other
vasculopathologics.

Methods. One-weck-old CH7BL./6] mice were exposed 1o 75% oxygen for 5 days and then to
room air. A novel fluorescein-dexiran perfusion method has been developed to assess the
vascular pattern. The proliferative neovascular response was quantified by counting the nuclei
ous in 6 um sagittal cross-scections.

of new vessels extending from the retina into the vitre
Cross-sections were also stained for glial fibrillary acidic protein (GFAP).

Results. Fluorescein-dextran angiography delincated the entire vascular pattern, including
neovascular tufts in flat-mounted retinas. Hyperoxia-induced neovascularization occurred at
the junction between the vascularized and avascular retina in the mid-periphery. Retinal neo-
vascularization occurred in all the pups between postnatal day 17 and postnatal day 21. There
was a mean of 89 neovascular nuclei per cross-section of 9 eyes in hyperoxia compared 1o less
than 1 nucleus per cross-section of 8 eyes in the normoxia control (£ < 0.0001). Proliferative
vessels were not associated with GFAP-positive astrocyte processes.

Conclusions. The authors have described a reproducible and quantifiable mouse model of
oxygen-induced retinal neovascularization that should prove uscful for the study of pathogene-
sis of retinal neovascularization as well as for the study of medical intervention for ROP and
other retinal angiopathies. Invest Ophthalmol Vis Sci. 1994;35:101-111

Exp(‘)su re of premature infants to hyperoxia or to the
relative hyperoxia of the nonuterine environment is
associated with retinopathy. This retinopathy of pre-
maturity (ROP) usually regresses but can lead 1o irre-
versible vision loss if there is progression from retinal
neovascularization to cicatrization and retinal detach-
ment. In previous attempts to develop a mouse model
of oxygen-induced retinopathy, the neovascular re-
sponse 1o hyperoxia has been inconsistent and un-
quantified.'®

We have defined paramcters for exposure to hy-
peroxia that produce consistent, reproducible neovas-
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cularization in the mouse retina. Two new methods
have been developed to assess and quantify the vascu-
lar response. This reproducible, quantifiable, and in-
expensive model reflects retinal neovascularization in
general and the proliferative neovascular phase of
ROP in particular. It should prove effective for testing
medical intervention and for elucidating the patho-
physiology of proliferative retinopathy.

METHODS
Animal Model

This study adhered 1o the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research.
Neonatal mice (C57BL/6]) were obtained from breed-
ing colonies maintained at the Children’s Hospital in
Boston, Massachusetts. To develop the model, we ex-
amined retinopathy as a function of age at initial expo-
sure to hyperoxia and of oxygen concentration. Ini-
tially, mice from birth (PO) 1o postnatal day 7 (P7)
were exposed 1o 5 days of hyperoxia, and their eyes
were examined by histologic cross-section after 1 1o 5
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days in room air. Mice were chosen at P7 to optimize
the balance in retinal development between hyaloid
regression and incomplete retinal vascularization.®
Litters of P7 pups with at least two nursing dams per
group were assigned to hyperoxia (75% oxygen) or Lo
room air. Seventy-five percent oxygen was chosen
after examining the effect of 50% to 95% oxygen on
neovascularization. The mice were exposed to less
than 300 lux of 12-hour cyclical broad spectrum light.
Surrogate dams were substituted if nursing dams died,
a rare occurrence. The oxygen-treated mice were
housed in an incubator connected to a Bird 3-M oxy-
gen blender (Palm Springs, CA) with oxygen and ni-
trogen, allowing adjustment of oxygen concentration
to 75% * 2%. A flow rate of 1.5 I/min was checked
twice daily. Oxygen concentration was monitored with
a Beckman oxygen analyzer (Model D2, Irvine, CA).
The cage temperature was maintained at 23°C + 2°C.
The mice were placed in the oxygen chamber with
enough food and water to sustain them for 5 days. The
chamber was not opened during hyperoxia exposure
from P7 10 P12. On P12, the animals were returned to
room air until P17 to P21, when the retinas were as-
sessed for maximum neovascular response. The ani-
mals were weighed before and after oxygen exposure.
Animals not sacrificed by P21 were assessed from P21
to P44 for regression of neovascularization and nor-
malization of the vascular pattern. To establish the
preferential susceptibility of immature versus adult
vasculature to hyperoxia, we exposed P24 mice with
fully developed retinal vasculature to hyperoxia for 5
days, then to room air, and assessed the retinal vascu-
lar pattern for vaso-obliteration and neovasculariza-
tion. The eyes were processed as described below.

Angiography Using High Molecular Weight
Fluorescein-Dextran

Mice were deeply anesthetized intraperitoneally with
tribromoethanol (0.2 ml/10 g body weight) and then
perfused through the left ventricle with 1 ml of phos-
phate buffered saline (PBS) containing 50 mg of 2 X
108 molecular weight fluorescein-dextran (Sigma, St.
Louis, MO). (Lower molecular weight dextrans were
found to leak from the vessels during fixation.)!® Be-
fore use, the fluorescein-dextran solution was clarified

by centrifugation for 5 minutes at 10,000 rpm (Fisher .

Scientific, Springfield, NJ, model 235 C). The eyes
were marked for orientation, enucleated, and placed
in 4% paraformaldehyde for 3 to 24 hours. Lenses was
removed and peripheral retinas were cut to allow flat-
mounting with glycerol-gelatin. The flat-mounted ret-
inas were viewed by fluorescence microscopy (Zeiss
Axiophot, Thornwood, NY) and photographed.

Staining With RCA Lectin

To be certain that neovascular tufts were delineated by
the fluorescein-dextran perfusion method, some of
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the fluorescein-dextran perfused retinas were also
stained with RCA-I lectin, which labels mouse retinal
vasculature.'""'? The retinas were processed as previ-
ously described’® and flat-mounted with glycerol-gela-
tin for viewing by fluorescence microscopy.

Quantification of Neovascular Proliferative
Retinopathy

At P21, mice were sacrificed with intraperitoneal tri-
bromoethanol (0.1 ml/g body weight). The eyes were
enucleated, immersed in 4% paraformaldehyde in PBS
for at least 24 hours, and embedded in paraffin. Serial
sections (6 um) of whole eyes were cut sagittally,
through the cornea and parallel to the optic nerve and
stained with periodic acid-Schift (PAS) and hematoxy-
lin. For this study, eyes were not oriented as to nasal
and temporal sections because preliminary data re-
vealed no difference in neovascularization in any quad-
rant of oriented cross-sections and flat-mounts. Nuclei
from new vessels and vessel profiles could be distin-
guished from other structures in the retina and
counted in cross-section with light microscopy (magni-
fication X 400).

Approximately 150 serial sections were cut from
each eye. In the central half of the globe, between two
and four sections on each side of the optic nerve, 30 to
90 um apart, were counted for neovascularization.
This sampling method yielded between four and eight
sections per eye that were within 10% of the mean
retinal length. Cross-sections that included the optic
nerve were excluded because normal vessels emanat-
ing from the optic nerve, though distinguishable from
the neovascularization extending into the vitreous,
fulfilled the counting criterion and would have in-
creased the error. Vascular cell nuclei, identified
under light microscopy with hematoxylin staining,
were considered Lo be associated with new vessels if
they were found on the vitreal side of the internal limit-
ing membrane. Pericytes were not morphologically
identified in the ncovascular tufts and have not been
reported to be associated with neovascular vessels.
Nonetheless, it is possible that pericytes or pericyte
precursors may have been included in our cell counts.
Intraretinal vessels were distinguished from neural ret-
ina with PAS staining. The unpaired two-tailed Stu-
dent’s ¢-test was used to compare the number of neo-
vascular nuclei and to compare the number of intra-

-retinal vascular profiles in the mice exposed to

hyperoxia or normoxia.

GFAP Immunolocalization

Mice were anesthetized with tribromoethanol and
then perfused through the left ventricle with 4% para-
formaldehyde in 0.1 sodium phosphate buffer, pH
7.4. Corneas were removed and the eyes were post-
fixed for 30 minutes, rinsed in 0.1 M NaH,PO,, pH
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7.4, and equilibrated in 30% sucrose overnight at 4°C.
Eyes were embedded in Tissue-tek (Miles Inc., Elkhart,
IN), frozen, and stored at —80°C. Tissue sections of
10 to 12 um were cut onto glass slides in a cryostat at
—22°C and were successively incubated as follows:
10% normal goat serum (NGS; Sigma) for 30 minutes
at room temperature; rabbit anti-bovine GFAP (Inc-
star Corp., MI) at 1:1200 in 1% NGS, 0.3% Triton-X
100, overnight at 4°C; secondary antiserum (biotiny-
lated goat anti-rabbit) (Vector Labs, Burlingame, CA)
in 1% NGS, 0.3% Triton-X 100 for 1 hour at room
temperature; avidin-biotin complex (Vector Labs) for
1 hour at room temperature; 0.05% diaminobenzidine
(Sigma) in 0.01% hydrogen peroxide, 50 mM Tris-HCI
for 1 to 3 minutes at room temperature. The incuba-
tions included appropriate washings with PBS be-
tween steps. Coverslips were applied, and slides were
then examined by light microscopy.

RESULTS
Development of Animal Model

Observation of hyaloid regression and retinal vascular
formation in the mouse from PO to P7 revealed that
the vascular development of P7 retinas most closely
resembled that of premature infants with optimization
of maximal hyaloid vascular regression and minimal
retinal vascular development. PO mice (with less re-
gressed hyaloid vessels), when exposed to greater than
80% oxygen from birth, had extensive dilatation of the
hyaloid vessels and extensive neovascularization at the
disk that was neither quantifiable nor reproducible
(data not shown). In contrast, exposure of P7 mice to 5
days of 75% oxygen followed by return to room air
resulted in reproducible and quantifiable retinal neo-
vascularization without hypertrophy or dilatation of
the hyaloid vessels. P7 mice exposed to greater than
80% oxygen had slightly more retinal neovasculariza-
tion but a much higher mortality rate due, at least in
part, to a much higher maternal mortality rate. We
therefore did not use greater than 80% oxygen but
used 75% oxygen where mortality was low.

Mice were examined daily after removal from hy-
peroxia to room air on P12 to P44 to find the day at
which induced neovascularization was maximal. The
greatest neovascular response occurred from P17 to
P21; it was followed by slow regression of the new
vessels with reestablishment of a more normal branch-
ing vascular pattern, visible in retinal flat-mounts by
P24. Exposure of P24 mice with an adult retinal vascu-
lar pattern to 5 days of 75% oxygen followed by room
air did not result in hypoperfusion or retinal neovascu-
larization.

Hyperoxia-Induced Proliferative Retinopathy

The pattern of vascular development and neovascular-
ization was seen readily in retinal flat-mounts after flu-
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orescein-dextran perfusion.'® In earlier studies, we
used India ink to visualize the total retinal vascular
pattern and observed patchy perfusion of the capillar-
ies with little or no delineation of the neovascular tufts
extending into the vitreous. Vessels were more com-
pletely delineated with fluorescein-dextran than with
India ink, and retinas had minimum background stain-
ing. By focusing through the tissue, the deep and su-
perficial vascular plexuses were distinguishable and
neovascular tufts were visible. The labeled vessels were
stable for at least 10 months without additional diffu-
sion or decay of label.

The retina of the normal P17 mouse had both su-
perficial and deep vascular layers (joined by connect-
ing vessels) that extended from the optic nerve to the
periphery. The vessels formed a fine radial branching
pattern in the superficial retinal layer and a polygonal
reticular pattern in the deep retinal layer (Fig. 1a). The
retinal vascular pattern in the mice exposed to hyper-
oxia was characterized by decreased central perfusion
in both the superficial and the deep layers (Fig. 1c¢).
The neovascular response, as in humans, occurred in
mid-periphery at the junction between the perfused
and the nonperfused retina. Unlike ROP in humans,
however, the nonperfused retina was central and the
perfused retina was peripheral. Remnants of hyaloid
vessels maintained interconnection with peripheral
retinal vessels (seen in paraffin cross-section; data not
shown). This pattern was present in all mice (21 retinas
at P17 and 32 retinas at P21) exposed to hyperoxia. In
both fluorescein-dextran perfused flat-mounts and
paraffin cross-sections, there was no correlation be-
tween the degree of hyperoxia-induced vasoprolifera-
tion and the sex or weight of the mouse pups.

To determine if fluorescein-dextran perfusion re-
veals all the neovascular tufts, several retinas that had
been perfused with fluorescein-dextran were also ex-
posed to Texas Red-labeled RCA-I lectin that binds
selectively to murine vessels.'''? The RCA-I lectin la-
beled the vessels on the retinal surface and those ex-
tending into the vitreous of the normal and hyperoxia-
exposed mice as well as the regressing hyaloid system
(Figs. 1b, 1d). Consistent with the fluorescein-dextran
perfusion pattern, the Texas Red-labeled RCA-I lectin
highlighted the superficial radial vessels in both the
normal mice and those exposed to hyperoxia, as well
as the neovascular tufts in the hyperoxia-exposed
mice. There were few, if any, new retinal vessels re-
vealed with RCA-lectin staining (Figs. 1d, 1f) that were
not also delineated by fluorescein-dextran perfusion
(Figs. Ic, le). A few linear strands emanating from the
disc did not perfuse with fluorescein-dextran yet were
labeled with RCA lectin. These were likely to be rem-
nants of regressing hyaloid vessels that no longer had
patent lumina.

Examination of 6 um paraffin-processed cross-
sections of normal and hyperoxia-treated mouse eyes
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confirmed aspects of the vascular pattern seen with
fluorescein-dextran angiography and added comple-
mentary details. The normal pattern, at P21, consisted
ol branching superficial vessels connecting with a
deep vascular layer that extended from the optic nerve
to the ora serrata. Vascular cells, defined by PAS and
hematoxylin staining, did not extend beyond the inter-
nal limiting membrane into the vitreous (Fig. 2a). Mice
exposed to hyperoxia from P7 1o P12 and returned to
room air until P21 had neovascular tufts, particularly
in the mid-periphery, extending beyond the internal
limiting membrane into the vitreous (Figs. 2b, 2¢). The
neovascular tufts visualized by perfusion with fluores-
cein-dextran (Figs. 1¢, Te) were found in some cross-
sections Lo be contiguous with the deeper retinal ves-
sels (Fig. 2¢), confirming their origin from retinal
rather than vitreal or hyaloid vessels. In cross-section,
there was no difference in the morphology or thick-
ness of the choroid between the areas of retinal hypo-
perfusion and perfusion (data not shown).

Quantification of Proliferative Retinopathy

The degree of hyperoxia-induced neovascularization
was quantified in serial paraffin cross-sections by
counting the number of vascular cell nuclei on the
vitreal side of the internal limiting membrane. In nor-
mal P21 mice, there was an average of 0.6 = 0.9 SD
(SEM = 0.1) nuclei extending into the internal limiting
membrane per 6 um retinal cross-section compared to
89 + 34 SD (SEM = 3) nuclei per 6 um cross-section in
the hyperoxia-treated mouse eyes (Fig. 3). Although
the profiles of the deeper vessels were no more numer-
ous per 6 um cross-section in the hyperoxia-exposed
retinas (Fig. 4), the average profile appeared greater in
cross-sectional area (Fig. 2) and stained more heavily
with PAS than did the vascular profiles in the normal
retinas (data not shown). Further, the deeper vessels
appeared to have more nuclei per profile area at P15
and P16 than did the normal retinas (data not shown).
During the regressive phase (P21 to P44), the deeper
vessels lost nuclei before PAS-stained material de-
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creased, suggesting that extracellular material per-
sisted longer than intracellular components during re-
gression.

Time Course of Hyperoxia-Induced
Retinopathy

Other hyperoxia-induced changes were evident be-
fore the development of proliferative retinopathy.
Normal P7 retinas had a superficial layer of vessels
extending close to the ora serrata and a deeper con-
necting layer reaching from the optic nerve o the
mid-periphery; there was also a small, nonperfused
area at the ora serrata where vascular development
had not yet occurred (Fig. 5a). After 8 hours of expo-
sure to hyperoxia, there was decreased perfusion of
the fine branching capillaries around the optic disc,
presumably due to vasoconstriction, whereas the
large, well-developed, superficial radial vessels ex-
tending from the optic disc were still perfused (Fig.
5b). This central vasoconstriction was reversible; mice
removed from hyperoxia after 8 hours appeared to
have normal retinal vascular patterns 5 days later.
After 24 hours (Fig. 5¢) and 5 days (Fig. 5d) of hyper-
oxia, the area of central hypoperfusion was progres-
sively larger than it was with 8 hours of exposure (Fig.
5b). At P14, after 5 days of exposure to hyperoxia
followed by 2 days in room air (Fig. 5e), most of the
central retina showed almost no perfusion. The radial
vessels appeared tortuous and dilated.

The reversibility of the hypoperfusion, decreased
after 24 hours of exposure to hyperoxia. Five days
after removal to room air (P16), clusters of vascular
cell nuclei were seen above the internal limiting mem-
brane in paraffin cross-sections. Neovascular tufts ex-
tending into the vitreous occurred in the mid-periph-
ery, at the junction of the central nonperfused retina
and the peripheral well-perfused retina. This response
was maximal between P17 and P21. Subretinal hemor-
rhages and retinal {olds were seen in cross-sections of
the hyperoxia-exposed retinas between P17 and P21,
as have been described in oxygen-induced retinopathy

<

FIGURE 1. Comparison of fluorescein-dextran perfused and RCA lectin-labeled retinas ex-
posed to room air or hyperoxia. (a) Fluorescein-dextran perfused retina from room air-
raised P17 mouse. Arrow shows superficial radial vessel coincident with that seen in (b). This
pattern was consistent in 16 mice over 8 experiments. (b) Same retina as in a, double-labeled
with RCA-I lectin bound 10 Texas Red 1o delineate vessels on the retinal surface; arrowhead
shows regressed hyaloid remnants; arrow shows superficial raclial vessel. Note the absence of
neovascular wufts. () Fluorescein-dextran perfused retina from P17 mouse exposed to hy-
peroxia from P7 to P12, before return to room air. Note area of central hypoperfusion.
Arrows point o neovascular tufts extending into the vitrcous. This pattern was consistent in
21 mice over 9 experiments. (d) Same retina as in ¢, double-labeled with RCA-I lectin bound
1o Texas Red. Arrows indicate neovascular tufts that coincide with perfused ncovascular tufis
in (c). (a to d) Original magnification X 6. (e) 25 X magnification of (c). Arrows indicate same
vascular areas as indicated in c. (f) 25 X magnification of areas indicated in d.
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FIGURE 2. Comparison of room air and hyperoxia-exposed
retinas in 6 pm cross-section stained with PAS and hematox-
ylin. (a) P21 retina exposed Lo room air. Arrowhead indicates
normal intraretinal vessel. (b) P21 retina exposed to hyper-
oxia from P7 to 12, before return to room air. Arrows indi-
cate neovascular tufts extending into the vitreous. Arrow-
heads mark enlarged intraretinal vessel profiles. (a, b) Origi-
nal magnification X 100. (c) Higher magnification (X 140)
of P17 retina exposed to hyperoxia from P7 to 12. Arrow
indicates neovascular tuft extending into the vitreous, con-
tiguous with a deeper intraretinal vessels. V, vitreous; ILM,
internal limiting membrane; GCL, ganglion cell layer; IPL,
inner plexiform layer.
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FIGURE 3. Quantification of proliferative neovascular re-
sponse to hyperoxia. Total number of vascular nuclei per 6
um retinal cross-section, extending from the internal limit-
ing membrane into the vitreous were counted; 9 eyes from 8
mice in 6 experiments (43 cross sections) in hyperoxia (89
nuclei; SD = 34; SEM = 3) were compared to 11 eyes from 9
mice (57 cross-sections) in 2 experiments in room air (0.6
nuclei; SD = 0.9; SEM = 0.1). Values in bar graph represent
mean number nuclei £ SD (*P < 0.0001). See Figures 2aand
2b for comparison.

in other animals.”'" Mice with adult retinal vascula-
ture (P24) exposed to 5 days of hyperoxia followed by
a return to room air showed no hypoperfusion or pro-
liferative retinopathy.
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FIGURE 4. Intraretinal vascular response to hyperoxia. Ves-
sel profiles in the ganglion cell layer and nerve fiber layer
and in the inner plexiform layer were counted and ex-
pressed as mean number + SD per 6 pm retinal cross-section
(P > 0.05 for room air versus hyperoxia). The same cross-
sections as in Figure 2 were examined.
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GFAP Localization

In the normal mouse retina (Fig. 6a), as previously
reported,'” GFAP was localized in astrocytes whose
processes surround the blood vessels in the superficial
layer of the retina, The deeper retinal vessels were
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FIGURE 5. Time course of retinal vascular response to hyper-
oxia in Huorescein-dextran perfused flat mounts. (a) Normal
P7 retina before hyperoxia exposure. Six retinas were exam-
ined at each time point. Note area of nonperfusion in periph-
ery where blood vessels have not yet developed. (b) P7 retina
after 8 hours of hyperoxia exposure; note the decreased
central perfusion. (c) P8 retina after 24 hours of hyperoxia
exposure; decrease in central perfusion is greater than in b.
(d) P12 retina exposed to 5 days of hyperoxia; decrease in
central perfusion is greater than c. (e) P14 retina after 5 days
of hyperoxia exposure, followed by 2 days in room air. Note
increased perfusion in the periphery and dilation and tortu-
osity of radial vessels and persistent absence of central per-
fusion. (a to e) Original magnification X 6).

surrounded by processes of Miiller cells that do not
synthesize GFAP (Fig. 6a).'® After exposure to hyper-
oxia, there was more intense GFAP staining in astro-
cyte processes surrounding the vessels of the superfi-
cial layer as well as staining of Miiller cell processes
extending from the internal to the external limiting
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FIGURE 6. Glial fibrillary acidic protein (GFAP) immunohis-
tochemistry in 12 pm retinal cryosections counterstained
with hematoxylin. (a) Normal P17 retina. Note the strong
staining of astrocytes in the superficial retina that com-
pletely surround the normal superficial vessels (arrow).
There is little GFAP immunostaining in the remainder of the
retina. (b) Hyperoxia exposed P17 retina. Note the absence
of GFAP immunostaining around the neovascular tuft (ar-
rowhead) despite the intense labeling in the adjacent astro-
cytes and superficial vessels (arrow). Note the GFAP-positive
processes of the Miiller cells underlying the tuft (thin arrow).
(a and b) Original magnification X 90). V, vitreous; ILM,
internal limiting membrane; GCL, ganglion cell layer; IPL,
inner plexiform layer,

membranes (Fig. 6b). GFAP staining in Miiller cells
tended to be more intense in the regions of retina
underlying neovascular tufts. However, the tufts
showed no surrounding GFAP immunoreactivity de-
spite their proximity to the superficial vessels and
GFAP-positive-astrocytes and Miiller cell end feet
(Fig. 6b).

DISCUSSION

We have described a reproducible and quantifiable
model of oxygen-induced retinopathy in the mouse
that will be useful to assess both ROP and other vaso-
proliferative retinal diseases.

Murine Retinal Vascular Development

The mouse has a number of characteristics that recom-
mend it as an appropriate species for a model of oxy-
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gen-induced proliferative retinopathy. First, the well-
described'"'? normal development of the murine reti-
nal vasculature occurs within 2 weeks of birth,
allowing observation of the full spectrum of vascular
evolution. Second, the developmental stage of retinal
vessels in the newborn mouse retina approximates that
of premature infants of 4 to 5 months’ gestation.’
Third, as in the human, this development is initiated by
spindle-cell precursors (implicated in the pathogenesis
of ROPY) that form a superficial layer. This is fol-
lowed by the development of a deep retinal vascular
layer. These characteristics, in conjunction with our
quantification method of proliferative retinopathy in
cross-section and retinal perfusion assessment method
in flat-mount, enabled us to develop a model with pro-
liferative retinopathy suitable for examining neovascu-
larization in ROP.

Murine Model of Oxygen-Induced
Retinopathy: Historical Perspective

In the past, many others have worked with and at-
tempted to develop a mouse model of oxygen-induced
proliferative retinopathy with variable success.'~%18
Two major problems with the mouse model have been
the inconsistency of the neovascular response Lo hy-
peroxia and the resultant lack of quantification of that
response. The discrepancies among many reports re-
garding the vasoproliferative response of the neonatal
mouse retina to hyperoxia may be attributed in part to
differences in such factors as the level, timing, and
duration of hyperoxia. In addition, many studies de-
scribed an oxygen-induced hyaloidopathy as well as
retinopathy, leading to further confusion.' In the
mouse, the hyaloid vasculature, still well-developed at
birth, regresses reciprocally as the developing retinal
vessels increase in size during normal development.®'*
Upon exposure to oxygen, the retinal vessels attenuate
whereas the interconnected vessels of the hyaloid sys-
tem and the vitreous become engorged.*'*%° Qur stud-
ies indicate that the developing retinal vessels respond
much more consistently to hyperoxia if the hyaloid
vessels are more fully regressed, as is the case at P7; the
mouse retina then develops a proliferative retinopathy
rather than an inconsistent and mixed hyaloidopathy
and retinopathy.!

Oxygen-Induced Retinopathy in Mice After
Hyaloid Regression

When P7 mice were exposed to hyperoxia, the initial
response of the retinal vasculature was initially revers-
ible central vasoconstriction followed by nonperfu-
sion. The more peripheral vessels were spared, per-
haps because of persistent interconnected hyaloid
remnants maintaining flow. There was often a small
avascular zone in the far periphery at the ora serrata
where retinal vascular development had not yet oc-
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curred (Fig. 5a). After return to room air and before
retinal neovascularization at P14, the larger central
radial vessels became tortuous and engorged (similar
to those seen in plus disease in the human). Neovascu-
larization at the junction between the vascularized and
nonvascularized retina then occurred and was fol-
lowed by regression and normalization of the vascular
pattern. We did not attempt to develop cicatricial
changes in this mouse model because our goal was 10
establish a model of retinal neovascularization in ROP
that was appropriate for drug testing; cicatricial dis-
ease with retinal detachment is irreversible.

We did not observe a large, well-defined, mesen-
chymal ridge as is seen in human ROP. However, we
did observe with light microscopy increased numbers
of spindle-shaped cells that created localized thicken-
ing of the inner retina at the junction between vascular
and avascular retina usually, but not always, in associa-
tion with proliferative vascular tufts extending above
the inner limiting membrane. We could not determine
unequivocally that the areas of spindle cell prolifera-
tion were associated with arteriovenous shunts. How-
ever, the fluorescein-dextran perfused retinas had
areas associated with neovascular tufts that appeared
to be larger than the corresponding areas stained with
RCA lectin I, suggesting that a shunt might be present
in the inner retina bencath the waft.

Characterization of New Vessels: GFAP
Localization

Retinal hemorrhage and other evidence suggest that
proliferating vessels in human ROP have a disrupted
barrier system and are more permeable than normal
retinal vessels.?' Both astrocytes and Miiller cells are
important for the formation of the blood-retina
barrier.'®?2-2% In this stucly, the neovascular tufts, un-
like the normal vessels in the superficial layer, were not
surrounded by GFAP-positive glial processes, suggest-
ing that the newly induced vessels are not associated
with astrocytes or Miiller cell end [eet. Because the glia
limitans surrounding these vessels is not intact, they
may have a defective blood-brain barrier. Increased
leakiness of the proliferative vessels has been seen dur-

ing India ink retinal perfusion in a feline model of

ROP?; this defect may be a result ol hypoxia-induced
degeneration of the astrocytes involved in the forma-
tion of the barrier.?” We did not see an increase in
vascular permeability to fluorescein dextran in our ma-
terial. However, the visualization technique we devel-
oped using 2 X 10° molecular weight fluorescein-dex-
tran was designed to decrease the degree of penetra-
tion of the fluorescein marker through the vessel wall
and o maximize visualization of all vessels. In histo-
logic sections through regions of retina near neovascu-
lar tufts, we occasionally saw evidence of hemorrhage
into the vitreous (see Fig. 2C in Wesolowski and Smith,
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page 112in this issue). Further studies of vascular per-
meability and of glial-vascular associations in human
ROP tissue may provide further insight into the pathol-
ogy underlying this disease.

Despite the absence of GFAP immunoreactivity
surrounding the neovascular tults, there was an over-
all increase in GFAP immunoreactivity in the retinas of
the oxygen-treated mice. Increased intensity and ex-
tent of reactivity were seen along the internal limiting
membrane of the retina and appeared to be associated
with astrocyte processes. GFAP immunoreactivity was
also seen in Miiller cell processes. Increases in astro-
cyte or Miiller cell GFAP production as a result of
injury, whether caused by trauma,'? hypoxia/hyper-
oxia exposure,?® or degenerative disease® has been
well documented. It is interesting that the regions of
the retina that showed the most intense GFAP staining
of Miiller cell processes were those regions underlying
neovascular tufts. Perhaps this reflects regional varia-
tions within the retina in the degree of injury sustained
during treatment. The more severely injured regions
may then participate in the neovascular response, per-
haps by generating increased angiogenic substances or
by producing fewer inhibitory factors.

Quantification of Neovascular Response

Many aspects of oxygen-induced retinopathy, includ-
ing area of vasoconstriction (in flat-mount), increased
intraretinal vascular area, retinal neovascularization,
and GFAP immunostaining (in retinal cross-section)
might be considered as a means of quantifying and
cvaluating the response 16 oxygen. In considering
these parameters for quantification, it is important to
choose one that minimizes error and makes the model
applicable to retinal vasoproliferative diseases other
than ROP. Retinal neovascularization extending into
the vitreous fits both these criteria.

In this model, neovascularization was observed in
all the mice exposed to hyperoxia (but with some vari-
ability in the degree of neovascularization, even
among littermates (Fig. 3). The method used to quan-
lify retinopathy in this model differs from the grading
system of India ink-perfused retinas developed for the
kitten by Phelps and Rosenbaum *® Counting vascular
nuclei in paraffin cross-sections of retinas is more sen-
sitive but also more time consuming than a grading
system. Therefore, an angiographic technique such as
the fluorescein-dextran method can be used in con-
Junction with the counting method for rapid screening
of retinas (or for an alternative grading system for
quantitative evaluation).

The newly developed fluorescein-dexuran perfu-
sion technique for delineation of the retinal vascula-
ture in the flat-mounted retina'® has some advantages
over other angiographic techniques, such as India ink
perfusion. The technique is rapid, has low background
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fluorescence, and delineates the entire retinal vascula-
ture including neovascular tufts. India ink does not
consistently perfuse all vessels and does not reproduc-
ibly delineate new vessels. On the other hand, fluores-
cein-dextran is less permanent than India ink because
the fluorescein label decays if exposed to excess light.
We found the information obtained from flat-mounts
of fluorescein-dextran perfused retinas to be comple-
mentary to that from paraffin cross-sections. The fluo-
rescein-dextran method reveals the entire vascular
pattern at a glance and allows a quick survey of a num-
ber of retinas to assess the effect of any intervention
on oxygen-induced retinopathy in the mouse model.

In the rat model of ROP, the vaso-obliterative
phase has been quantified in India ink flat-mounts.!*
However, the retinal neovascular response does not
appear to be as reproducible in the rat as the vaso-ob-
literative response and graded neovascularization has
not been reported.?'*? Retinal vascular development
in the dog is similar to that in the human, and it re-
sponds to hyperoxia as it does in the kitten and the
mouse with vaso-obliteration and subsequent retinal
neovascularization. Flower and Blake* also have re-
ported both localized retinal detachments and cicatri-
cial retinal folds in their inbred beagle model. This
model could be quantified but, because of the size and
expense of the model, it is better suited to qualitative
evaluation that can be conducted with a few animals.

The sequence of pathologic events described in
this report appears to occur in a number of retinal
vasculopathies. In this study, neovascularization was
seen after loss of patent vessels in the central retina
with hyperoxia exposure. Return to room air from hy-
peroxia likely caused relative ischemia in the nonper-
fused retina. Neovascularization at the interface of
perfused and nonperfused retina followed. Ischemia,
whether from vascular drop-out in diabetes or vein
occlusion or vaso-obliteration precipitated by hyper-
oxia may induce neovascularization by the same mech-
anism. Agents that inhibit neovascularization in this
ROP model could have more general applications in
ophthalmology.

CONCLUSION

We have established a mouse model of oxygen-in-
duced retinopathy that includes reproducible prolifer-
ative retinal neovascularization. A fluorescein-dextran
perfusion method has been developed to assess the
vascular pattern. The proliferative neovascular re-
sponse has been quantified by counting the vascular
nuclei in neovascular tufts extending from the retina
into the vitreous. A model of oxygen-induced retinopa-
thy in the mouse with vascular development similar to
the human will be useful in assessing medical interven-
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tion for ROP and for other proliferative retinal vascu-
lopathies.
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