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Abstract

Background Retinopathy of prematurity is a condition of abnormal retinal vascularization in premature infants. The effect of
abnormal vascularization on retinal structure and function is unclear. In vivo studies of retinal vascularization, thickness, and
function were performed in mice with oxygen-induced retinopathy (OIR mice).

Methods Eighteen mice were exposed to hyperoxia at postnatal day (P) 7, whereas 18 mice were raised in room air (RA). At
P20 and 40, electroretinogram was performed for a-wave and b-wave amplitudes and peak times, followed by simultaneous
fluorescein angiography for retinal avascular area, arterial tortuosity, and vein dilation assessments, and spectral domain
optical coherence tomography for retinal thickness.

Results Capillary density appeared sparser in OIR mice, but retinal avascular area similar to RA mice. Retinal artery
tortuosity was higher at P20 and P40 (P =0.0001) in OIR than RA mice. OIR mice had dilated retinal veins at P20 and
thinner inner retinas at P40. Retinal vein width positively correlated with inner retinal thickness (P = 0.008). b-wave
amplitude was decreased in avascular retinal areas, and correlated with inner retinal thinning. b-wave peak time was
prolonged in adult OIR mice at high intensities (P = 0.03).

Conclusions Focal variations in retinal vascularization of OIR mice correlate with thickness and function. Adult OIR mice
had increased retinal artery tortuosity, prolonged b-wave peak time, and decreased retinal vein width with inner retina
attrition. These suggest abnormalities in inner retinal morphology or post-receptor signaling. Studying interactions between
retinal vascular, structural, and functional changes could enhance knowledge of OIR pathogenesis and potential therapies.

Introduction

Retinopathy of prematurity (ROP) is a proliferative vascular
disease affecting preterm infants exposed to hyperoxia,
leading to disorganized vascularization, fibrosis, and
potential blindness. ROP is responsible for 6-18% of
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childhood blindness [1]. The most significant risk factors
for ROP are oxygen use, prematurity, and low gestational
age at birth [2—4], resulting in an incompletely vascularized
retina that is vulnerable to the hazards of changing retinal
vascular oxygen tension, evidenced by hypoxia-induced
increase in arteriovenous difference oxygen tension [5].
ROP is considered to be a vascular disease, but there is
mounting evidence of structural abnormalities in human and
animal studies [6-8], and functional deficits in children with
a history of ROP [8].

Retinal neural, structural, and vascular development are
related [9], and so ocular function could be affected by
abnormal development of the retinal vessels [10, 11].
Murine models of oxygen-induced retinopathy (OIR) have
enhanced the understanding of molecular and cellular
aspects of ROP [12, 13]; but it is challenging to examine
histological structures without sacrificing the animal.
Recent in vivo studies using fluorescein angiography (FA)
in live OIR mice have described tortuous retinal arteries,
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widened retinal veins, and reduced capillary density that
vary with developmental maturity, with the eventual nor-
malization of retinal vein width, but persistence of tortuosity
and reduced capillary density in adult mice [14]. Retinal
structural abnormalities have been demonstrated in human
ROP [7] and ex vivo animal studies [8]. Spectral domain
optical coherence tomography (SD-OCT) is a non-invasive
method of studying retinal layer structures using near
infrared light to produce fast, high-resolution scans and
tomograms [15, 16]. In an earlier study using SD-OCT in
OIR mice after hyperoxia exposure, their retinas were
observed to have thinner total cross-sectional width than
room air (RA) mice, and avascular retinal areas were shown
to be thinner than hypovascular retinal areas [17]. Later
in vivo SD-OCT studies revealed that retinal thinning in
OIR mice was localized to the inner retina, and was more
prominent in the avascular areas [18]. Electroretinogram
(ERG) is a commonly used measure of retinal function, but
considerable variations in parameters tested (amplitudes,
peak times, oscillatory potentials), location tested (focal
versus full-field), or flash intensities (low vs medium vs
high) make direct comparisons challenging. Whereas non-
invasive studies of retinal vascular [5, 14] and structural
[17, 18] development in OIR mice have been shown,
simultaneous vascular, structural and functional imaging in
the same live animal has not been demonstrated. In
this study, we explored whether retinal vascular abnormal-
ities correspond to thickness changes and functional
outcomes.

Materials and methods
OIR

Newborn C57BL/6J mice (Jackson Laboratory, Bar Har-
bor, ME) used for this study were obtained from colonies
maintained according to approved protocols by the Institu-
tional Animal Care and Use Committee at University of
Wisconsin, Madison, and were in compliance with the
Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision
Research. Eighteen mice were exposed to OIR mice by
placing them in 77 + 2% oxygen fraction of inspired oxygen
in an oxygen chamber (Biospherix ProOX 110; Apex lab,
Redwing, MN, USA) with their nursing mothers from
postnatal day 7 (P7) to P12, before removal to room air, as
previously described in our published modification [5, 14]
of an existing mouse model of OIR [19]. Eighteen mice
were maintained in room air. At P20 and P40, mice
underwent ERG followed by simultaneous retinal FA and
SD-OCT. The sample size of 18 mice per experimental
condition was chosen to detect anticipated large effect sizes
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of at least 1.0 with >80% power at the two-sided 0.05 sig-
nificance level. Three separate litters of 6—8 pups per litter
were used in each age (P20 and P40) to generate
mice used for the study. This study was replicated
three times in the laboratory. Animals were randomly
allocated to experimental groups. Investigator blinding was
not done.

ERG

The mice were first dark-adapted for 4 h before ERG was
performed using the Micron IV’s Labscribe software,
according to the manufacturer’s specifications. After
administering intraperitoneal (IP) ketamine (100 mg/kg) and
xylazine (10 mg/kg) to induce anesthesia, the mice were
then placed on the heated stage of the Micron IV retinal
imaging system (Phoenix Research Laboratories) to keep
them warm. A paracentral region of interest (ROI) was
positioned two disc diameters from the optic nerve in the
capillary network between both major vessels (Fig.la).
Flash stimuli were introduced to the retina for a duration of
6 milliseconds (ms) at varying flash intensities to generate a
total energy of 0.3 logcdsec/m? (low), 1.81logcd sec/m?
(medium), and 3.3 logcd sec/m® (high). Five recordings
were averaged with a 60s recovery time between flash
intensities. Amplitudes and peak times for a-waves and b-
waves were derived. The a-wave is the difference in
amplitude between the beginning of the recording and the
lowest point or trough of the negative deflection. The b-
wave amplitude is measured from the lowest deflection or
trough of the a-wave to the highest point or peak of the b-
wave (Fig. 1c). The peak times were determined from the
time in milliseconds of light flash initiation to the trough of
the a-wave and the peak of the b-wave.

Simultaneous retinal FA and SD-OCT

After ERG, simultaneous FA and SD-OCT were performed
as previously described [18]. The mice pupils were dilated
with 1% tropicamide (Bausch 4+ Lomb, Inc., Tampa, FL),
and 10% sodium fluorescein (100 mg/kg) (AK-FLUOR,
Akorn, Decatur, IL) was injected IP. FA was obtained in all
mice (Fig.1a). A circle scan pattern was positioned in a ROI
(Fig. la), from where ERGs were measured (Fig. 1c),
within two disc diameters from the edge of the optic nerve
in the vascularized area (RA mice), and in both avascular
and hypovascular areas (OIR mice) (Fig. 1c). One circle
scan (Fig. 1b) was obtained like previously reported [17].
After image acquisition, semi-automated segmentations
using the Micron IV system’s Insight software were made
to delineate the total, outer, and inner retinal areas [18].
Each SD-OCT image was converted into a retinal thickness
color map (Fig. 1b).
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Fig. 1 Simultaneous FA, SD-OCT, and ERG. All FA are composite
images with the red circle indicating region of interest (ROI) two disc
diameters from the optic nerve, where OCT and ERG were measured.
The P20 FA image has the following vascular parameter values: RAA
71%, RVW 67.7%, and RAT 1.257. The corresponding SD-OCT
image from the same P20 OIR mouse has the following thickness

Quantification of retinal vascular parameters

For FA, automated and semi-automated customized software
developed using MATLAB (Mathworks, Natick, MA), and
publicly available at www.quantbv.com, were used to quan-
tify the retinal vascular area (RVA), retinal vein width
(RVW), and retinal arterial tortuosity (RAT) in the char-
acterization of the phases of retinal vascular development
(RVD), as previously described [14, 18]. For the quantitation
of capillary density in this current study, percent retinal
avascular area or RAA was used, which is the reverse of
percent RVA. RAA is mathematically represented as (100 —
RVA), and obtained when a retinal FA image, with a centrally
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values: TRT(vascular) — 166.9, ORT (Vascular): 90.2; IRT Vascular
76.7; TRT-avascular 164.8; ORT (avascular) 89.7, and IRT (Avas-
cular) 75.1. The ERG measured from the same P20 OIR mouse at high
intensity (3.3 log 10 cd sec/m?) with a-wave amplitude of —12 uV, b-
wave amplitude of 63 uV, a-wave peak time of 36 ms, and b-wave
peak time of 89.8 ms

ERG (uV)

located optic nerve, is uploaded in the customized MATLAB
software program which automatically converts the FA image
to a binary image. An FA image with a peripherally located
optic nerve head was used to measure both RVW and RAT
using semi-automatic calibrations as previously described
[14]. In this study, P20 was selected to represent acute
changes in early phase (P16 to P20) RVD, whereas P40 was
selected to study chronic changes as there are no differences
in vascular and thickness changes between mid (P23 to P27)
to late phase (P30 to P34) or mature phases (beyond P35) of
RVD (Fig. 1). Mice in each treatment group (RA n =6, OIR,
n=2_8) that developed cataracts during imaging produced
blurry images, and were excluded from analysis.
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Statistical analysis

Data were represented as means and standard deviations.
Two-way analysis of variance with post hoc analysis using
Tukey’s multiple comparisons for pair-wise comparisons
were used to determine differences between functional,
structural, and vascular parameters at P20 and P40. Bar-
tlett’s test was used to verify homogeneity of variances
between experimental conditions. The associations between
retinal vascular, thickness, and functional parameters were
evaluated with Pearson’s correlation coefficients and
reported with the corresponding 95% confidence intervals.
P values were two-sided and P <0.05 was used to define
statistical significance. Normal probability and residual
plots were examined to verify the normality assumption.
Statistical analyses were conducted using SAS software
(SAS Institute, Cary NC), version 9.4.

Results

Comparison of vascular parameters in RA and OIR
mice

The retinas of RA mice were fully vascularized at P20 and
P40, whereas the retinas of OIR mice had a patchy vascular
phenotype at P20 with avascular areas interspersed with less
densely vascularized (hypovascular) areas; and by P40, OIR
retinas appeared fully vascularized, but less dense than their
age-matched RA counterparts. The retinal avascular area
was higher at P20 than P40 in OIR mice (P = 0.0004).
Contrary to expectation, there was no difference in RAA
between OIR and RA mice at P20 (P =0.42) or P40 (P =
0.20). There was no difference in RAA in RA mice at P20
and P40 (P =0.08). RVW was larger at P20 in OIR mice
than P40 (P =0.0001). P20 OIR mice had larger RVWs
than P20 RA mice (P = 0.004). There was no difference in
RVW between P40 OIR and RA mice (P =0.45). RVW
was significantly smaller in P40 than P20 RA mice (P =
0.02) (Fig. 2b, Table 1). OIR mice had more tortuous retinal
arteries at P20 than P40 (P = 0.002). Retinal arteries of OIR
mice were more tortuous than those of RA mice at both P20
and P40 (P =0.0001). There was no difference in RAT
between P20 and P40 RA mice. RAA had a weak positive
correlation with RVW (P = 0.0486) (Fig. 1, Table la).

Comparison of SD-OCT parameters in OIR and RA
mice

Inner retinal thickness was significantly reduced in OIR

than RA mice at both P20 (P<0.0001) and P40 (P<
0.0001). The outer retinal thickness was unchanged in both
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OIR and RA mice at both P20 (P = 0.8853) and P40 (P =
0.9320). In OIR mice, there was a decrease in IRT in vas-
cularized retinal areas with developmental maturity from
P20 to P40 in OIR mice (P <0.0001), but no change in
ORT from P20 to P40 (P = 0.6840), resulting in a decrease
in TRT from P20 to P40. In RA mice, there was a reduction
in IRT from P20 to P40 (P =0.0001), but no change in
ORT with developmental maturity from P20 to P40,
resulting in a significant decrease in total retinal thickness
from P20 to P40 (P =0.0002). The TRT in OIR mice was
smaller than RA mice at both P20 (P <0.0001) and P40
(P<0.0001) (Figs. 1, 2, Table 1b). Avascular areas were
only noted in the P20 OIR mice. There was no difference in
the TRT, ORT or IRT between vascular and avascular areas
in the same mouse (P> 0.9). In both avascular and vascu-
larized areas of each mouse, IRT was smaller than TRT
(P <0.0001), but there was no difference between ORT and
IRT (P =0.09).

Comparison of ERG Parameters in OIR and RA mice

At low intensities, there was no difference in a-wave, b-
wave, peak time to a-wave, and peak time to b-wave in OIR
and RA mice at P20 and P40 (P>0.05). At medium
intensities, there was no difference in a-wave, b-wave, peak
time to a-wave, and peak time to b-wave in OIR and RA
mice at P20 and P40 (P > 0.05). At high intensities, the peak
time to b-wave was longer at P40 in OIR mice compared
with RA mice (P =0.03). There was no difference in a-
wave, b-wave, and peak time to a-wave between OIR and
RA mice at P40 at high intensities (P> 0.05) (Figs. 1, 3,
Table 1c).

Correlation between vascular parameters and
retinal thickness

In hypovascularized and vascularized retinal areas, there
was no correlation between percent retinal avascular area
and total (P =0.128), inner (P =0.185), or outer (P =
0.057) retinal thickness in RA animals, but in OIR mice,
percent retinal avascular area had a strong positive corre-
lation with inner retinal thickness (r = 0.68, P <0.001) and
a marginal positive correlation with total (P =0.057) and
outer (P =0.057) retinal thickness. Figure 4a, d, e retinal
vein width had a positive correlation with both total (P =
0.003) and inner (P = 0.008) retinal thickness, but not with
outer (P0.0208) retinal thickness in RA mice. In OIR mice,
RVW was also positively correlated with total (P = 0.054),
inner (P0.021) retinal, but not outer (P =0.875) retinal
thickness. There was no significant correlation between
retinal artery tortuosity and any retinal thickness in either
RA or OIR mice (P> 0.05).
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Correlation between vascular parameters and ERG

There was no correlation between a-wave, b-wave, and
vascular parameters (RAA, RVW, and RAT) (P>0.05) in
OIR or RA mice. However, b-wave peak time had a sig-
nificant positive correlation with RAA (r=0.57, P=
0.015), and RVW (P =0.036), but not RAT (P>0.05) in
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RA mice. a-wave peak time had a positive trend in the
correlation with RAA in OIR mice (r=0.43,P = 0.07), but
no correlation was seen in RVW and RAT in OIR mice
or RAA, RVW, and RAT in RA mice. b-wave peak time
had a trend in the positive correlation with RAA (r=0.44,
P =0.07) in OIR mice as well, but not with RVW or RAT
(P>0.05).
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Table 1 Values for retinal vascular, thickness, and functional parameters in RA and OIR mice

1A. Vascular parameters in OIR and RA mice per age

OIR (mean + SD, n)

10.15
5.15
0.07
0.73
5.66
7.19
0.05
1.81

OIR (mean + SD, n)

8.81

6.79
4.15
11.53

2.76
10.23
6.59

4.02
5.79

OIR (mean * SD) log10cd sec/m?

0.3

—7.08 =
6.45

24.76 =
11.88

4529+
39.84

67.67 £
45.13

—22.33
10.30

27.94
16.14

66.33
37.02

I+

5338+
57.30

Age
P20 RAA 71.11
RVW 62.42
RAT 1.16
“Weight 8.44
P40 RAA 55.33
RVW 50.34
RAT 1.09
FWeight 17.44
1B. Retinal thickness in RA and OIR mice per age
Age
P20 TRT 175.44
vascular
ORT 93.33
IRT 82.11
P20 TRT 170.27
avascular
ORT 90.51
IRT 79.78
P40 TRT 159.63
vascular
ORT 92.50
IRT 67.16
1C. ERG parameters in RA and OIR per age
Age ERG
P20 a-wave
b-wave
a-wave
peak
time
b-wave
peak
time
P40 a-wave
b-wave
a-wave
peak
time
b-wave
peak
time

© O O O OV v ©v ©

1.8

—13.34+
6.21

29.20
7.08

4458 =
30.73

80.09 =
55.18

—17.64
10.18

25.00 =
6.38

58.44 +
37.40

66.82 +
56.74

RA (mean = SD, n) P value
67.75 8.51 8 0.4229
54.49 2.46 8 0.0044
1.00 0.00 8 0.0001
8.88 0.83 8 0.4600
60.50 9.03 10 0.1963
48.48 5.19 10 0.4524
1.00 0.00 10 0.0001
19.80 1.03 10 0.0001
RA (mean = SD, n) P value
191.93 6.69 8 <0.0001
93.64 3.15 8 0.8853
98.28 7.32 8 <0.0001
n/a

177.69 6.11 10 <0.0001
92.33 1.65 10 0.9320
85.34 5.80 10 <0.0001

RA (mean + SD) log10cd sec/m”

33 0.3 1.8 33
—29.48 + —19.06 = —7.40+ —22.06 +
29.05 22.95 6.62 15.82
67.01 + 28.83 + 26.58 + 7585+
36.13 20.36 11.02 39.38
35.62+ 60.78 + 3493 45.60 =
13.25 36.25 28.96 36.00
75.87 45.08 = 78.20 = 68.50 +
13.99 36.63 29.45 6.22
—2548 —2233+ —10.64 = —23.66 +
15.75 10.30 9.66 18.73
49.68 + 27.94 3340+ 72.45 +
8.98 16.14 21.99 17.83
58.02 + 66.33 + 47.82+ 71.40 +
39.20 37.02 40.61 3945
64.69 + 53.38% 59.48 + 57.46 =
7.06* 57.30 40.19 6.00%*

P represents postnatal day age; RA represents mice with room air; OIR represents mice with oxygen-induced retinopathy; SD represents standard

deviation

TP value refers to P value between RA and OIR mice for each postnatal day age P20 or P40

jFWeight refers to body weight of each mouse at imaging on P20 or P40, presented in grams

Retinal thickness is presented in pm; n/a—not applicable: there were no avascular areas in RA room air mice at P20, and no avascular capillary

areas in both OIR and RA mice at P40

ERG represents electroretinogram values; time to a standards for a-wave peak time; time to b standards for b-wave peak time. *Represents a
P value of P=0.03 for b-wave peak. Time at high intensities (3.3 cd sec/m?). All other P values for ERG parameters not stated were not

significant, P> 0.05

Discussion

ROP is more commonly known as a predominantly vascular
disease, but there is increasing evidence in clinical and
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experimental studies that oxidative stress affects the entire
retina including its structure and function. In the current
study, we found significant spatial and temporal correlations
between the acute and long-term effects of hyperoxia on
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Fig. 3 ERG parameters per age.
a a-wave amplitude at P20. b a-
wave amplitude at P40. ¢ b-
wave amplitude at P20.

d b-wave amplitude at P40. e a-
wave peak time at P20. f a-wave
peak time at P40. g b-

wave peak time at P20. h b-
wave peak time at P40 and RA
mice at P20 and P40

retinal vascular development, structure, and function using
in vivo techniques in a mouse model of ROP.

Retinal vascular area has been used to quantify the area
occupied by retinal veins, arteries, and capillaries in FA
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images of OIR and RA mice [14]. In this study, retinal

avascular area, which is the reverse of RVA, is used. Like

earlier studies [14], RA mice had fully vascularized and
uniformly dense capillary network, whereas OIR mice
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Fig. 4 Correlation of vascular parameters to retinal thickness. Total
retinal thickness (TRT) a, b, ¢ inner retinal thickness (IRT) d, e, f outer
retinal thickness (ORT) g, h, i percent retinal avascular area (RAA) a,
d, g retinal vein width (RVW) b, e, h retinal arterial tortuosity index

showed avascular (no capillary network visible) and hypo-
vascular (less-dense capillary network) retinas. Our current
finding of no difference in RVA or RAA between OIR and
RA could be due to the larger retinal vein widths at P20 in
OIR than RA mice, which would effectively balance out the
effect of the avascular phenotype seen in the OIR retina. At
P40, the lack of difference in RAA between RA and OIR
mice could be due to the physiologic reduction of vein
width during OIR recovery from P20 to P40 to become
equivalent to those of RA mice despite persistence of sparse
capillary networks in OIR mice. The finding of more tor-
tuous retinal arteries in both neonatal and adult OIR than
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Outer Retinal Thickness (Vascular)

Outer Retinal Thickness (Vascular)

(RAT) ¢, f, i. TRT correlated positively with RAA and RAT. RT
correlated positively with RAA and negatively with RAT. There was
no correlation between ORT and vascular parameters

RA mice and the decrease in RAA from P20 to P40 in OIR
mice (representing an increase in RVA), are both in
agreement with previous studies [14]. Retinal veins were
larger in OIR mice than RA mice at P20 and similar RVW
in mid, late, and mature phases in both RA and OIR mice in
agreement with our earlier studies [14]. Neovascularization
is a hallmark of human ROP and is quantified in ex vivo
OIR studies by measuring areas of hyper fluorescence. In
our in vivo mouse model of OIR, whereas signs of
‘revascularization’ with age are appreciated in the FA
images, there is no frank bleeding in the retinas of OIR
mice, but rather fluorescein pooling in the vitreous in late
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angiography. Consequently, the consistent phenotype of
arterial tortuosity, venous dilation, and vascular-avascular
retina are more reliable objective markers for in vivo FA
images than “neovascularization”, with tortuosity being the
most reliable, being higher in neonatal and adult OIR mice
compared with age-matched RA mice [14]. RAT, therefore,
holds promise as a biomarker for monitoring OIR severity
and recovery.

Assessment of retinal thickness is used as a measure of
structure in this study. In this current study, we compared
inner retinal thickness in avascular areas and vascular areas
in OIR mice at P20, as P40 mice had no avascular areas, to
find that IRT and ORT were similar in both vascular and
avascular areas and significantly smaller than TRT in the
same mouse. At P20 and P40, the IRT was significantly
lower than TRT in OIR mice, but there were no regional
differences between hypovascular and avascular areas in the
same OIR mouse. RA mice showed uniform retinal thick-
ness at both P20 and P40, unlike OIR mice. ORT in RA
mice was thinner than IRT at P20, but with developmental
maturity from P20 to P40, ORT remained stable, whereas
IRT decreased in thickness, so that the total retinal thickness
was reduced at P40 compared with P20 in RA mice, which
is consistent with previous studies [18]. This attrition in
inner retinal thickness appears physiologic in RA mice, but
is more pronounced in OIR mice. Our findings show that
inner retinal thickness was strongly correlated with percent
retinal avascular area as well as retinal vein width, indi-
cating that as the area of avascularity decreased or the retina
re-vascularized and the dilated retinal veins reduced to
normal width in OIR mice, the inner retina became thinner.
It appeared that although the retinal veins physically
recovered, both the retinal capillaries and inner retinal
neuronal cells suffered permanent damage with ongoing
attrition of unclear etiology, either owing to cell atrophy or
arrested angiogenesis. Programmed cell death, atrophy, or
loss from apoptosis have been reported as a cause of retinal
thinning in OIR models of ROP and diabetic retinopathy
[13, 20, 21] with retinal atrophy in the INL and the GCL
[22, 23], INL and IPL thinning [24], and neuronal apoptosis
in avascular retinal regions with localized INL and IPL
thinning [25]. Our in vivo studies of retinal structure
highlight the vulnerability of the OIR inner retina con-
tributing to long-standing vascular abnormalities. It is
unclear if the underlying mechanisms of these signaling
abnormalities are due to apoptosis or cell atrophy of inner
retinal vascular cells or neuronal cells.

Focal ERG in our study of functional deficits in OIR
mice shows prolonged b-wave peak time only at high sti-
muli (3.3 log cd.s/mz), at P40, but no significant changes in
amplitudes or peak times at low or medium flash intensities
compared with controls. This could be a result of regional
variations owing to the patchy OIR pathology of

normal interspersed with abnormal retinal phenotypes; and
the focal nature of the testing done may have missed
abnormal regions. When grouped correlations between
vascular parameters and ERG parameters were evaluated
regardless of flash intensity, b-wave peak time was posi-
tively correlated with percent retinal avascular area in only
RA mice, which suggests that as the RA mice increased in
vascular density with age, the b-wave peak time was also
decreased. Our finding of prolonged b-wave peak times are
somewhat consistent with prolonged b-wave peak times
seen by Lorenc et al.’s (130 ms) bilateral ERGs at a flash
intensity of 5cds/m?, 0.2Hz (roughly 0.7 log cd s/m?) in
overnight dark-adapted P17 OIR mice compared with RA
mice with peak times of 50 ms for both a and b-waves [13].
However, we found this prolonged b-wave peak times only
in adult mice not neonatal. This variation could be due to
the focal variations in the retinal area tested with focal ERG
in our monocular study, whereas their study was obtained
from bilateral eyes. In contrast to our findings, a full-field
mixed (rod and cone) ERG recording in OIR mice found
significantly decreasing a-wave and b-wave amplitudes with
increasing flashes of light intensities ranging from —3.4 to
1 log cd s/m> compared with RA mice [26], and in another
full-field ERG study OIR mice receiving 3-ms flashes at
intensities of 0.01-30 cd s/m” at 1-minute intervals showed
reduced a-wave and b-wave amplitudes in addition to pro-
longed a and b-wave peak times in OIR mice. Prolonged
b-wave peak time could indicate a delay in the initiation of
signal emanating from the inner retina (Muller cells, bipolar
cells, amacrine cells, or ganglion cells), either owing to
delayed synaptic relay of the electrochemical signal to the
inner retinal neurons from the outer retinal neurons (pho-
toreceptor cells) or due to a defect in the structure or
function of the inner retinal neurons themselves. Abnorm-
alities in b-wave signaling owing to morphological
abnormalities in spatial organization of pre and post-
receptor synapses in the ONL or abnormal synaptic pro-
cessing in the IPL cannot be ruled out. Sparse vascular-
ization in the developing retina could lead to inadequate
retinal blood supply with eventual ischemia. Retinal ische-
mia leads to detrimental molecular cascades resulting in
cellular dysfunction and cellular death with subsequent
transient or permanent visual impairment [27]. There was
only a trend in the positive correlation between RAA and a-
wave or b-wave peak times in OIR mice. a-wave signal
from photoreceptors have been reported to appear more
resistant to hypoperfusion or hypoxemia unlike the b-wave
and oscillatory potentials [28, 29]. Our findings of thinner
inner retina and prolonged b-wave peak time suggest
abnormal morphology or synaptic interaction in the inner
retina, seemingly more severely affected than the outer
retina [20, 30], or abnormalities in post-receptor signaling in
the retina. The role of retinal cellular and neuronal
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involvement in OIR pathogenesis and their functional
implications requires further studies.

Limitations of our study include fluorescein leakage from
vessels during late angiography, which may affect image
quality and lead to overestimation of RVA or under-
estimation of RAA. Outer retinal abnormalities cannot be
ruled out owing to the patchy vascular, structural, and
functional phenotype in the OIR retinas. The focal nature
of retinal areas tested may have contributed to variability
of the wvascular, structural, and functional outcomes
measured.

In conclusion, oxidative stress transforms the uniformly
vascularized, evenly structured, and normally functioning
retina into a complex phenotype of patchy focal vascular-
ization, uneven thickness, and function. Total retinal and
inner retinal thickness correlated positively with retinal
artery tortuosity in neonatal and adult mice indicating the
potential utility of tortuosity measurements as a biomarker
for OIR recovery. Prolonged b-wave peak times seen in
adult OIR mice suggest a delay in the post-receptor
responses of the inner retinal cells following signal trans-
mission from the outer retina. Reduction in retinal vein
dilation correlated with attrition of the inner retina, and may
be a marker for abnormal OIR recovery. Further in vivo and
ex vivo OIR studies are needed to localize the specific
retinal cellular or neuronal interactions involved during
retinal revascularization and their long-term functional
implications. This will enable better understanding of ROP
pathogenesis and identify novel therapeutic targets.

Summary
What was known before

e Retinopathy of prematurity (ROP) is a condition of
abnormal retinal vascularization in premature infants.
There are limited studies on the effects of oxidative
stress on retinal tissue structure and retinal function.

e Retinal neural structural and vascular development are
related. The effect of abnormal vascularization on retinal
structure and function is unclear.

e Mouse models of oxygen-induced retinopathy are used
to study ROP. In vivo techniques would provide more
reliable real time information of retinal vascularization,
function, and structure, but there are limited in vivo
studies in OIR mice.

What this study adds

e Simultaneous in vivo studies of retinal vessels, structure,
and function are possible. Our study shows the
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feasibility and reproducibility of simultaneous fluores-
cein angiography to study vascular development,
spectral domain optic coherence tomogrpahy to study
retinal thickness, and electroretinogram to study retinal
function in OIR mice.

e Ocxidative stress in the developing retinal affects vessels,
tissue structure, and function. Fluorescein angiography
shows a patchy vascular-avascular phenotype with
increasing capillary vascularization in OIR mice, but
persistent capillary sparsity or avascular area, which
correlated positively with retinal vein width. SD-OCT
shows inner retinal thinning in OIR mice compared with
mice raised in room air, and this correlated with retinal
artery tortuosity. There was a prolonged b-wave implicit
time in adult OIR mice compared with room air.

e Improved understanding of OIR pathogenesis. Inner
retinal thinning and prolonged b-wave amplitude
suggests atrophy of inner retinal neurons or a delay in
the post-receptor responses of the inner retinal cells
following signal transmission form the outer retina.
Reduction in retinal vein dilation correlated with
attrition of the inner retina, and may be a marker for
abnormal OIR recovery.
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