
Mouse model of radiation retinopathy reveals vascular and 
neuronal injury

Emily Liu1, Michelle R. Tamplin1,2,3, Jurnie Rosius1, Thomas R. Tedeschi4, Oliver W. 
Gramlich3,4,5, Randy H. Kardon3,4, Isabella M. Grumbach1,2,3

1Division of Cardiovascular Medicine, Abboud Cardiovascular Research Center, Department of 
Internal Medicine, Carver College of Medicine, University of Iowa, Iowa City, IA

2Department of Radiation Oncology, University of Iowa, Iowa City, IA

3Iowa City VA Center for the Prevention and Treatment of Visual Loss, Iowa City, IA

4Department of Ophthalmology and Visual Sciences, University of Iowa, Iowa City, IA

5Department of Neuroscience and Pharmacology, University of Iowa, Iowa City, IA

Abstract

Purpose: To characterize the neuronal and vascular pathology in vivo and in vitro in a mouse 

model of radiation retinopathy.

Methods: C57Bl/6J mice underwent cranial irradiation with 12 Gy and in vivo imaging by 

optical coherence tomography and of relative blood flow velocity by laser speckle flowgraphy 

for up to 3 to 6 months after irradiation. Retinal architecture, vascular density and leakage and 

apoptosis were analyzed by histology and immunohistochemistry before irradiation or at 10, 30, 

240, and 365 days after treatment.

Results: The vascular density decreased in the plexiform layers starting at 30 days after 

irradiation. No impairment in retinal flow velocity was seen. Subtle perivascular leakage was 

present at 10 days, in particular in the outer plexiform layer. This corresponded to increased width 

of this layer. However, no significant change in the retinal thickness was detected by OCT-B scans. 

At 365 days after irradiation, the nuclear density was significantly reduced compared to baseline. 

Apoptosis was detected at 30 days and less prominent at 365 days.

Conclusions: By histology, vascular leakage at 10 days was followed by increased neuronal 

apoptosis and loss of neuronal and vascular density. However, in vivo imaging approaches that are 

commonly used in human patients did not detect pathology in mice.
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1. INTRODUCTION

Brachytherapy using episcleral 125I seed-filled plaques is the standard treatment for 

uveal melanoma, the most common primary intraocular cancer in adults (Group, 2006). 

However, the multicenter Collaborative Ocular Melanoma Study (COMS) and other trials 

demonstrated that at least 50% of patients treated with brachytherapy experience significant 

vision loss within 3–5 yr after therapy (Group, 2006),(Melia et al., 2001, Aziz et al., 2016, 

Melia et al., 2006, Shields et al., 2000). The COMS reported extensive pathology after 2 

yr or more in the normal retinal tissue that surrounded the melanoma (Boldt et al., 2009). 

An accepted, but incompletely tested concept is that radiation retinopathy is driven by 

microangiopathy that is initiated by the immediate damage to the microvascular endothelium 

during radiation.

Despite observations in humans consistent with early microvascular leakage and loss of 

microvascular and neuronal density years after therapy, few animal studies have been 

conducted to establish the mechanisms of radiation retinopathy. Several animal studies 

have reported on pathology after radiation of the eye, including photoreceptor damage and 

capillary loss (Archer et al., 1991, Amoaku et al., 1989, Irvine and Wood, 1987). These 

studies were conducted in a variety of species such as monkey, pig, cat and rat (Singh et al., 

2012, Gragoudas et al., 1979). However, they have important limitations. In most studies, 

the main readout was descriptive histology rather than quantification (Irvine and Wood, 

1987, Archer et al., 1991). In others, the main readouts were only obtained once at the end 

of the study. Only a few studies used mice based on the notion that ocular complications 

of radiation therapy are subtle in mice. Of these studies, most examined tumor control as 

opposed to microvascular and neuronal injury of the normal retinal tissue (Sobrin et al., 

2004, Murray et al., 1996).

Establishing the stages of radiation retinopathy in mice is a prerequisite for preclinical 

testing of potential treatments. The lack of these data in mice is a major obstacle to 

capitalizing on the many available genetic models that could inform on molecular pathways 

and cell type specific contributions. Of note, no specific preventive treatment for radiation 

retinopathy is currently available, in part because the molecular and cellular drivers of 

radiation retinopathy are not well understood. Anti-VEGF therapy in humans has gained 

traction in the field supported by reports of decreased vision loss and macular edema 

after scheduled injections (Shah et al., 2014, Shields et al., 2020). However, microvascular 

density or retinal thickness were not affected (Eandi et al., 2021).

To fill some of these gaps, we sought to establish vascular and neuronal pathology in 

mice after cranial irradiation, specifically, evidence for early vascular leakage and late 

rarefication as well as neuronal cell death by apoptosis. We also tested whether OCT and 

laser speckle flowgraphy, in vivo imaging techniques that have recently been used in humans 

to investigate radiation retinopathy, can be deployed to characterize radiation retinopathy in 

mice.
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2. MATERIAL AND METHODS

2.1. Mice

All experimental procedures were approved by the Institutional Animal Care and Use 

Committees of both the University of Iowa and the Iowa City VA Health Care System 

and complied with the standards of the Institute of Laboratory Animal Resource, 

National Academy of Science. Experiments were performed on C57BL/6J mice (Jackson 

Laboratories, #000664) which were between 10–22 weeks of age at the time of treatment.

2.2. Radiation exposure

Mice were anesthetized by IP injection of 17.5 mg/mL ketamine/2.5 mg/mL xylazine 

solution (VetaKet/AnaSed, 0.1 mL/20 g body weight) before receiving a single 12 Gy dose 

of X-rays (IR) to the brain and eyes. This treatment was administered using an XStrahl 

Small Animal Radiation Research Platform (SARRP), which incorporates a 60 kVp beam 

of 0.2 mm Al quality for Cone Beam CT acquisition and a 220 kVp 0.63 mm Cu quality 

beam for treatment-type IR. We established that this dose induces functional impairment of 

photoreceptors 30 days after irradiation.

2.3. Embedding and sectioning

Mice were euthanized at set time points post-irradiation by carbon dioxide inhalation 

followed by cervical dislocation: 11 mice (6 male, 5 female) at 10 d, 12 mice (7 male, 

5 female) at 30 d, 9 mice (5 male, 4 female) at 240 d, and 11 mice (8 male, 3 female) 

at 365 d post-IR. An additional 16 mice (12 male, 4 female) that were not irradiated were 

included as controls. Eyes were harvested and drop-fixed in 4% paraformaldehyde for at 

least 24 hours before processing. Eyes were processed by removing the cornea, lens, and 

iris. Eyes were then cryo-embedded in Tissue-Tek® O.C.T. Compound and flash frozen 

using the Stand-Alone Gentle Jane® snap-freezer. Sagittal cross-sections were obtained 

using a cryostat microtome at a thickness of 10 μm. Slides were stored at −80°C until use.

2.4. Histology

Slides were fixed in pre-cooled 10% Zinc Formalin Fixative for 10 minutes prior to 

conventional hematoxylin and eosin staining. Slides were mounted with Permount™ 

Mounting Medium (Fisher Chemical, SP15) and cured at room temperature for at least 

24 hours before imaging.

2.5. Immunofluorescent imaging

Immunofluorescent staining was performed using the following procedure unless otherwise 

noted: tissue sections were fixed, cryo-embedded, and sectioned as described above. Tissue 

samples were air-dried for 15 minutes, then rehydrated and fixed in 4% PFA in PBS for 15 

min. Samples were washed in ddH2O twice for 5 minutes each and once with PBS 1X for 

5 minutes. Samples were permeabilized and blocked for 1 hour using a solution of 0.3% 

Triton-X 100 and 5% normal donkey serum in PBS 1X (Solution A). Samples were then 

incubated in Tomato Lectin (DyLight 488, Vector Labs, DL-1174-1) overnight at 4°C or 

donkey anti-mouse IgG (Alexa Fluor 647, Invitrogen, A-31571) diluted into Solution A for 
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1 hour at room temperature. Samples were then washed 3X for 5 minutes each with PBS 

1X. Samples were then mounted using VectaShield Antifade Mounting Medium with DAPI 

(Vector, H-1200) and incubated for at least 1 hour at 4°C before being imaged.

For TUNEL staining, the following protocol was used: Tissue samples were air-dried for 

15 minutes, then rehydrated and fixed in 4% PFA in PBS for 15 min. Samples were then 

washed in PBS 3 times for 5 minutes each. Samples were then stained using the Situ 

Cell Death TMR red Detection Kit (Roche, 12156792910) according to manufacturer’s 

instructions beginning from the permeabilization step.

2.6. In vivo imaging by laser speckle flowgraphy (LSFG)

Serial imaging by laser speckle flowgraphy (LSFG) was performed as we recently reported 

(Tamplin et al., 2021a). Images were acquired in 10 mice (5 male, 5 female) before and 

1, 4, 14, 30, 60, 90, 120, and 180 d post-IR. Before imaging, mice were anesthetized by 

IP injection of 17.5 mg/mL ketamine/2.5 mg/mL xylazine solution (VetaKet/AnaSed, 0.1 

mL/20 g body weight) and placed on a heating pad controlled by a rectal temperature probe 

(PhysioSuite; Kent Scientific), to maintain core body temperature at 37 °C. The right eye 

was dilated with 0.5% topical tropicamide. Blood flow measurements were obtained using 

the laser speckle flowgraphy device LSFG-Micro (Softcare Co., Ltd.) and coupled with a 

diffuse light flicker stimulus to invoke hyperemic response per our previously-established 

protocol (Tamplin et al., 2022a). Briefly, after an initial 50 s baseline recording period, 

a white light emitting-diode (LED) array (KICK LED, Rift Labs; 5000 K, 1200 lx, 10 

Hz) affixed above the mouse eye was activated for 20 s, followed by 30 s of post-flicker 

recording. Blood flow measurements were acquired continuously (30 fps), with temporal 

composites of the 3.2 × 2.5 mm2 imaged area automatically generated every 10 s for 

analysis, resulting in 10 composite images and a continuum of 3000 data points.

2.7. Optical coherence tomography

OCT imaging was performed on 9 mice (5 male, 4 female) at 30 d post-IR, and 7 

control mice (4 male, 3 female). Imaging was performed with a Spectralis SD-OCT 

(Heidelberg Engineering, Vista, CA) system coupled with a 25-diopter lens for mouse ocular 

imaging (Heidelberg Engineering). Mice were anesthetized by IP injection of 17.5 mg/mL 

ketamine/2.5 mg/mL xylazine solution (VetaKet/AnaSed, 0.1 mL/20 g body weight) and 

placed on a heating pad to maintain body temperature. Pupils were dilated using a 0.5% 

tropicamide solution. The cornea was moisturized with a saline solution, which was applied 

every 20 to 30 seconds. A single horizontal OCT scan centered on the optic disc was 

acquired in each eye.

2.8. Image analysis

For vessel density and leakage by lectin and IgG staining, regions of interest (ROIs) were 

drawn to cover the IPL+GCL and OPL segments. Within these sections, an area of image 

background was measured to calculate background noise. This value was subtracted from 

the image before measuring the mean grey value in each ROI.
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For layer thickness by H&E staining, the distance between the inner borders of each layer 

was calculated. In ImageJ, five rulers were placed within each layer, then averaged together 

to calculate thickness of that layer. This analysis was performed in three consecutive 

sections from the same eye. The measurements from the three sections were averaged 

together to generate one value for each layer for that mouse.

For nuclear density by DAPI staining, images were binarized using the Phansalkar 

thresholding method (radius 15, “white objects on black background”)(Phansalkar et al., 

2011). In the resulting image, white pixels are attributed to nuclei. ROIs were drawn to 

cover the INL and ONL, and the number of pixels counted in each. The percentage of 

DAPI-positive pixels was calculated as the number of white pixels divided by the total 

number of pixels in the layer.

For apoptosis by TUNEL staining, ROIs were drawn to encompass the INL and ONL; 

within these margins, a smaller area of image background was used to calculate background 

noise for each layer. This value was subtracted from the image before measuring the mean 

grey value in each ROI.

For relative blood flow by LSFG, each data series was analyzed per our previously-reported 

protocol(Tamplin et al., 2022a). Briefly, an ROI covering the retinal vasculature, but not the 

optic nerve head, was placed on each composite scan of the 100 s acquisition period. The 

mean blur rate in the ROI was calculated at each frame of the time series. Baseline blood 

flow was calculated using the median of the 30 s of acquisition before flicker stimulation, 

while the percent flicker response was calculated as the percent change in blood flow from 

baseline levels to the maximum of the flicker response curve.

For layer thickness by SD-OCT, an individual unaware of the treatment performed the 

analysis. Scans were opened with the accompanying software (Eye Explorer v. 1.10.4.0, 

Heidelberg Engineering). A scan at 300 μm from either side of the optic disc center was 

used for analysis. At this point, rulers covering the inner (ILM to IPL), outer (OPL and 

below), and total retinal layers were drawn to calculate retinal thickness. The average of the 

two measurements was used to report retinal thickness of each layer.

2.9. Statistical analysis

Statistical analyses were performed using GraphPad Prism (v. 9.0.0, GraphPad Software). 

Data are expressed as mean ± SEM. Normal data distribution was assessed by D’Agostino-

Pearson omnibus normality test. When normal distribution was present, data were analyzed 

by a two-tailed Student t-test or by ANOVA followed by appropriate correction. Otherwise, 

the Mann-Whitney or the Kruskal-Wallis test was used. A probability value < 0.05 was 

considered significant.

3. RESULTS

3.1. Loss of inner and outer plexiform vasculature occurs after irradiation

First, we assessed for microvascular rarefication and quantified the vascular density, 

particularly that of the inner and outer retina plexiform layers, at different timepoints after 
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irradiation. We anticipated a decrease in the vascular density as a result of the radiation 

treatment. Thus, we labeled the microvascular beds with Lectin TL. As expected, we 

detected lectin labeling mostly in the outer aspects of the inner plexiform (IPL) and outer 

plexiform layers (OPL). Over the time course of 365 d, a statistically significant reduction in 

vascular density was seen at 240 d post-irradiation in the IPL and at 30 d post-irradiation in 

the OPL (Figure 1A–C). Vascular pathology was verified in lectin-labeled retinal flat mount 

at 30 days after irradiation (Supplemental Figure 1). Of note, we measured an increase 

in vascular density at 365 d relative to IPL and OPL thickness that was reduced at that 

time point. Moreover, we tested for vascular leakage by immunofluorescent imaging after 

anti-IgG staining (Figure 1D, E). Subtle perivascular IgG extravasation was seen at 10 d 

and 30 d post-irradiation in the OPL, indicative of leakage. This data suggest that vascular 

density decreases post-irradiation, and leakage is present at 10 d post-irradiation.

3.2. Thinning of retinal layers after irradiation

To further investigate the effects of vasculopathy on the retinal architecture, we quantified 

the retinal layer thickness. We expected the plexiform layers to increase in thickness at early 

timepoints due to edema and perivascular leakage similar to findings in humans (Tamplin 

et al., 2021b) and thin out at later timepoints in parallel to the loss of vasculature. For this 

purpose, we analyzed the retinal layers in five locations adjacent to the optic disc in three 

consecutive H&E-stained sections. All measurements were averaged, and data reported per 

mouse (Figure 2A).

While the marked increase in the layer thickness at 10 d in the plexiform layers was 

not statistically significant, by 240 and 365 d layer thickness had reduced significantly 

compared to 10 d post-RT (Figure 2B–C). In the nuclear layers, reduced layer thickness was 

noted by 240 d in the ONL and 365 d in the INL compared to the eyes of nonirradiated 

control mice (Figure 2D–E).

To further characterize pathology in the nuclear layers, we analyzed nuclear density by 

labeling of nuclei with DAPI (Figure 3A, B). As anticipated, we found a decrease in the 

number of pixels identified as nuclei at 365 d in parallel to layer thinning (Figure 3C, D). 

Similar observations were made when we calculated the percentage of nuclear pixels per 

area (Figure 3E, F). These data suggest a loss of anatomical organization with increased free 

space between nuclei.

We further hypothesized that neuronal apoptosis drives neuronal loss. Increased apoptosis 

was detected in both nuclear layers, beginning at 30 d post-irradiation (Figure 4A–C). 

Apoptosis was still elevated at the 240 d timepoint but returned to levels seen in 

nonirradiated control mice by 365 d.

3.3. In Vivo imaging of retinal layer structure

Imaging by optical coherence tomography has become an important clinical tool to track 

radiation retinopathy. Thus, we performed OCT-B imaging of the retina in a separate cohort 

of mice and analyzed the inner (IPL, INL and GCL) and the outer (OPL and ONL) retina 

in non-irradiated control mice and mice at 30 days post-irradiation. Here, we detected no 

significant changes in the inner and outer retina or total retinal thickness as a result of 
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irradiation (Figure 5A–D). Because of cataract formation in the irradiated eyes, no imaging 

at timepoints beyond 30 d could be performed.

We recently described laser speckle flowgraphy as a method to estimate blood flow and to 

test assess neurovascular coupling the mouse retina (Tamplin et al., 2021a). We deployed 

these methods to test for functional changes in the vasculature after irradiation. Of note, in 

C57BL/6J mice, only the flow in larger retinal arterioles can be measured. We did not detect 

any significant changes in blood flow or flicker response after radiation exposure (Figure 

6A–D).

4. DISCUSSION

This study aimed to characterize injury by radiation in the mouse retina. In contrast to 

the notion that mice are “resistant” to radiation injury, we detected vascular and neuronal 

changes by histology that recapitulate features of radiation retinopathy in humans. There 

are three main findings in our study: 1. Radiation-induced vascular injury with discrete 

leakage at early timepoints and reduced vascular density over time. 2. Neuronal apoptosis 

was present at a timepoint when vascular leakage occurs. 3. Apoptosis in nuclear layers 

preceded loss of retinal layer thickness. These findings demonstrate that features of radiation 

retinopathy occur in mice. In future studies, genetically modified strains can be deployed 

to investigate the pathophysiology of radiation retinopathy, for example, the contribution of 

endothelial injury in models with endothelium-specific genetic modifications.

In humans, radiation retinopathy has been characterized as a vasculopathy with initial 

leakage and edema as well as late capillary drop-out, non-perfusion, and retinal vessel 

occlusion (Tamplin et al., 2021b, Boldt et al., 2009, Wen et al., 2009, Shields et al., 2016, 

Veverka et al., 2015). Studies in larger animals such as pigs, dogs and monkey recapitulated 

these findings (Irvine and Wood, 1987, Gragoudas et al., 1979, Ching et al., 1990, Barakat 

et al., 2011, Singh et al., 2012). In rats, vasculopathy occurs after two months with edema 

and later vascular occlusion. In contrast, a small number of studies of radiation retinopathy 

has been conducted in mice. Our findings indicate a decrease in vascularity over time. We 

detected a relative increase in vascular density at 365 d when IPL and OPL were thinned as 

a result of adaptive retinal remodeling after apoptotic cell death. At 10 d after IR, we also 

detected very subtle perivascular leakage, a feature that is well established in humans after 

radiation exposure of the eye during 125I-plaque brachytherapy.

Cell death by apoptosis was detected mostly in the nuclear layers at 10 d to 240 d after 

IR. Some very discrete TUNEL labeling was seen in the plexiform layers, potentially in 

endothelial cells. Over time, in particular at 365 d, the nuclear layer thickness along with 

the nuclear pixel counts decreased. The observation of significant thinning of the ONL after 

gradually increasing apoptosis of the same layer implies progressive neuronal loss after IR, 

beginning with the significant apoptosis observed at 30 d that progressed to a maximum 

at 240 d post-IR. By 365 d, apoptosis and loss of photoreceptors may have occurred 

to significantly thin the layer. Whether neuronal cell death is driven by inflammation, 

potentially initiated through blood retinal leakage or occurs as a result of ischemia after 

microvessel loss cannot be established at this point. However, these findings set the stage for 
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further studies with genetic models or potential drugs. These findings are similar to reports 

in the neonatal murine retina after whole body radiation with 2 Gy or in adult mice with 16 

Gy (Borges et al., 2004). Here, we provide a detailed analysis of its time course.

In vivo imaging with OCT and OCT angiography has become an integral care for patients 

after radiation injury or 125I-plaque brachytherapy for uveal melanoma. In our hands, these 

imaging techniques did not prove effective for studying radiation retinopathy in this mouse 

model. We recently proposed laser speckle flowgraphy as a new approach to detect early 

impairment of flow after therapy (Tamplin et al., 2022b). However, we did not detect 

any overt changes in blood flow (Figure 6). In our studies in humans after 125I-plaque 

brachytherapy, blood flow in normal retinal tissue was mostly decreased in capillaries and 

choroidal vessels (Tamplin et al., 2022b). In C57Bl/6 mice, due to retinal pigmentation, the 

flow is recorded mostly in larger superficial arteries and arterioles but not in capillaries and 

choroidal blood vessels (Tamplin et al., 2021a, Tamplin et al., 2022a). Additional studies in 

mouse strains with decreased retinal pigmentation may be warranted to detect blood flow 

changes in mice in vivo. By OCT B-scans, retinal layer thickness at 30 d after radiation 

was not significantly altered (Figure 5), likely because the changes seen by histology are 

too subtle to detect by OCT-B in mice due to limitations of image resolution. Importantly, 

perhaps because the lens occupies a larger volume of the mouse eye compared to humans 

and other mammals (Ramos et al., 2019), significant radiation cataract formed 1–2 months 

post-IR; this prevented OCT imaging at time points past 30 d, and may limit the use of OCT 

imaging in mouse studies of radiation retinopathy.

Our findings reveal that radiation retinopathy can be detected in mice after exposure to a 

radiation dose that corresponds to approximately 40 Gy. Subtle early vascular leakage within 

the first 10 d after radiation is followed by apoptosis in the nuclear layers as well as loss 

of vascular density in the plexiform layers for up to 240 days after treatment. At 365 d 

post-radiation, retinal remodeling with loss of retinal thickness, particularly in the plexiform 

layers, has occurred. While this study establishes a time course and describes vascular and 

neuronal pathologies with findings similar to that in humans (Tamplin et al., 2021b, Veverka 

et al., 2015, Say et al., 2016), our findings do not establish causal relationships, for example 

whether decreased capillary density causes the loss of local neurons. Moreover, we did 

not study how neuroinflammation interacts with the time course of vascular and neuronal 

pathology in this model (Alt et al., 2014, Han et al., 2016). However, our findings provide a 

framework for further studies in which cell-type selective genetic models can be deployed, 

for example mice in which putative disease-modifying genes are deleted in microglia or in 

endothelial cells. These studies will be invaluable for the development of new therapies to 

prevent or treat radiation retinopathy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Perivascular leakage and decreased vessel density after irradiation.
(A) Ten-μm transverse sections of the mouse retina adjacent to the optic nerve head were 

stained with lectin TL (green, top) or IgG (red, bottom) and DAPI (blue). Magnification 

20X, scale bar 100 μm. All images were captured in within 200 μm from the optic nerve 

head with the same settings and post-processing. (B, C) Mean gray value of lectin labeling 

in the inner (B) and outer plexiform layer (C) as a measure of staining intensity per area. 

(D, E) Mean gray value of IgG immunofluorescence in the inner (D) and outer plexiform 

layer (E) as a measure of staining intensity per area. Error bar indicates mean +/− SEM. * 
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p < 0.05, ** p < 0.01 by ordinary one-way ANOVA with Tukey’s multiple comparisons test 

(B, C), or Kruskal-Wallis test with Dunn’s multiple comparisons test (D, E). Data points 

represented by open circles in (B-E) correspond to images in (A).
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Figure 2: Variations in layer thickness by hematoxylin and eosin staining.
(A) H&E staining of 10-μm transverse sections of the mouse retina adjacent to the 

optic nerve head. Five measurements of each layer were averaged per section. (B-E) 

Quantification of layer thickness of the inner (IPL, B) and outer plexiform layer (OPL, 

C) and inner (INL, D) and outer nuclear layer (ONL, E). Error bar indicates mean +/− SEM. 

Magnification 20X, scale bar 100 μm. * p < 0.05, ** p < 0.01 by ordinary one-way ANOVA 

with Holm-Šídák’s multiple comparisons test (B, D), Kruskal-Wallis with Dunn’s multiple 
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comparisons test (C), or one-way ANOVA with Tukey’s multiple comparisons test (E). Data 

points represented by open circles in (B-E) correspond to images in (A).
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Figure 3: Decreased outer nuclear density by 365 d post-irradiation.
(A) Nuclear labeling by DAPI staining (blue) in the mouse retina at time points after 

irradiation as indicated. (B) Images were processed for cell counting using Phansalkar 

thresholding methods. (C, D) Quantification of layer thickness as a measure of pixel count 

per segment area for the inner (B) and outer (C) nuclear layers. (E, F) Quantification of 

DAPI signal as a measure of cell body density in the inner (E) and outer (F) nuclear layers. 

Magnification 20X, scale bar 100 μm. Error bar indicates mean +/− SEM. ** p < 0.01 by 

Kruskal-Wallis with Dunn’s multiple comparisons test (B), or ordinary one-way ANOVA 
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with Tukey’s multiple comparisons test (C). Data points represented by open circles in 

(C-F) correspond to images in (A-B).
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Figure 4: Apoptosis after irradiation.
(A) Representative images of TUNEL staining (red) and nuclear labeling (blue) in the 

mouse retina at time points after irradiation as indicated. Images and processing performed 

with identical settings for all time points. Magnification 20X, scale bar 100 μm. (B, C) 

Quantification of TUNEL-positive pixels in the inner (INL, B) and outer nuclear layer 

(ONL, C). Error bar indicates mean +/− SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 by 

Kruskal-Wallis with Dunn’s multiple comparisons test (B, C). Data points represented by 

open circles in (B, C) correspond to images in (A).
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Figure 5: In vivo assessment of retinal thickness before and 30 d after irradiation by OCT.
(A) Representative OCT scans in the mouse retina before (left, black) and 30 d after 

irradiation (right, teal), cropped at the disc center to highlight retinal layer structure. 

Thickness was measured manually in the inner (B), outer (C), and total (D) retinal sections 

grouped as indicated in (A). Error bars indicate mean +/− SEM. Comparison nonsignificant 

by two-tailed unpaired t-test (B-D). Data points represented by open circles in (B-D) 

correspond to images in (A).
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Figure 6: Inner retinal blood flow does not change significantly by 180 d after irradiation.
(A, B) Representative images taken during a baseline recording (A) and flicker stimulus 

(B) before irradiation and at 14, 30, and 180 d post-irradiation in a single mouse. Area 

between the two dashed lines was used to analyze inner retinal flow. (C) Quantification of 

retinal blood flow and (D) percent change in flow at peak response to flicker stimulus in 5 

male and 5 female C57BL/6J mice before irradiation and at 8 sessions over a 180 d-period. 

Error bars indicate mean +/− SEM. * p < 0.05 by repeated measures one-way ANOVA with 

Holm-Šídák’s multiple comparisons test. Data points represented by open circles in (C-D) 

correspond to images in (A-B).
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