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Abstract

Treatment of a mouse model of oxygen-induced retinopathy (OIR) with recombinant human 

Norrin (Norrie Disease Protein, gene: NDP) accelerates regrowth of the microvasculature into 

central ischemic regions of the neural retina, which are generated after treatment with 75% 

oxygen. While this reduces the average duration and severity of ischemia overall, we do not know 

if this accelerated recovery of the microvasculature results in any significant survival of retinal 

ganglion cells (RGCs). The purpose of this study was to investigate ganglion cell survival with and 

without the intravitreal injection of Norrin in the murine model of oxygen induced retinopathy 

(OIR), using two strains of mice: C57BL/6J and Thy1-YFP mice. Intravitreal injections of Norrin 

or vehicle were done after five days of exposure to 75% oxygen from ages P7 to P12. The 

C57BL/J mice were followed by Spectral-Domain Optical Coherence Tomography (SD-OCT), 

and the average nerve fiber layer (NFL) and inner-plexiform layer (IPL) thicknesses were 

measured at twenty-four locations per retina at P42. Additionally, some C57BL/J retinas were flat 

mounted and immunostained for the RGC marker, Brn3a, to compare the population density of 

surviving retinal ganglion cells. Using homozygous Thy1-YFP mice, single intrinsically 

fluorescent RGCs were imaged in live animals with a Micron-III imaging system at ages P21, 28 

and P42. The relative percentage of YFP-fluorescent RGCs with dendritic arbors were compared. 

At age P42, the NFL was thicker in Norrin-injected OIR eyes, 14.4 μm, compared to Vehicle-

injected OIR eyes, 13.3 μm (p=0.01). In the superior retina, the average thickness of the IPL was 

greater in Norrin-injected OIR eyes, 37.7 μm, compared to Vehicle-injected OIR eyes, 34.6 μm (p 

= 0.04). Retinas from Norrin injected OIR mice had significantly more surviving RGCs (p = 0.03) 

than vehicle-injected mice. Based upon NFL thickness and counts of RGCs, we conclude that 
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Norrin treatment, early in the ischemic phase, increased the relative population density of 

surviving RGCs in the central retinas of OIR mice.
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1. Introduction

Retinal neovascular diseases such as retinopathy of prematurity (ROP) and diabetic 

retinopathy are characterized by retinal vascular and neural changes that occur in response to 

ischemia. Ischemia alters the normal biochemical regulation of both vascular growth and 

neural growth, which results in pathological changes (Fulton et al., 2009). Vascular 

Endothelial Growth Factor-A (VEGFA) is a key molecular player in the retina’s 

physiological response to ischemia, when low oxygen increases the expression of VEGFA 

(Ozaki et al., 1999; Wang et al., 2014). Higher concentrations of VEGFA disorganize the 

blood-retinal barrier (BRB) leading to vessel tortuosity, neovascularization, hemorrhage, and 

retinal detachment.

In addition to vascular pathologies, neural dysfunction has been reported in ROP and 

diabetic retinopathy patients (Barnaby et al., 2007; Fulton et al., 2001; Kim et al., 2012; Park 

et al., 2011). Some clinical evidence suggests that retinal ganglion cell (RGC) density might 

be reduced in prematurely born children with ROP and in diabetic patients. Children of a 

gestational age of 32 weeks or less, with severe ROP (stages 3–4), exhibit significantly 

reduced retinal nerve fiber layer (RNFL) thickness compared to children born at full term 

(Åkerblom et al., 2012). Diabetic patients also exhibit RNFL thinning that is proportional to 

their disease severity (Park et al., 2011). Some studies using rodent models of oxygen 

induced retinopathy (OIR) have presented evidence that neural abnormalities are manifested 

in concert with vascular abnormalities (Akula et al., 2007; Chen et al., 2013; Robinson et al., 

2001).

The mouse OIR model involves exposing post-natal mice to high oxygen (75%) during 

retinal maturation. This causes ablation of vascular beds in the central retina that leads to a 

state of ischemia when the mice are returned to normal room air, which is 21% oxygen 

(Lange et al., 2009; Scott et al., 2014; Smith et al., 1994). We and others have shown that 

intravitreal injection of Norrin, a Wnt-signaling ligand, promotes earlier re-vascularization 

of the OIR retina as well as reduced neovascularization (Ohlmann et al., 2010; Tokunaga et 

al., 2013). We know that ischemia has a destructive effect upon ganglion cells (Kaur et al., 

2008) and Norrin has been shown to be neuroprotective to RGCs in a mouse model of 

excitotoxic RGC damage (Seitz et al., 2010). Norrin is known to exert its activity by 

activating the Wnt-β-catenin signaling pathway in retinal endothelial cells. When it binds to 

its receptor, Fzd4 and co-receptor, LRP5, it inactivates a downstream degradation complex 

thereby stabilizing β-catenin, a transcription factor (MacDonald et al., 2009; Rao and Kühl, 

2010). β-catenin translocates into the nucleus, where it interacts with TCF/LEF transcription 
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factors to activate transcription of genes involved with proliferation, migration and 

development of the retinal vasculature (Xia et al., 2008; Ye et al., 2010, 2009).

We do not know for certain if treatment with exogenous Norrin increases the final density of 

surviving ganglion cells in the mouse OIR model. In order to explore Norrin’s potential 

benefit for RGC survival in the OIR model, we examined morphological changes induced by 

oxygen induced retinopathy and compared the changes in Norrin-treated OIR eyes to 

untreated OIR eyes. Our analysis included two in vivo imaging techniques. Spectral-Domain 

Optical Coherence Tomography (SD-OCT) was used to assess overall structure and to 

measure retinal layer thicknesses in OIR and normal C57BL/6J mice. Finally, in order to 

measure surviving retinal ganglion cell density, we used virtual microscopy to image entire 

flat mounted neural retinas (age P42) after immuno-staining for the Brn3a transcription 

factor, a nuclear marker of RGCs. This relative population density of surviving RGCs was 

compared between the central and more peripheral retinal regions within the same retinas. 

Additionally, intrinsically fluorescent RGCs were imaged, in vivo, in the retinas of OIR and 

non-OIR transgenic Thy1-YFP mice.

We conclude from our study that Norrin treatment increased the population density of 

surviving retinal ganglion cells and reduced thinning of the NFL in the oxygen induced 

retinopathy model.

2. Methods

2.1. Animals

All experiments performed in this study were carried out with the approval of Oakland 

University’s Animal Care and Use Committee and conformed to the ARVO Statement for 

the Use of Animals in Ophthalmic and Vision Research. Mice were housed at Oakland 

University in a facility approved by the Association for Assessment and Accreditation of 

Laboratory Animal Care International.

C57BL/6J mice were obtained from Charles River Laboratories (Wilmington, MA). 

Hemizygous Thy-1-YFP transgenic mice (B6.Cg-Tg(Thy1-YFP)HJrs/J) were obtained from 

the Jackson Laboratory (Bar Harbor, ME). This specific strain of Thy1-YFP mice expresses 

Yellow Fluorescent Protein (YFP) under the control of the Thy1-gene promoter in a small 

percentage of retinal ganglion cells, and were previously used in time-lapse studies in 

experimental glaucomatous optic neuropathy (Feng et al., 2013; Leung et al., 2011; 

Williams et al., 2013). Using YFP-fluorescence live retinal imaging we found that the 

offspring of hemizygous (+/Thy1-YFP) breeders exhibited Mendelian-like inheritance with 

three phenotypes: 25% without any fluorescent RGCs (+/+), 50 % with only a few 

fluorescent RGCs per retina (+/Thy1-YFP), and 25 % with numerous fluorescent RGCs per 

retina (Thy1-YFP /Thy1-YFP). The later mice were selectively set aside as breeders for this 

study and produced litters with 100 % numerous YFP fluorescent ganglion cells.

2.2. Oxygen induced retinopathy model

The oxygen-induced retinopathy (OIR) model using C57BL/6J or Thy1-YFP transgenic 

mice neonates was used as previously described (Smith et al., 1994; Tokunaga et al., 2014, 
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2013). This model is well characterized and widely used for experimental studies of retinal 

ischemia (Smith et al., 1994). Mice were exposed to 75 % oxygen for five days from ages 

P7–P12. This high oxygen environment suppresses oxygen-regulated growth factors causing 

inhibition of vessel growth and vessel loss (vaso-obliteration). At age P12, mice were 

removed from 75 % oxygen chamber and returned to room air (RA). After returning to RA 

(20 % oxygen), the retina continues to mature and the central, avascular area experiences a 

rapid increase in the expression of VEGFA (Wang et al., 2014) that causes 

neovascularization as well as normal vessel re-growth.

2.3. Anesthesia for injections or retinal imaging

Pupils were dilated with tropicamide and phenylepherine drops prior to anesthesia. Mice 

were anesthesized with an intra-peritoneal injection of a Ketamine HCL (50 mg/kg) and 

Xylazine (7 mg/kg).

2.4. Norrin treatment analysis with the C57BL/6J OIR model

Mice were anesthetized and their pupils dilated prior to injections. Recombinant carrier free 

human Norrin (R&D Systems, Minneapolis, MN, USA) was reconstituted to a concentration 

of 250 μg/ml with 4 mM HCl according to the manufacturer’s instructions and aliquots were 

diluted to a concentration of 100 ng/μL using Balanced Salt solution (BSS). Depending on 

the treatment group, 0.5 μL of Norrin (50 ng) or vehicle (1.6 mM HCl in BSS) control was 

injected into the vitreous cavity of right eyes at age P14 using a nanofil syringe (10 μL) with 

a 34-gauge triple-beveled needles (World Precision Instruments, Sarasota FL). Following 

application of 5 % povidone iodine solution to the ocular surface and eyelids, the needle was 

inserted 0.5 mm posterior to the corneal limbus through the sclera under direct visualization 

through a surgical microscope. The needle was angled posteriorly to avoid lens trauma. Left 

eyes were not injected. An equal number of litter mates were injected with Norrin or vehicle 

when possible (OIR; 8 litters, RA;1 litter). C57BL/6J mice were used for analysis of retinal 

layer thickness (SD-OCT), ganglion cell density (virtual microscopy) of whole retinal flat 

mounts, and retinal histology (virtual microscopy) of H&E stained sections.

2.5 Norrin treatment and analysis with Thy1-YFP(homozygous)OIR model

Norrin preparation and use varied slightly for Thy1-YFP mice. Norrin was reconstituted 

with phosphate buffer solution (PBS) and intravitreal injections (20 ng in 0.5 μL or 100 ng in 

1.0 μL) were done at age P12. Norrin, 0.5 μl or 1.0 μl, was injected into the vitreous cavity 

of right eyes and vehicle (PBS) was injected into the vitreous cavity of left eyes. Thy1-YFP 

mice were used to compare the relative percentage of YFP-expressing ganglion cells with 

dendritic arbors using live fluorescence retinal microscopy (Micron III system). Imaging 

was carried out at ages P21, P28 and P42.

2.6. SD-OCT analysis of retinal layer thickness

To minimize corneal clouding and cataract formation, hydroxypropylmethylcellulose 2.5% 

(Cornea Coat, Insight Instruments, Inc, Stuart, FL, USA) and artificial tears solutions were 

applied generously to the corneal surface during imaging. Mice were placed upon a multi-

access support and the eye was aligned for scanning. SD-OCT scans were taken using the 
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SD-OCT Envisu R2200 model (Bioptigen, Durham NC). A rectangular scan pattern of 1.4 

mm x 1.4 mm was used (1000 A-scans by 100 B-scans). Retinal layers were marked and 

measured using processed OCT images with InVivoVue Diver 2.0 software (Bioptigen). A 

fixed 5x5 grid was centered on the optic disc (See Fig-1). Measurements were then taken at 

the boundaries of the Nerve Fiber Layer and Ganglion Cell layer (NFL/GCL), Inner 

Plexiform Layer (IPL) and Retinal Pigment Epithelium (RPE). Locations were between 0.4 

mm and 0.7 mm from the optic nerve where we had consistently observed the most amount 

of oxygen induced disruption. NFL/GCL and IPL measurements (24 +/− 4 per eye) were 

then used to generate an average for each layer per eye. For comparisons of superior versus 

inferior regions, the five top row and five bottom row locations were averaged, respectively 

(Fig. 1). Results from 13 Norrin-injected OIR (Nor/OIR) eyes, 9 vehicle-injected OIR (Veh/

OIR) mice and 4 room air raised (RA) mice were used for comparisons.

2.7. Live Retinal imaging of intrinsically fluorescent Retinal Ganglion Cells

Using homozygous Thy1-YFP mice, a Micron-III live retinal imaging system (Phoenix Labs 

Inc, Pleasanton, CA, USA) was used for color photography and yellow fluorescent protein 

(YFP) imaging. Pupils of mice were first dilated with both tropicamide and phenylephrine 

eye drops. For imaging, mice were then anesthetized and arranged under a felt blanket on a 

mouse-warming table (36°C). While under anesthesia, corneas were protected with Genteel 

eye gel. A color bright-field image of the central retina was captured. Excitation (500 nm) 

and emission (524 nm) filters for the YFP protein were then dialed into position to image 

fluorescent YFP-RGCs (Semrock FF01-500/24-25, Semrock FF01-524/27-12.5). This 

process was repeated for the other eye. Images were captured at ages P21, P28, and P42.

The first two experimental groups compared the eyes of animals raised in room air (RA) to 

those subjected to high oxygen treatment from ages P7–P12. In total a series of retinal 

images was obtained from 30 RA eyes and 23 OIR eyes. The third experimental group 

consisted of OIR mice that had received intravitreal injections of Norrin (20 ng or 100 ng) in 

the right eye, and PBS alone in the contralateral (left) eye. The contralateral eye was used as 

control to minimize inter-mouse variability. For the (20 ng) Norrin group, retinal images 

from 6 pairs of eyes were used for analysis and for the (100 ng) Norrin group, retinal images 

from 8 pairs of eyes were used for analysis.

Three trained assessors counted the number of YFP-RGC cell bodies per eye, with or 

without visible dendritic arborization, in a masked fashion. The mean counts per eye were 

calculated. The number of RGC cell bodies with dendrites was reported as a percentage of 

the total number of RGC cell bodies (+/− dendrites) per image.

2.8. Virtual Microscopy and retinal histology

Using the C57BL/6J strain, room air (RA) and oxygen induced retinopathy (OIR) mice were 

sacrificed at p42, their eyes were enucleated and fixed overnight in Davidson’s fixative. 

After paraffin embedding, the eyes were cut into 5 μm sections and stained with 

Hematoxylin and Eoisin (H&E). The slides were digitized using an Olympus SL120 Virtual 

Microscopy Slide Scanner (Olympus, Center Valley, PA) with the 20x objective.
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2.9. Immunostaining and measurement of RGC density in total retinal flat-mounts

Using the C57BL/6J strain, room air (RA) control and oxygen induced retinopathy (OIR) 

mice, three per group, were sacrificed at P42 and their eyes fixed in PBS, 4 % 

paraformaldehyde overnight at 4° C. The retinas were then isolated, mounted flat and 

incubated for 30 minutes with 2 % Triton X-100. A brush was then used to remove residual 

vitreous humor while soaking in PBS. Retinas were treated for 20-minutes at room 

temperature with Bloxall Blocking solution (Vector Laboratories, Burlingame CA) to inhibit 

endogenous peroxidase activity. After washing with PBS, retinas were blocked with a 

solution of Avidin (Vector Laboratories, 1/20 dilution) in PBS, 5 % rabbit serum for 30 

minutes at 4°C. Blocked retinas were then incubated overnight at 4°C in a solution of goat 

anti-Brn3a primary antibody (Santa Cruz Biotechnologies, Dallas TX) diluted (1:100) in 

PBS, 5 % rabbit serum. The following day, Vectastain-ABC reagents were used with DAB 

substrate to stain RGC nuclei.

Whole stained flat mounted retinas were digitized with an Olympus SL120 Virtual 

Microscopy Slide Scanner using the 20x objective. For each retina, 8 “center” (~300–900 

μm from optic nerve) and 8 “periphery” (~1400–2000 μm from optic nerve) images were 

captured. Nikon Elements was used to count the number of Brn3a positive cells in the high-

magnification images. The center and periphery counts were then averaged. To account for 

inter-animal differences, a ratio of the center to periphery RGC counts was used for group 

comparisons.

2.10. Statistic analysis

Statistical calculations were performed using functions in Microsoft Excel. A two-tailed 

student’s t-test was used for group comparisons. A paired t-test was used to compare 

Norrin/OIR and PBS/OIR groups when fellow eyes of Thy1-YFP mice were injected.

3. Results

3.1. OIR Disruption of INL and ONL Organization

In order to evaluate oxygen-induced changes to retinal morphology in vivo, SD-OCT was 

performed at ages P21, P42 and P56 in 75 % oxygen-treated (OIR) mice. A heterogeneous 

interspersion of the INL (inner nuclear layer) and ONL (outer nuclear layer) was noted in all 

OIR mice. The extent of INL/ONL disruption was particularly remarkable in the inferior 

neural retina compared to the superior neural retina (Fig. 2A–C).

To confirm that the laminar disruption seen with SD-OCT involved cellular disorganization 

we also prepared some standard histology of retinal sections (H&E staining) from P42 

retinas. To view the entire span of the neural retina from the disc to the periphery, the stained 

sections were scanned using virtual microscopy (Dailey et al., 2017). While the progression 

of OIR induced laminar disorganization continued from age P21 to P42, some of the 

disorganization resolved by age P56 in both Norrin-treated and vehicle-treated OIR retinas 

(Dailey et al., 2017). Disruption in the laminar structure of the retina was most often located 

in the central half of the retina, and not the periphery, corresponding with the OIR-induced 

central avascular areas typical of the mouse OIR model. Disruption of the retinal layers 
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involved displacement and mixing of photoreceptor nuclei with cell bodies of the inner 

nuclear retina (Dailey et al., 2017).

3.2. Thicker NFL/GCL and IPL in Norrin-Injected OIR eyes

The NFL/GCL (nerve fiber layer/ganglion cell layer), IPL (inner plexiform layer) and total 

retinal thickness were measured at P42 in OCTs using Bioptigen Diver software. Average 

width measurements were generated at 12–16 points using a 5x5 grid (Fig. 1). Locations 

ranged from 0.4–0.7 mm from the optic nerve. Locations within 0.3mm of the optic nerve 

were excluded and the INL, OPL (outer plexiform layer) and ONL (outer nuclear layer) 

thicknesses were not measured separately since the laminar disruption in OIR retinas made it 

difficult to consistently distinguish the boundaries between those layers. The average 

NFL/GCL widths for RA (room air), Norrin-injected OIR eyes and Vehicle-injected OIR 

eyes were 15.6 μm, 14.4 μm and 13.3 μm respectively (Table 1). A significantly thicker 

NFL/GCL was found in the Norrin-injected OIR eyes, 14.4 μm, compared to Vehicle-

injected OIR eyes, 13.3 μm, (p = 0.01).

Averaged across the entire measurement grid, there were no significant differences detected 

in the IPL thickness. However, since more severe OIR disruption was noted in the inferior 

portion of the OIR retinas, the measurements were also grouped for analysis according to the 

superior versus inferior location: superior (5 points located above the optic nerve) and 

inferior (5 points below the optic nerve). (See Table 2) This comparison revealed an even 

greater difference in the NFL/GCL thickness between Norrin-injected OIR eyes (15.1 μm) 

and Vehicle-injected OIR eyes (13.4 μm) in the superior retina (p = 0.02). Additionally, a 

significant difference could be seen in the superior IPL thickness between Norrin-injected 

OIR eyes and Vehicle-injected OIR eyes (p = 0.04): 37.7 μm and 34.6 μm, respectively 

(Table 2). Average NFL/GCL and IPL thicknesses in non-injected fellow eyes of Norrin 

treated mice was similar to that of vehicle-injected eyes in the superior retina, 13.9 μm and 

34.7 μm, respectively.

3.3. Increased ratio (center / peripheral) of surviving number of RGCs in Norrin-Injected 
OIR eyes

In order to count RGCs, C57BL/6J mouse retinas were flat-mounted and immunostained 

with an antibody to the RGC-specific transcription factor Brn3a, at age P42. RGC loss is 

variable for each individual eye in an OIR model because the severity of ischemia depends 

on the physical patterns of large retinal vessels, which are unique to each eye. The severity 

of the RGC loss is also variable between mice of slightly different body weights within the 

same litter, and can also be different between litters. For this reason we evaluated the ratio of 

the density of surviving RGCs in the most central regions of the retina compared to the 

adjacent peripheral regions. After staining, two sets of 8 images were collected from each 

flat mounted retina; one set was closer to the optic disc and termed “Center” (300–900 μm 

from the disc) and the other set further from the disc termed “Peripheral” (1000–1500 μm 

from the disc). (See Fig. 3A) For each flat-mounted retina, the number of RGCs was 

averaged for the Central and Peripheral image sets, and then the counts from the Center were 

normalized relative to the Periphery as a ratio (center/periphery). This method of 

normalization was chosen since most disorganization is seen in the central region with little 
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in peripheral retina. The RGC density ratio (center/periphery) was 1.3 for room air (RA) 

mice. Comparisons revealed a significantly greater RGC count ratio (center/periphery) (n = 

3/group, p = 0.03) in the Norrin-injected OIR eyes (1.7) compared to the Vehicle-injected 

OIR eyes (1.0). The Norrin-injected OIR eyes also had a significantly greater RGC count 

ratio (p = 0.004) compared to Vehicle-injected fellow eyes (VFE), which had a ratio of 0.8 

(Fig. 4).

Interestingly, the non-injected fellow eyes of Norrin-injected OIR mice (NFE) had a RGC 

count ratio (center/periphery) of 1.4. This suggested a possible fellow eye effect since the 

RGC count ratio of the fellow eyes were not significantly different from the Norrin-injected 

eyes (p = 0.23). The average central and peripheral counts are shown in Figure-5 for the 

same groups.

3.4. Visible RGC dendritic arborization in vivo in Norrin-Treated Thy1-YFP mice

Homozygous Thy1-YFP mice were used to visualize changes in RGCs over time using live 

retinal imaging (Fig. 6A). In this strain, Yellow Fluorescent Protein (YFP) is expressed in 

only a small fraction of the total RGC population, driven by the Thy1-gene promoter. 

Combined with live retinal fluorescent imaging it is possible to visualize individual RGS in 
vivo. Images were taken of the endogenously fluorescent RGCs on days P21, P28 and P42 

using a Micron-III retinal imaging system, equipped with a YFP excitation and emission 

filter set. On average, 22 ganglion cell bodies were visible per retina in RA images and 19 

cell bodies were visible in the OIR images, using the Micron-III system. Images captured a 

circular field that extended 55% of the distance from the disc to the retinal periphery. The 

raw number of fluorescent counts can vary, even among litter mates. For this reason, we 

compared the percentage of RGCs that had visible dendritic arborization rather than raw 

RGC counts to compare treatment groups.

We compared OIR and control RA (room air) Thy1-YFP mice, without any Norrin 

treatment. The percentage of RGC cell bodies with visible dendritic arborization was 

generally reduced in OIR group mice compared to the RA group (Fig. 6B). This difference 

was significance at age P21 (p = 0.02), when 10 % of RGC had dendrites in RA mice (n = 

30) and 6 % in OIR mice (n = 23), and again at age P28 (p = 0.003) when 12 % of RGC had 

dendrites in RA mice (n = 18) versus 6% in the OIR mice (n = 18). By age P42, 15 % of 

fluorescent RGCs in RA mice (n = 20) and 11 % of fluorescent RGCs in OIR mice (n = 13) 

had visible dendrites (n.s.).

Having established that oxygen exposure reduced the percentage of RGCs with visible 

dendritic arborization in Thy1-YFP mice during recovery from OIR, we conducted further 

experiments to investigate Norrin treatment in this model. We did so by injecting Norrin (20 

ng or 100 ng) in one eye and PBS in the fellow eyes of Thy1-YFP OIR mice. The 

percentages of YFP-positive RGCs with visible dendrites were determined at ages P17, P28, 

and P42. There were no significant differences in the percentages of RGCs with visible 

dendrites in Norrin-injected eyes at compared to PBS injected eyes. See Table 3.
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4. Discussion

In the mouse OIR model, capillaries are lost in the central retina during the high oxygen 

phase from age P7 to P12. The central retina becomes hypoxic upon return to room air and 

an aggressive, but disorganized, neovascular regrowth ensues. This disorganization is likely 

the result of a substantial percentage of retinal astrocytes and the fact that surviving 

astrocytes are impaired in their capacity to guide capillary growth (Bucher et al., 2013). In 

this environment, treatment with Norrin somewhat tames neovascular response and 

ultimately accelerates the revascularization of the central retina (Tokunaga et al., 2013). 

Other treatments have been reported that reduce the severity of aggressive neovascular 

growth in this model and facilitate re-establishment of normal vascular beds in ablated zones 

(May, 2012)

4.1. Nerve Fiber Layer thinning In Vivo is ameliorated by Norrin-treatment

Clinically, SD-OCT is becoming a valuable tool to monitor NFL/GCL thickness in humans, 

where thinning of this layer results from the death and loss of RGCs. Mezu-Ndubuisi et al., 

demonstrated that SD-OCT can detect an average reduction in total retinal thickness in OIR 

mouse retinas in vascular ablated zones that were first located by fluorescein angiography 

(Mezu-Ndubuisi et al., 2014). To achieve the sensitivity required to compare the NFL/GCL 

thickness, we employed an SD-OCT system equipped with an optical system designed 

specifically for the mouse eye, and used software to collect many measurements per retina 

based on a reproducible 5x5 coordinate grid. Averaging from many measurement locations 

per retina was necessary to make these comparisons possible in mouse eyes. We found that 

OIR eyes injected with Norrin had increased NFL/GCL and IPL thicknesses, as well as an 

increased central / periphery ratio of RGC population density.

A correlation between GCL and IPL thinning and poor visual function has been reported in 

Diabetic Macular Edema (DME) and Glaucoma patients (Bonnin et al., 2015; de A Moura et 

al., 2012). Thinning reflects degeneration of retinal ganglion cell bodies and axons in the 

RNFL and dendritic arbors in the IPL. Thinner RNFLs have been reported in humans with 

ROP and diabetes (Åkerblom et al., 2012; Park et al., 2011). Akerblom et al reported thinner 

than normal RNFL thicknesses in children, at age 9, who had severe ROP as infants 

(Åkerblom et al., 2012). Through mapping of the NFL/GCL and IPL thicknesses with SD-

OCT, we found that OIR significantly reduced the thicknesses of these layers and Norrin 

could counteract this thinning. Preservation of these layers was most significant in the 

superior retina. This may reflect the less severe nature of layer disruptions in the superior 

retina, making it easier to observe a Norrin therapeutic effect.

4.2. Norrin-treatment increases the ratio of RGC density (central /periphery) in OIR eyes

We wanted to determine if Norrin could increase the final relative density of surviving RGCs 

in the affected central retina. It should be noted that two previous studies could not detect a 

reduction in the numbers of RGC in OIR mice using standard retinal cross sections (Mehdi 

et al., 2014; Nakamura et al., 2012). However, the relatively small numbers of RGCs present 

in a retinal cross section, combined with the fact that OIR retinal sections can include 

normal zones, reduces the power to detect RGC loss. We decided that a more extensive 
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survey of mouse retinas would be essential to have sufficient numbers of RGCs for counting, 

and so we used whole retinal flat-mounts. We found that OIR caused a significant reduction 

in central/periphery RGC density ratio and that Norrin-treatment could normalize this effect.

Interestingly, the fellow-eyes of Norrin–injected OIR eyes also had an improved central/

periphery RGC density ratio. A fellow-eye effect has been demonstrated in multiple clinical 

studies involving anti-VEGF treatment of Diabetic Macular Edema (DME) (Avery et al., 

2006; Bakbak et al., 2013; Hanhart et al., 2014). A possible fellow-eye therapeutic effect 

was also reported in diabetics, after bevacizumab injection (Avery et al., 2006). Presumably, 

when the blood retina barrier is disrupted in response to ischemia, intravitreally injected 

therapies can enter the blood stream. These results indicate that the choice of fellow eyes as 

controls should be considered carefully when using the mouse OIR model.

Improved ratios of RGC density (central /periphery) in the OIR model from Norrin-

treatment is consistent with the fact that Norrin-treatment accelerates the regrowth of the 

retinal microvasculature into the central avascular region in this model. Thus, accelerated 

recovery from ischemia could reduce the final numbers of RGCs lost. Alternatively, Norrin 

may also have a direct neuroprotective effect upon RGCs themselves. LGR4 has been 

localized to the GCL in retinas of adult mice (Van Schoore et al., 2005) and Norrin has been 

shown to activate Wnt-signaling upon LGR4 binding in in vitro studies (Deng et al., 2013). 

However, our experiments cannot estimate such a possible direct effect in the OIR model, 

because of the extensive involvement of revascularization in this model.

Seitz et al reported an increase of surviving RGC axons and decreased apoptosis in NDMA-

injected mice that were simultaneously injected with Norrin (Seitz et al., 2010). Braunger et 
al reported that Norrin was able to provide protection against light-induced damage to 

photoreceptors in mice overexpressing Norrin in the RPE cells (Braunger et al., 2013). The 

investigators suggested that Norrin provides protection to the photoreceptors by increasing 

the expression of neurotrophic growth factors, specifically BDNF.

4.3. Effects of OIR on Retinal Ganglion Cells in vivo

RGCs are sensitive to hypoxic stress (Kaur et al., 2008; Kergoat et al., 2006) and the loss of 

RGCs has been reported in conditions causing retinal ischemia, such as diabetes (Kern and 

Barber, 2008). For this reason, we created a protocol that allowed us to visually follow 

individual RGCs over time in Thy1-YFP OIR mice. We took advantage of one particular 

strain where less than one percent of RGCs express the transgenic Yellow Fluorescent 

Protein. Using a YFP light filter set and a Micron-III camera, we could image individual 

RGCs in anesthetized mice, including cell bodies, dendrites, and axons. We found that the 

OIR treatment reduced the percentage of RGCs with YFP-labeled dendritic arborization. 

Similar reductions in visible dendritic arborization were reported by investigators using 

Thy-1 YFP mice to explore retinal ischemia in animal models of Glaucoma. Ischemia 

caused by elevating intraocular pressure has been shown to cause retraction of dendritic 

arbors (Li et al., 2011). Loss of dendrites and axons occur first followed by cell bodies. 

Another group of investigators found a similar RGC degeneration when using an optic nerve 

crush model (Leung et al., 2011). While Norrin treatment increased the central / peripheral 
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RGC density ratio, Norrin did not have a statistically significant effect on the extent of 

dendritic arborization in YFP-positive RGCs.

4.4. Extra observations on OIR model progression in vivo

While not the primary aim of our investigations, SD-OCT revealed that significant 

disruptions of the deep retinal architecture can occur in the murine OIR model. These were 

found to be zones with displacement of significant numbers of photoreceptor nuclei into 

what is normally the boundary of the INL. The disrupted architecture could partially resolve 

over several weeks but does persist. (Dailey et al., 2017). This is consistent with ERG 

observations, where significant decreases in the A-wave and B-wave amplitudes found in 4-

week old OIR mice show partial recovery by 8-weeks (Nakamura et al., 2012). Our use of 3-

dimensional SD-OCT also unexpectedly revealed that oxygen-induced disruption of the INL 

and ONL was generally more severe in the inferior retina versus the superior retina.

4.5. Summary

The mouse model of oxygen-induced retinopathy is one good model for studying vascular 

proliferative mechanisms that are present in disorders such as ROP. It is important to be 

knowledgeable of disrupted and non-disrupted retinal regions when evaluating 

measurements in the OIR model. Additionally, only using fellow eyes as controls may 

sometimes cause investigators to miss a desired treatment effect since there is the possibility 

of carry-over influence from the injected eye. After taking these factors into consideration 

for our study, we conclude that Norrin-treatment significantly increased relative RGC 

survival in the central effected zone of the mouse OIR model. This conclusion was 

supported by a reduction in thinning of the NFL/GCL, as measured by SD-OCT in vivo, and 

measurements of the RGC population density ratio (central/peripheral) in whole retinal flat-

mount preparations.
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Highlights

• Norrin treatment accelerates recovery of the mouse OIR model from ischemic 

insult.

• SD-OCT can compare NFL/GCL (nerve fiber layer/ganglion cell layer) 

thickness in vivo.

• Norrin treatment counters thinning of the NFL/GCL in the mouse OIR model.

• Norrin treatment increases the surviving population density of RGCs in OIR 

retinas.
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Figure 1. SD-OCT imaging and analysis of the OIR disruption of retinal laminar layers in the 
OIR mouse retina
A. SD-OCT en face view (1.41 x 1.41 mm) from a P42 OIR eye, showing a 5 X 5 grid with 

0.23 mm interval spacing, centered on the optic disc and used to mark 24 locations for 

measurements of retinal layer thickness. The horizontal axis (x) and vertical axis (y) 

coordinates are indicated (mm). Retinal layer measurements were not taken from the central 

grid location (0,0).
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Figure 2. Laminar disruption of the bipolar and photoreceptor cell layers in the OIR mouse 
retina in vivo
Examples of horizontal B-scans from the P42, OIR eye shown en face in Figure-1. Laminar 

disruptions (black arrows) were detected in the living eye, demonstrating that disruptions 

and intermixing of nuclei between the inner nuclear layer (INL) and outer nuclear layer 

(ONL), seen in fixed retinal tissue sections, are not artifacts of histology processing. The 

numbers of larger disruptions were greater in the inferior retina compared to the superior 

retina. The optical back-scattering density of tissue disruptions was also greater in the 

inferior retina. Horizontal B-scan locations shown are (A) superior (y = +0.47mm), (B) 
central (y = 0.0 mm) and (C) inferior (y = −0.47 mm). The retinal layers visible are labeled: 

NFL/GCL (nerve fiber layer / ganglion cell layer), IPL (inner plexiform layer), 

INL/OPL/INL (inner nuclear layer / outer plexiform layer / outer nuclear layer), RPE (retinal 

pigment epithelium).
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Figure 3. Diagram showing the image field locations used for measurement of RGC density in 
flat-mounted retinas
Fields were selected from virtual microscopy scans of complete flat-mounted retinas (age 

P42) after immuno-labeling for Brn3a, a transcription factor present in the nuclei of retinal 

ganglion cells. (A) The number of Brn3a positive RGCs were counted by computer image 

analysis and averaged in 8 central (C, black boxes) and 8 peripheral (P, grey boxes) images. 

Examples of immuno-labeling quality from central regions are shown: (B) no-primary anti-

body, negative control, (C) Brn3a positive RGC nuclei (white arrow) in a normal, room-air, 

retina, and (D) Brn3a positive RGC nuclei (white arrow) in an OIR retina.
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Figure 4. Norrin increases the number of Brn3a-labeled RGCs in OIR eyes
The ratio (center/periphery) of the RGC cell density was significantly higher in Norrin-

injected OIR eyes (Norrin) compared to vehicle-injected OIR eyes (Vehicle) (p=0.03). Other 

groups: room-air (RA), fellow non-injected eye of Norrin-treated mice (NFE), fellow non-

injected eye of vehicle-treated mice (VFE).
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Figure 5. Evidence of a fellow eye effect with Norrin-treatment
Plot of the average RGC cell numbers counted per image in the Central and Peripheral 

image sets. Room-air (RA), Norrin-injected OIR eyes (Norrin-OIR), Fellow of Norrin-

injected OIR eye (NFE), Vehicle-injected OIR eyes (The number of central cell counts were 

higher in the Norrin fellow eyes (NFE) compared to vehicle-injected OIR eyes (Vehicle-

OIR) or vehicle-injected OIR fellow eyes (VFE).
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Figure 6. OIR-induced reduction in the percentage of RGC's with dendritic arborization
(A) Example in vivo images of Thy1-YFP RGCs obtained using a Micron-III imaging 

system equipped with a YFP excitation and emission filter set. Images captured at P28 in 

RA (left) and OIR (right) mice. (B) The percentage of RGCs with dendritic arbors was 

significantly lower in OIR eyes (n=23) compared to RA eyes (n=30) at ages P21 and P28.
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Table 1

Average NFL/GCL and IPL Thickness Measurements using SD-OCT

GROUP Number of Eyes NFL/GCL Thickness (μm) IPL Thickness (μm)

Room Air 4 15.6 (±0.2) 52.6 (±1.3)

Norrin-Injected 13 14.4 (±0.9)* 38.2 (±3.0)

Norrin Fellow Eye 13 14.0 (±1.3) 38.8 (±2.2)

Vehicle-Injected 9 13.3 (±0.9) 37.5 (±2.4)

Vehicle Fellow Eye 9 13.7 (±1.2) 37.5 (±2.2)

*
p=0.01 compared to Vehicle-Injected
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Table 3

Percentage of RGCs with Dendritic Arbors (contralateral eyes)

Group P17 (%) P28 (%) P42 (%)

Norrin 20 ng (n=3) 1.7 (±2.9) 5.8 (±5.4) 10.3 (±10.3)

PBS 0.0 (±0) 0.0 (±0) 0.0 (±0)

Group P21 P28 P42

Norrin 100 ng (n=6) 5.8 (±8.0) 17.9 (±8.4) 22.0 (±7.4)

PBS 8.6 (±11.5) 11.2 (±6.3) 14.9 (±7.0)
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