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Introduction

Age-related macular degeneration (AMD) is the leading cause of blindness in the developed world, currently affecting over 350 billion people globally. For the most prevalent late-stage form of this disease, atrophic AMD, there are no available prevention strategies or treatments, in part due to inherent difficulties in early-stage diagnosis. Photo-oxidative damage is a well-established model for studying inflammatory and cell death features that occur in late-stage atrophic AMD, however to date has not been investigated as a potential model for studying early features of disease onset. Therefore, in this study we aimed to determine if short exposure to photo-oxidative damage could be used to induce early retinal molecular changes and advance this as a potential model for studying early-stage AMD.





Methods

C57BL/6J mice were exposed to 1, 3, 6, 12, or 24h photo-oxidative damage (PD) using 100k lux bright white light. Mice were compared to dim-reared (DR) healthy controls as well as mice which had undergone long periods of photo-oxidative damage (3d and 5d-PD) as known timepoints for inducing late-stage retinal degeneration pathologies. Cell death and retinal inflammation were measured using immunohistochemistry and qRT-PCR. To identify retinal molecular changes, retinal lysates were sent for RNA sequencing, following which bioinformatics analyses including differential expression and pathway analyses were performed. Finally, to investigate modulations in gene regulation as a consequence of degeneration, microRNA (miRNA) expression patterns were quantified using qRT-PCR and visualized using in situ hybridization.





Results

Short exposure to photo-oxidative damage (1-24h-PD) induced early molecular changes in the retina, with progressive downregulation of homeostatic pathways including metabolism, transport and phototransduction observed across this time-course. Inflammatory pathway upregulation was observed from 3h-PD, preceding observable levels of microglia/macrophage activation which was noted from 6h-PD, as well as significant photoreceptor row loss from 24h-PD. Further rapid and dynamic movement of inflammatory regulator miRNA, miR-124-3p and miR-155-5p, was visualized in the retina in response to degeneration.





Conclusion

These results support the use of short exposure to photo-oxidative damage as a model of early AMD and suggest that early inflammatory changes in the retina may contribute to pathological features of AMD progression including immune cell activation and photoreceptor cell death. We suggest that early intervention of these inflammatory pathways by targeting miRNA such as miR-124-3p and miR-155-5p or their target genes may prevent progression into late-stage pathology.
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Introduction

Age-related macular degeneration (AMD) is a chronic inflammatory disease of the retina, characterized by the progressive death of the light sensing photoreceptor cells and the underlying retinal pigmented epithelium (RPE), resulting in permanent, irreversible blindness (1, 2). Currently AMD affects 1:7 people over the age of 50, and for the more prevalent late-stage form of this disease, atrophic AMD, there are no available treatments (3, 4). While AMD advancement is slow, and progresses through early, intermediate, and late-stages (1); early diagnostic tests are only predictive and are limited in sensitivity and reliability, meaning that AMD is often not detected until late-stage (5–7). Therefore, with no treatment options or available cure, there is an imperative need to understand molecular changes which occur early in retinal degenerations, and how these may contribute to disease progression (8).

Molecular markers detected in the serum, plasma or ocular fluids are widely investigated as useful diagnostic and prognostic markers for AMD (9–11), however still rely on their association with observable retinal pathologies such as drusen deposition (yellow lipid accumulation), visual impairment, and areas of cell death in the central retina (12). Furthermore, without a direct relationship to molecular changes occurring within the retina, systemic profiling can only be used as a companion diagnostic, due to its strongly correlative nature. Therefore, to truly gain diagnostic power, it is necessary to identify and define early molecular changes that occur within the retina, in particular, those which precede the onset of early-stage AMD pathologies, and in particular photoreceptor cell death. As there are limited clinical markers to predict the onset of early AMD, the use of rodent models of retinal degeneration which mimic key features of AMD is essential to investigate and determine early molecular changes occurring in the degenerating retina.

Light-induced oxidative stress is a known risk factor for AMD, given the chronic exposure and build-up of natural reaction oxygen species by-products produced during phototransduction (2, 13, 14). Therefore, photo-oxidative damage has been used as a well-established model of retinal degeneration, employing prolonged periods (days to weeks) of bright-white light to induce pathological features of AMD including focal photoreceptor and RPE cell death, a progressively expanding central lesion, upregulated oxidative stress and inflammatory pathways, and recruitment and activation of microglia/macrophage immune cells (15–18). While photo-oxidative damage along with genetic or chemically induced models of retinal degeneration are routinely used to investigate causative factors and therapeutic strategies to treat AMD (15, 16, 19–23), to date little progress has been made in charactering early diagnostic markers. Given that currently characterized features of these models; in particular, the onset of photoreceptor cell death, are regarded as late-stage manifestations of disease, investigating time periods prior to measurable levels of cell death or vision loss is required to distinguish early molecular markers of disease onset and progression. Therefore, in this work we sought to investigate if short periods of photo-oxidative damage (1h-24h) could be used to elicit measurable changes in the molecular profile of the retina, which could be linked to progressive degeneration, and be used as early diagnostic markers and potential early intervention/treatment options for AMD.

Key findings from this work have demonstrated that early molecular changes can be detected in the retina prior to observed degeneration using short-term photo-oxidative damage and have characterized inflammatory genes and pathways unique to early degeneration. Furthermore, this work has identified that key microRNA (miRNA), miR-124-3p and miR-155-5p known to be involved in late-stage AMD (23–25), may play an important role in regulating the early degenerative response, and therefore represent ideal therapeutic targets for slowing the progression of degeneration.





Methods




Animal paradigms




Animal handling

All experiments were conducted at the ANU in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and with approval from the Australian National University’s (ANU) Animal Experimentation Ethics Committee (AEEC) (Ethics ID: A2020/41; Rodent models and treatments for retinal degenerations). Adult male and female C57BL/6J wild-type (WT) mice (aged 60 postnatal days; (P50) at experimental onset, N=12 histology, N=4 sequencing) were purchased and transported in temperature and light-controlled conditions with enrichment, food, and water, from Australian BioResources (ABR), (Garvan Institute of Medical Research, New South Wales (NSW)). Mice were acclimated for one week at the ANU according to AEEC requirements before experimentation. Mice were bred, reared, transported, and housed under 12 h light (5 lux)/dark cycle conditions with free access to food and water.





Photo-oxidative damage

Mice were subjected to photo-oxidative damage (PD) for up to 5 days (1h, 3h, 6h, 12h, 24h, 3 days and 5 days PD) as described previously (16). Briefly, mice were placed into Perspex boxes coated with a reflective interior surface and exposed to 100 K lux white light from light-emitting diodes (LED). Animals were administered pupil dilator (Minims® atropine sulphate 1% w/v; Bausch and Lomb) to both eyes twice a day (9am and 4pm) during the course of the damage paradigm. Following photo-oxidative damage, retinal morphology was assessed and compared between photo-oxidative damage and dim-reared (DR; 5 lux light) controls.






Retinal tissue analysis




Tissue collection and preparation

Animals were ethically euthanized with CO2 following PD. The superior surface of the left eye was marked and enucleated, then immersed in 4% paraformaldehyde for 3 hours at 4°C. Eyes were then cryopreserved in 15% sucrose solution at 4°C overnight, embedded in OCT medium (Tissue Tek, Sakura, Japan) and cryosectioned at 12 μm in a parasagittal plane (superior to inferior) using a CM 1850 Cryostat (Leica Biosystems, Germany). To ensure accurate comparisons were made for histological analysis, only sections containing the optic nerve head were used for analysis. The retina from the right eye was excised through a corneal incision and placed into RNAlater solution (Thermo Fisher Scientific, MA, United States) at 4°C overnight and then stored at −80°C until further use.





Immunolabelling

Immunohistochemical analysis of retinal cryosections was performed as previously described (26). Fluorescence was visualized and images taken using a laser-scanning A1+ confocal microscope at 20 and 40x magnification (Nikon, Tokyo, Japan). Images panels were analyzed using ImageJ V2.0 software and assembled using Illustrator software (Adobe Systems, CA, United States).





Immunohistochemistry and analysis

Immunolabelling for Ionized Calcium Binding Adaptor molecule 1 IBA1 (1:500, 019-19741, Wako, Osaka, Japan), a marker of microglia and macrophage immune cells and Glial Fibrillary Acidic Protein (GFAP) (1:500, ASTR06, MA5-12023, Invitrogen, Massachusetts, USA), a marker of glial cell stress was performed as previously described (26). Retinal cryosections were stained with the DNA-specific dye bisbenzimide (BBZ; 1:10000, Sigma-Aldrich, MO, United States) to visualize the cellular layers. The number and morphology (ramified vs. amoeboid) of IBA1+ cells was counted across the superior and inferior retina using two retinal sections per mouse. GFAP expression was analyzed by fluorescence intensity from the inner limiting membrane to the outer limiting membrane, as well as GFAP extension length using images captured with the A1+ confocal microscope at 20x magnification. Using ImageJ V2.0 software, intensity analysis was performed 0.5mm superior to the optic nerve and calculated as a relative intensity from controls.





TUNEL assay

Terminal deoxynucleotidyl transferase (Tdt) dUTP nick end labelling (TUNEL), was used as a measure of photoreceptor cell death. TUNEL in situ labelling was performed on retinal cryosections using a Tdt enzyme (Cat# 3333566001, Sigma-Aldrich, MO, United States) and biotinylated deoxyuridine triphosphate (dUTP) (Cat# 11093070910, Sigma-Aldrich, MO, United States) as previously described (27). Images of TUNEL staining were captured with the A1+Nikon confocal microscope at 20 and 40x magnification. The total number of TUNEL+ cells were counted including both the superior and inferior retina using two retinal sections per animal.

To further quantify photoreceptor survival, the thickness of the ONL on retinal cryosections was determined by counting the number of nuclei rows (photoreceptor cell bodies) in the area of retinal lesion development (1 mm superior to the optic nerve head). Photoreceptor cell row quantification was performed five times per retina using two retinal cryosections at comparable locations per mouse.





In situ hybridization

To visualize the expression and localization of miRNA miR-155, in situ hybridization was performed on retinal cryosections using RNAscope® 2.5 HD Assay-RED kit as per the manufacturer’s instructions. Deviations from the manufacturer’s instructions are described here. Post-fixation was conducted with 10% NBF as per the manufacturer’s instructions. For pre-treatment, sections were covered with RNAscope® hydrogen peroxide for 10 minutes. Target retrieval was performed manually with RNAscope® 1x Target Retrieval Reagent heated over a heat plate to a mild boil before stabilizing the temperature at between 98–102°C. Upon temperature stabilization, slides were fully submerged for 15 minutes exactly before being immediately submerged into distilled water. Slide pre-treatment with RNAscope® Protease III was performed for 15 minutes in a humidity chamber at 40°C. Fast Red reagent was used for signal detection for up to 10 minutes at RT. Abundant miRNAs such as U6 and miR-124 only required 30 second exposure to the Fast Red reagent for full development before the reaction was stopped. Counterstaining was not performed. Slides were baked at 60°C and coverslips added with Aqua-Poly-Mount (Polysciences Inc, PA USA) before storage at 4°C.

Localization of miR-124-3p within the retina was determined by in situ hybridization. A double DIG-labelled miR-124-3p miRCURY LNA miRNA Detection Probe (Exiqon, Vedbaek, Denmark) was used on retinal cryosections, which were hybridized for 1 h at 53°C as previously described (Chu-Tan et al., 2018). The bound probe was visualized using 5-bromo-4-chloro-3 indoyl phosphate (NBT/BCIP; Sigma-Aldrich Corp., St. Louis, MO, United States).

Bright field images were captured on the A1+ Nikon confocal microscope fitted with a DS-Ri1-U3 color camera at 20x magnification. All images were centered at the site of lesion located approximately 0.5mm superior to the optic nerve head.






Gene expression analyses




RNA extraction

RNA extraction was performed using miRVana miRNA Isolation Kit (Thermo Fisher Scientific, MA, United States) according to the manufacturer’s instructions. The concentration and purity of each RNA sample was assessed using the ND-1000 spectrophotometer (Nanodrop Technologies, DE, United States).





cDNA synthesis from mRNA or miRNA templates

Following purification of RNA, cDNA was synthesized from 1 μg RNA using either the Tetro cDNA Synthesis Kit (Bioline Reagents, London, United Kingdom) from an mRNA template, or using the TaqMan MicroRNA RT kit (Thermo Fisher Scientific) from a miRNA template, according to manufacturers’ instructions.





qPCR analysis

The expression of inflammatory (Casp1, Ccl2, Il-1β and Il-6) and glial stress (Gfap) genes known to be involved in AMD pathogenesis was measured in PD and DR retinal lysates by qRT-PCR. The expression of miRNA miR-124-3p, and miR-155-5p was also investigated in retinal lysates across photo-oxidative damage and compared to DR controls. The expression of these genes and miRNA was measured using mouse specific TaqMan hydrolysis probes (Table 1) and TaqMan Gene Expression Master Mix (Thermo Fisher Scientific, MA, United States). Reactions were performed in technical duplicates in a 384-well format using a QuantStudio 12 K Flex RT-PCR machine (Thermo Fisher Scientific, MA, United States). Data was analyzed using the comparative Ct method (ΔΔCt) and results are presented as percent change relative to control. Expression was normalized to reference gene glyceraldehyde-3-phosphate dehydrogenase (Gapdh) for mRNA, and small nuclear RNA U6 for miRNA.


Table 1 | Gene Expression TaqMan Probes (ThermoFisher Scientific).







High-throughput RNA sequencing and bioinformatics

RNA was dried in RNA stabilization tubes overnight (Azenta Life Sciences, Suzhou, China) and shipped to Azenta Life Sciences (Suzhou, China) for bulk RNA sequencing. Sequencing libraries were constructed with the Illumina TruSeq unstranded RNA library preparation kit using polyA selection for mRNA enrichment, then sequenced on the Illumina NovaSeq6000 platform acquiring ~20 million, 150 base-pair, paired-end reads per sample. Read phred scores, adapter/index contamination were checked with FastQC (Babraham Bioinformatics), then aligned to mouse genome (mm39) using HISAT2 aligner with default parameters. Alignments were summarized with featureCounts, genes with low expression (<1 count per million) were filtered out, and normalization factors for remaining genes were calculated using trimmed means of m (TMM) (28) method. Normalized counts were prepared for linear modelling using voom transformation (29) and then a statistical model was fitted using lmFit (30) and moderated t-statistics were computed using ebayes function. Tables of fold change and p-value estimates were generated with topTable function and genes with p-value < 0.05 and absolute fold changes>0.5 were deemed differentially expressed. Similarity matrices used for hierarchical clustering were computed using Euclidean distance calculations, then sample agglomeration was performed using average linkage. Gene ontology analysis was performed using Enrichr. Sample clustering was assessed using principal component analysis and hierarchical clustering employing single linkage for sample agglomeration and Euclidean distance as measure of similarity (prcomp and hclust base R functions). Temporal patterns in gene expression were identified using the TCseq R package. This packages first identifies differentially expressed genes by performing pairwise comparisons between control (DR mice) and PD mice (3h, 6h or 24h of PD), then performs temporal pattern analysis by fuzzy clustering to identify gene expression trends. Functional annotation was carried out using gene set enrichment analysis with the M2 Molecular Signature Database as reference (31). Using publicly available single cell RNA sequencing data (32) a reference dataset was created containing the top 100 most highly expressed genes for each cell type. The enrichment of microRNA targets in each cell type was then tested using Enrichr. Single cell data was processed using Seurat (33) using the following steps: SCTransform() ➔ RunPCA() ➔ RunUMAP() ➔ FindNeighbours() ➔ FindClusters(). Retinal cell types were annotated using ScType R package (34). Enrichr algorithm (35) using miRTarBase (36) as reference was utilized to study the enrichment of miRNA targets. Specifically, differentially expressed genes (adjusted p-value < 0.05) were submitted to Enrichr (35) and assessed for their overlap with miRNA targets reported in miRTarBase (36). P-values were then corrected for multiple comparison using Benjamini-Hochberg adjustment method and the resultant p-values were used to score the enrichment of miRNA targets.






Statistical analyses

Statistical analysis for RNA sequencing was performed as specified above. Graphing was generated using ggplot2 package and Prism V7.0. Unpaired Student’s t-tests or one-way analysis of variance (ANOVA) were performed using Prism V7.0. p-values < 0.05 were deemed statistically significant. All data was expressed as the mean ± SEM.





Data availability

Raw RNA sequencing files are accessible from the Sequencing Read Archive under project PRJNA934406, and are supplied in Supplementary Tables 1-3.






Results




Significant photoreceptor cell death is observed within 24 hours of photo-oxidative damage

Long periods (up to 5-7 days) of photo-oxidative damage (PD) have been well-established in wild-type C57BL/6J with no underlying genetic mutations, to induce key pathogenic features of late-stage retinal degenerations such as AMD, including focal photoreceptor and RPE cell death, microglia/macrophage infiltration, and inflammatory cascades (16, 18, 37–39). However, to date this model has not yet been used to characterize early pathological features of degeneration, in particular those occurring prior to observable levels of photoreceptor cell death. Therefore, to investigate early pathogenic features of retinal degeneration, a time-course of “early” (prior to photoreceptor cell death) and “late” degeneration was determined by subjecting mice to PD for short (<24h) and long periods of time (3-5 days). Levels of photoreceptor cell death were measured using photoreceptor row counts and a TUNEL assay. Compared to dim-reared (DR) controls, no significant photoreceptor row loss was observed between 1h-PD and 12h-PD (Figure 1A, p > 0.05), however a significant and progressive reduction in photoreceptor rows was observed at 24h-PD, 3d-PD and 5d-PD (Figure 1A, p < 0.05). To verify photoreceptor cell death, TUNEL+ cells in the ONL were counted and compared to DR controls. A significant increase in the number of TUNEL+ cells were observed in the ONL from 12h-PD to 5d-PD, peaking at 24h-PD (Figure 1B, p < 0.05), consistent with the observed ONL thinning shown at 24h-PD in Figure 1A. Representative confocal images (Figures 1C–J) depict photoreceptor row thinning from 24h-PD, with a small but significant increase in the number of TUNEL+ (red) cells shown in the ONL from 6h-PD, and higher levels particularly apparent by 24h-PD. Collectively these results indicate that, using PD, “early” degeneration can be defined up to 6h-PD, with “late degeneration” at 24h-PD shown by chronic and progressive ONL thinning and cell death.




Figure 1 | Photoreceptor cell death and outer nuclear layer thinning within 24 hours of photo-oxidative damage induced retinal degeneration. (A) Photoreceptor row counts on retinal cryosections of mice exposed to 1h-, 3h-, 6h-, 12h- and 24h-PD, showed a significant and progressive loss of photoreceptor rows from 24h-PD, compared to DR controls. (B) TUNEL+ cells (red) in the ONL were significantly increased compared to DR controls from 12h-PD to 5d-PD, with peak number of TUNEL+ cells at 24h-PD. (C–J) Representative confocal images depict progressive ONL thinning between (G) 12h-PD and (J) 5d-PD, and increased TUNEL+ cells in the ONL from (F) 6h-PD, peaking at (H) 24h-PD. *Significance using a one-way ANOVA, p < 0.05 and error bars indicate SEM. Scale bar = 50 μM. n = 12. Ganglion Cell Layer (GCL), Inner Nuclear Layer (INL), Outer Nuclear Layer (ONL).







Early recruitment and activation of immune cells by 6h photo-oxidative damage-induced retinal degeneration precedes photoreceptor cell death

The recruitment/activation of resident immune cells (microglia), and infiltration of peripheral immune cells (macrophage) into the outer retina is a characteristic feature of retinal degenerations and plays a key role in mediating retinal cell death (2, 40). Therefore, to further characterize the early pathological features of retinal degeneration, the presence and activation state of retinal immune cells (microglia/macrophages) was measured using IBA1 immunohistochemistry. From these results it was observed that compared to DR controls, the presence of IBA1+ cells (green) in the outer retina (ONL and subretinal space) was significantly increased as early as 6h-PD, and progressively increased throughout the damage paradigm (Figure 2A, p < 0.05). Further, it was also observed that from 12h-PD to 5d-PD, there was an increased morphological shift of IBA1+ cells from ramified (resting; white arrow) to amoeboid state (white arrow head), indicating an activated state (Figure 2B). Representative images show increased IBA1+ presence in the outer retina from 6h-PD, and a potentially more activated state with increased amoeboid compared to ramified IBA1+ cells (Figures 2C–J). Taken together these results demonstrate early immune cell recruitment and activation, which precedes significant levels of photoreceptor cell death observed from 12h-24h-PD.




Figure 2 | Increased presence and activation of IBA1+ microglia/macrophages in the outer retina from 6h-PD. IBA1 labelling was used to indicate microglia and macrophage recruitment to the outer retina (ONL and subretinal space). (A) IBA1+ cells were found to progressively increase in the outer retina from 6h-PD to 5d-PD compared to DR control. (B) In addition, a significantly greater number of amoeboid (activated; white arrow head) compared to ramified (resting; white arrows) IBA1+ cells was found at 12h-PD, 24h-PD and 5d-PD. (C–J) Representative confocal images show increased presence and activation of IBA1+ microglia/macrophages from 12h-PD to 5dPD compared to DR controls. *Significance using a one-way ANOVA, p < 0.05 and error bars indicate SEM. Scale bar = 50 μM. n = 12. Ganglion Cell Layer (GCL), Inner Nuclear Layer (INL), Outer Nuclear Layer (ONL).







Progressive and early rise in retinal inflammatory gene expression during photo-oxidative damage-induced retinal degeneration

Inflammation is a hallmark pathological feature in the onset and progression of retinal degenerations including AMD, playing a key role in immune cell recruitment and retinal cell death (40). Therefore, to correlate levels of retinal inflammation to cell death and immune cell presence, gene expression of key inflammatory markers was measured in retinal lysates using qRT-PCR. The expression of inflammasome cleavage protease Casp1, was significantly increased between 6h-PD and 24h-PD (Figure 3A, p < 0.05), with downstream cleavage product pro-inflammatory cytokine interleukin-1β (Il-1β) also significantly increased at 12h-PD compared to DR controls (Figure 3B, p < 0.05). In addition, cytokine/chemokines Il-6 and Ccl2, were also shown to be significantly upregulated at 12h-PD (Figures 3C, D, p < 0.05), consistent with the increased presence and activation of IBA1+ immune cells shown in Figure 2. These results suggest that early (6h-PD) molecular markers of degeneration can be observed prior to the onset of major photoreceptor cell death by 12-24h-PD and support the role of immune cell presence and inflammation as key drivers contributing to photoreceptor cell death.




Figure 3 | Retinal inflammatory gene expression shows a sharp early increase in response to photo-oxidative damage. Retinal expression of classic inflammatory genes known to be involved in AMD was measured using qRT-PCR. (A–D) Casp1, Il-1β, Il-6, and Ccl2 similarly show an increase in expression compared to DR controls from 6h-PD, with significant and peak expression at 12h-PD. The expression profile of all genes shows a gradual decrease from 24h-5d PD. *Significance using a one-way ANOVA, p < 0.05 and error bars indicate SEM. n = 12.







Retinal glial stress marker GFAP increases early and progressively across photo-oxidative damage-induced retinal degeneration

In addition to inflammation, glial stress is a known pathological feature of retinal degenerations. Therefore, to investigate the onset and relative timing of glial stress in relation to cell death, the expression pattern of glial acidic fibrillary protein (GFAP), a marker of Müller glia cell stress was measured and quantified across PD. Results showed that both mean fluorescence intensity (Figure 4A) and GFAP labelling (Figure 4B) in the GCL and inner plexiform layer (IPL) increased progressively across PD, with a significant increase shown from 6h-PD for fluorescence intensity (p < 0.05) and 12h-PD for labelling length (p < 0.05). Further, gene expression analyses showed a significant increase in Gfap expression in retinal lysates at 12h-PD (Figure 4C, p < 0.05). Representative confocal images depict the increased GFAP (red) fluorescence (white box; G) and GFAP labelling length (dashed box; H) in the GCL/IPL at 6h-PD, 12h-PD and 24h-PD (Figures 4D-I). These results support that along with inflammation, early glial stress precedes and contributes to photoreceptor cell death. Further, these collective findings demonstrate the use of PD to incite early pathological features contributing to retinal degeneration, with both glial inflammation and stress observed and measured as early as 6h-PD.




Figure 4 | GFAP labelling demonstrates intensifying Müller cell stress from 6h-PD. GFAP labelling was used to indicate retinal Müller glia cell stress. (A) Fluorescence mean color intensity [white box; (G)] of GFAP in the GCL and IPL of the superior retina was found progressively increase across PD, with significant intensity compared to DR controls from 6h-PD to 24h-PD (p < 0.05, n = 4). In addition, (B) GFAP labelling length (dashed white box, H) also progressively increased across PD, and was significant at 12h-PD and 24h-PD compared to DR controls (p < 0.05, n = 4). (C) qRT-PCR shows increased Gfap expression in retinal lysates at 12h-PD (p < 0.05, n = 12). (D–I) Representative confocal images of the superior retina shows progressively increased GFAP labelling intensity and GFAP length in the GCL and IPL from 6h-PD to 24h-PD compared to DR controls. *Significance using a one-way ANOVA, p < 0.05 and error bars indicate SEM. Scale bar = 50 μM. n = 4-12.







RNA sequencing identifies distinct transcriptomic profiles in the retina following short exposure to photo-oxidative damage

From the above results a time-course of “early” retinal degeneration was determined by 6h-PD, with measurable levels of inflammation and glial stress observed prior to major photoreceptor cell loss shown by 24h-PD (“late” degeneration). Therefore, retinas from time periods of 3h-PD (no evidence of pathological markers of degeneration), 6h-PD (early detectable degenerative markers) and 24h-PD (photoreceptor row thinning and peak of cell death and late degeneration pathologies), along with DR (controls) were sent for RNA sequencing to identify transcriptomic changes controlling these pathogenic stages (Supplementary Table 1). Following normalization (Supplementary Figures 1A-F), principal component analysis (PCA) and hierarchical clustering identified distinct clustering between groups, with 3h-PD and 24h-PD samples showing some within-group variations (Figures 5A, B). Differential gene expression analysis (Supplementary Figure 1G) showed distinct gene expression profiles at each time-point comparison (Figure 5C; Supplementary Table 2, Supplementary Figure 1G; FDR < 0.05, FC > 1.5), with 1118, 483 and 2396 unique genes identified between DR and 3h-PD, 6h-PD and 24h-PD groups respectively, as well as 62 and 4100 unique genes between 3h-PD and 6h-PD, and 6h-PD and 24h-PD, as shown in Venn diagrams (Figure 5D). Taken together these results show distinct transcriptomic profiles at each time-point following short exposure to photo-oxidative damage, with significant gene expression changes found as early as 3h-PD.




Figure 5 | Distinct transcriptomic profiles in the retina following short exposure to photo-oxidative damage. (A) PCA shows between-group clustering, with some within-group variation shown at 24h-PD. These clustering profiles can also be shown by (B) hierarchical clustering. (C) Differential gene expression analysis shows distinct gene expression profiles at each time-point. (D) Venn diagrams show unique and shared differentially expressed genes at each time-point comparison. Differentially expressed genes determined by FDR < 0.05, FC > 1.5. n = 4.







Early enrichment of inflammatory pathways contributes to progressive retinal degeneration

Clustering analysis was performed on all differentially expressed genes relative to DR (controls), to identify gene expression trends associated with both early and late stages of photo-oxidative damage-induced degeneration. Results identified five main clusters with distinct gene expression trends (Figure 6A; Supplementary Table 3), with genes within cluster 1 increasing in expression progressively across photo-oxidative damage from 3h-PD to 24h-PD, while genes in cluster 5 decreased progressively from DR to 24h-PD. Genes within cluster 2 conversely showed a decreasing trend in expression from DR to 3-6h-PD before increasing in expression by 24h, while genes within clusters 3 and 4 both increased in expression from DR, peaking by 3-6h-PD before decreasing in expression by 24h-PD (Figure 6A). To identify the biological processes associated with genes within each cluster, gene ontology (GO) analysis was performed. Results showed that genes within each cluster were associated with terms relating to inflammation (clusters 1 and 2), amino acid transport (cluster 3), metabolism and cellular organization processes (cluster 4), and visual processing and perception (cluster 5) (Figure 6B). Pathway analysis of differentially expressed genes further highlighted that the most significantly enriched pathways were largely unique to each of the timepoint investigated, with decreased enrichment of metabolic and signal transmission pathways shown between DR to 3h-PD, increased enrichment of innate immune pathways between 3h-PD to 6h-PD and increased enrichment of adaptive and additional innate immune processes along with decreased enrichment of phototransduction processes found between 6h-PD to 24h-PD (Figure 7A). Collectively these results demonstrate that homeostatic biological processes are altered early in response to photo-oxidative damage <3h-PD, with increasing enrichment of inflammatory pathways as early between 3h-PD and 6h-PD likely contributing to progressive degeneration by 24h-PD. Finally, to validate this model of early retinal degeneration, identified upregulated protein serum markers from human patients with AMD (41) were cross referenced to genes across the early time-course model. Out of 15 potential early AMD markers identified in works by Emilsson et al, (2022) (41), 8 genes were also found within our early time-course dataset. Of these, 6 gene markers were expressed between DR and 3h-PD groups, 4 between DR and 6h-PD, and 5 between DR and 24h-PD groups (Figure 7B). Taken together these results highlight the validity of the use of short-exposure to photo-oxidative damage as a model of early degeneration and demonstrate the unique transcriptional changes that occur across degeneration to contribute to late-stage disease.




Figure 6 | Gene expression profiles regulating inflammation, visual processing, metabolism, and amino-acid transport are altered in response to short exposure to photo-oxidative damage. (A) Fuzzy clustering analysis identified five trends of differentially expressed genes across 24h-PD. (B) Gene ontology analysis of genes within each cluster identified biological processes of inflammation, amino-acid transport, metabolism, and visual processing. (A) Color scheme indicates membership of gene to each cluster, (B) Significance p < 0.05, circle size in relation to number of genes associated with each GO term. n=4.






Figure 7 | Dynamic shift in gene expression profile and pathway regulation across degeneration. (A) Pathway analysis shows unique biological processes occur across degeneration, with reduced enrichment of homeostatic metabolic and signal transmission processes between DR and 3h-PD groups, but increasing enrichment of inflammatory pathways from 3h-PD. Decreased enrichment of phototransduction cascade pathways can also be seen between 6h-PD to 24h-PD. (B) Comparison between upregulated early-stage AMD biomarkers in patient serum and in early time-course model of retinal degeneration shows overlapping markers. Significance p < 0.05, n=4.







Distinct inflammatory trends modulate early inflammation in response to photo-oxidative damage-induced degeneration

As clustering, GO, and pathway analyses identified a key role for early inflammatory pathway enrichment in the progression of retinal degeneration, trend and pathway analyses were performed on genes within clusters 1 and 2. Examining the average fold change for genes in cluster 1 and 2 across the current photo-oxidative damage paradigm indicates that genes in cluster 1 are increasing progressively, while genes within cluster 2 decreased in expression from DR at 3h-PD before increasing in expression until 24h-PD (Figure 8A). Pathway analysis showed that genes within cluster 1 were associated with pathways regulating pro-inflammatory innate immune processes such as interleukin, chemokine and cytokine signaling (Figure 8B, p < 0.05), while genes within cluster 2 were associated with neutrophil degranulation along with antigen presentation and processing pathways, (Figure 8C, p < 0.05) suggesting a shift to adaptive immune processes may also be occurring. Finally, heat maps demonstrate distinct genes profiles of differentially expressed genes within clusters 1 and 2 (Supplementary Figures 2A, B). These results suggest that intervention prior to 3h-PD may prevent a shift to early degeneration onset, with a reduction in innate defense mechanisms leading to pathological inflammation.




Figure 8 | Distinct inflammatory trends modulate early inflammation in response to photo-oxidative damage-induced degeneration. (A) Average trend analysis shows two distinct gene clusters profiles regulating inflammation across photo-oxidative damage. (B, C) Pathway analyses of clusters 1 and 2 show two distinct inflammatory pathways in response to early photo-oxidative damage-induced degeneration. Significance p < 0.05, n =4.







Key microRNA regulate early inflammation in photo-oxidative damage-induced retinal degeneration

Finally, as the use of miRNA represents a strong potential therapeutic strategy for repressing inflammation due to their unique multi-target binding properties, miRNA-mRNA target analysis was performed on differentially expressed genes within clusters 1 and 2. Out of the top 10 significant miRNA, miR-124-3p and miR-155-5p, both known to play key roles in AMD progression (23–25, 42), were found to have the first and third highest number of predicted gene targets within clusters 1 and 2 (Figure 9A, p < 0.05), with 20 (Figure 9B) and 13 (Figure 9C) predicted targets each, respectively. To determine the potential cellular location of these predicted miRNA targets, the expression of these targets across retinal cell types was investigated using publicly available single cell RNA data from healthy (dim-reared) C57Bl/6J mice (Supplementary Figure 1H). Results identified that predicted targets of miR-124-3p (Figure 9D) and miR-155-5p (Figure 9E) were expressed in cells of the inner retina, including a strong expression fraction of many targets in microglial immune cells as well as Müller glia, and a smaller proportion of targets with known expression in cone photoreceptors, and horizontal and bipolar cells (Figures 9D, E, p < 0.05).




Figure 9 | miR-155-5p and miR-124-3p associated with the regulation of retinal inflammation in early degeneration. (A) Top 10 significantly predicted miRNA which regulate inflammatory genes within clusters 1 and 2. (B, C) Predicted mRNA targets in dim-reared mice within clusters 1 and 2 of miR-124-3p and miR-155-5p. (D, E) miRNA-mRNA target cellular locations in the retina. Significance determined by p < 0.05, n = 4.



To validate the predicted miRNA target locations, the expression and localization of miR-155-5p (pink) and miR-124-3p (purple) was investigated using miRNAScope (Figure 10A) and in-situ hybridization (Figure 10B). While low-level miR-155-5p expression was seen in DR controls (Figure 10Ai) and at 3h-PD (Figure 10Aii) compared to negative controls, strong punctate miR-155 labelling was detected in the ONL and INL by 6h-PD (Figure 10Aiii). Further this labelling pattern appeared darker and more widespread through the ONL, INL, IPL and GCL by 24h-PD (Figure 10Aiv; black arrow). In comparison, strong miR-124-3p labelling was present in the outer limiting membrane (OLM) in DR controls, with weaker labelling in the ONL and INL, however by 3h-PD labelling in the OLM appeared to decrease while INL labelling was stronger in appearance (Figures 10Bi-iv). In support of predicted target locations, both miR-155-5p and miR-124-3p were found to be expressed in photoreceptors and cells of the inner retina.




Figure 10 | miR-155 expression progressively increases in the ONL across PD. (A) Using miRNAscope, the expression and localization of miR-155-5p (pink) was found to increase progressively during PD, with strong punctate labelling shown in the ONL at (Aiii) 6h-PD and (Aiv) 24h-PD compared to controls. Inner retinal (INL-GCL) labelling was also strongly observed at (Aiv) 24h-PD. (B) In situ hybridization for miR-124-3p (purple) shows (Bi) strong labelling in the outer limiting membrane (OLM) in DR controls, with weak labelling in the INL and ONL. Labelling in the OLM decreased in appearance by (Bii) 3h-PD, with increased expression of miR-124-3p found in the INL. (C, D) qRT-PCR showed (C) progressively increased miR-155 expression levels in the retina in response to PD, with significant upregulation at each time point from 12h-PD to 5d-PD, (D) however no change in expression of miR-124-3p was seen at any time-point across degeneration. (E, F) Normalized enrichment of miR-155-5p and miR-124-3p targets across photo-oxidative damage show increased target enrichment between DR and 6h-PD, and decreased enrichment from 6h-PD to 24h-PD *Significance using a one-way ANOVA, p < 0.05 and error bars indicate SEM. Scale bar = 50 μM. n = 4.



Levels of miRNA were further quantified by qRT-PCR across the early and late photo-oxidative damage with miR-155-5p expression found to significantly increase in expression between 12h-PD to 5d-PD compared to DR controls (Figure 10C, p < 0.05). No change was found in the expression of miR-124-3p across any time point (Figure 10D, p > 0.05). Finally, to determine the overall potential strength of miR-124-3p and miR-155-5p interactions across photo-oxidative damage, miRNA target enrichment was calculated for both miR-124-3p and miR-155-5p across all differentially expressed genes at all time points between DR and 24h-PD. Normalized enrichment scores show increased enrichment of target genes for both miRNA between DR and 3h-PD, as well as 3h-PD and 6h-PD, and decreased target enrichment between 6h-PD and 24h-PD (Figures 10E, F). Collectively these results suggest that both expression and localization may play key roles in miRNA regulation of inflammation during photo-oxidative damage-induced degeneration and that targeting miR-124-3p and/or miR-155-5p therapeutically prior to 6h-PD may prevent loss of homeostatic processes and large-scale pathological inflammatory activation to reduce the progression of retinal degeneration.






Discussion

Rodent models of neuronal degeneration, including via the use of photo-oxidative damage, have been integral in our understanding of molecular mechanisms and therapeutic strategies in retinal degenerative diseases, such as AMD (16, 43, 44). However, most rodent models of retinal degeneration are inherently suited to study late-stage AMD (16, 18, 39, 43, 44), preventing comprehensive understanding of early molecular changes which may contribute to disease onset and progression. In this work we therefore established an early model of retinal degeneration using short exposure to photo-oxidative damage (<24h-PD). Key findings from this study have shown that significant molecular changes in the retina can be discerned as early as 3h-PD, with these molecular changes preceding observable levels of immune cell recruitment and photoreceptor cell death. Specifically, we identified that homeostatic processes involved in metabolism, signal transmission and visual perception were downregulated by 3h-PD, while both distinct pro-inflammatory responses were found to occur from 3h-PD; likely contributing to the recruitment and activation of microglia/macrophage inflammatory cells seen at 6h-PD, and major observable photoreceptor cell loss by 24h-PD. Finally, we identified two key early enriched miRNA that were associated with the regulation of these inflammatory processes, miR-124-3p and miR-155-5p and visualized their dynamic and rapid movement throughout the retina in response to early degeneration. Taken together these findings show that short exposure to photo-oxidative damage can be used as a model of early retinal degeneration and could be used to identify early pathological molecules for intervention/targeting strategies to slow the progression to late-stage degeneration.

AMD is a chronic and progressive disease of the retina, characterized by photoreceptor cell death in the central retina, or macula, resulting in permanent irreversible blindness (2). While risk factors for AMD have been well defined (1, 11, 45, 46), they are also multifactorial in nature, creating a level of complexity in both disease diagnosis and intervention/treatment strategies. Further complicating diagnostic accuracies, early pathological signs, including small yellow lipid-filled deposits under the retina called drusen, as well as pigmentary abnormalities, can only be used to indicate the potential risk of AMD development, as they can also be found within the healthy aging population (1, 6, 12, 47, 48). Therefore, for those at risk, currently the only intervention strategy to combat AMD progression is dietary supplementation of AREDS2 formulation multivitamins, however this remains only efficacious in slowing the progression from intermediate to late-stage AMD (49, 50). Therefore, in order to identify more robust early therapeutic options, it is necessary to uncover early molecular changes within the retina. By identifying early pathological changes in the retina, molecular markers of early degeneration may be detected in the peripheral circulation and serve as diagnostic markers to compliment current clinical risk assessments (41, 51).

To date however, given the difficulties in identifying or classifying patients with early AMD, there is limited evidence of early retinal molecular changes, with only one recent publication identifying proteomic changes in the serum of early AMD patients (41). Using two different classification methods for early AMD (52, 53), Emilsson et al, (2022), identified in a large cohort study of 5457 patients, 15 proteins which had strong association with early-stage AMD including inflammatory regulators CEBPB, CCL1, CXCL17 and CFHR1. Further, in a 5 year follow up analysis of these patients, only one protein, Protein Arginine Methyltransferase 3 (PRMT3) was found to hold strong predictive value in the progression to geographic AMD (41). Results from our study, although measure retinal and not systemic changes, identified 8 of these 15 markers across our time-course of degeneration, with six early AMD markers found between DR and 6h-PD, one uniquely expressed between DR and 3h-PD groups, and two uniquely between DR and 24h-PD. Overall this finding supports the use of short exposure to photo-oxidative damage as a model for early retinal degenerations, and provides some validation to the markers identified by Emilsson et al. (2022). We propose that this model of early degeneration can be used to identify early molecular changes that may contribute to the progression from early, to intermediate and late-stage AMD, and help identify key time points for intervention therapies.

Inflammation is a central pathological contributor to the onset and progression of AMD (40), with the majority of existing therapeutic strategies aimed at targeting key inflammatory molecules and pathways known to play a role in disease pathogenesis (40, 54–58). In particular, therapeutics targeting cytokine, inflammasome and especially complement cascade components have dominated the pharmaceutical development landscape (58–60). While persistent low-grade inflammation or ‘parainflammation’ in the retina is required to maintaining retinal homeostasis (61, 62), as a consequence of accumulating cellular stress levels during normal aging, or for those genetically susceptible; chronic inflammation can build up causing tissue damage and ultimately vision loss (40, 62). Currently, the sequence of events which drives the retina from having seemingly protective, low-grade inflammation to a neurodegenerative, diseased state of chronic pathological inflammation is not well understood. Results from our early model of retinal degeneration can however be used to uncover early inflammatory changes, and assess their relation and functional significance to the onset of chronic inflammation and microglia/macrophage infiltration and activation. In this way, understanding the cause of glial activation and chronic inflammation may serve as a better marker for therapeutic intervention, and can aid in elucidating why infiltration has occurred and how it can be prevented.

The expression of known AMD inflammatory markers secreted from activated microglia/macrophages in retinal degenerations including chemokine Ccl2, inflammasome cleavage enzyme Casp1, and downstream pro-inflammatory cytokine Il-1β were detected in significant levels in the retina from 12h-PD to 24h-PD, in both qRT-PCR and RNA sequencing analyses, with notable inflammasome and complement cluster genes including Casp1, Casp8, C1qa, C3, C4b and C5ar1 peaking in expression at 24h-PD. However, these markers are more closely aligned with late-stage AMD pathology and are often reportedly detected in the serum, ocular fluids, retinal tissue and within drusen deposits of late-stage AMD patients (40, 51, 63–66), as well as in various animal models of AMD (22, 38, 67–69). While these inflammatory components are valuable diagnostic markers of late-stage disease, and may still represent potential therapeutic targets; given that the expression of these inflammatory markers coincides with microglia/macrophage activation and increased levels of photoreceptor cell death (22, 38, 67–69), their presence suggests that it may be too late for effective therapeutic strategies. We postulate that along with the multifaceted nature of AMD, targeting this late in disease progression and often using single-target drugs (58–60) is an ineffective strategy to combat this complex and debilitating disease, and is perhaps why to date, no candidate drugs have made it successfully through clinical trials (58–60). We therefore suggest that profiling early inflammatory gene and pathway changes which may be driving chronic inflammatory activation associated with late-stage AMD, can identify more viable therapeutic targets for early intervention strategies, and prevent the progression of this disease.

Significant molecular changes in the retina were identified in this work from 3h-PD, with both a downregulation of genes controlling homeostatic retinal processes including metabolism, signal transmission and visual perception, as well as significant upregulation of inflammatory pathways from 3h-PD. Specifically, we identified two distinct inflammatory clusters of genes that were regulated from 3h-PD, preceding any observable levels of activated microglia/macrophage infiltration into the retina or Müller cell gliosis, - significantly notable from 6h-PD. Out of these two inflammatory clusters of genes (cluster 1 and 2), unlike cluster 1 which increased progressively from control levels until 24h-PD, genes within cluster 2 were found to be downregulated between DR and 3h-PD, before increasingly in expression again past baseline levels from 6h-PD – corresponding to increased levels of microglia/macrophages in the outer retina. Further, genes within cluster 1 were more closely identified to control innate immune pathways including cytokine defense, regulation of cytokine production, and signaling by interleukins, while genes within cluster 2 were involved in both innate and adaptive immune responses, such as negative regulation of immune system processes, response to stress, neutrophil degranulation and antigen presentation. We suggest that collectively this data shows an initial inflammatory response to acute stress, however following sustained inflammation and overburdening of defense responses results in chronic upregulation of immune pathways which may be responsible for driving disease progression. This hypothesis can also be supported by results showing an initial downregulation of genes associated with pathways controlling homeostatic processes, with a significant reduction in phototransduction pathways apparent at 24h-PD coinciding with significantly upregulated cell death pathways and a notable loss of photoreceptor rows at this time point. These results strengthen the use of short-term photo-oxidative damage as an early model of AMD, and importantly demonstrate a sequence of molecular events that trigger the progression to late-stage degeneration. We hypothesize that therapeutic intervention prior to 6h-PD may prevent the cascading chronic inflammation and prevent the progression to late-stage AMD.

MicroRNA (miRNA) are considered master regulators of gene expression, as they are able to bind to, and repress multiple gene targets often within the same biological pathways, such as those involved in the innate immune response (70–72). This unique property makes them ideal diagnostic, therapeutic targets and drug discovery molecules for diseases such as AMD, where therapeutic regulation of over-active inflammatory pathways may preserve retinal homeostasis (21, 23, 73, 74). Results from our study identified key miRNA that were predicted to regulate inflammatory gene targets across clusters 1 and 2 in degeneration. Notably, miR-124-3p, and miR-155-5p, were the first and third most significantly associated miRNA, with both of these miRNA having strong diagnostic and therapeutic connections in retinal degenerations, including in AMD. We further noted in this work, that both miR-124-3p and miR-155-5p had rapid and distinct movement patterns across the retina during degeneration, with miR-124-3p translocation from the outer retina as previously described in Chu-Tan et al. (2018) to the inner retina (23) as early as 3h-PD. In contrast, miR-155-5p was shown to increase in expression in the inner retina, with punctate labelling seen in the inner nuclear layer (INL) from 6h-PD; coinciding with its demonstrated location in retinal immune cells (24), and increased expression in AMD (25). As both of these miRNA have known cellular locations within retinal glial cells, mRNA target analysis of genes within clusters 1 and 2 was performed using an online retinal single-cell sequencing dataset (32), identifying that a large number of their predicted miRNA targets were expressed in retinal cells within the inner retina, specifically with a large number of targets in retinal microglia and Müller glia. However, as this single-cell sequencing database was only collected from dim-reared healthy mice, target mRNA localization could not be performed on cluster 1 and 2 genes which are known to be upregulated during degeneration such as Il-6, Myd88, Socs1, and Socs3; but which are also known to be expressed by inner retinal glia in degeneration (26, 75–78). Finally, when evaluating all differentially expressed genes from this dataset, the total predicted binding targets for both miR-124-3p and miR-155-5p were found to decrease between 6h-PD and 24h-PD, suggesting that while the predicted inflammatory gene targets increased across degeneration, it is possible that homeostatic regulatory targets of these miRNA were decreased. This phenomenon supports work by Chu-Tan et al. (2021), that showed that in response to stress or disease, miRNA can change target binding partners. In fact, specifically in the retina miR-124-3p was shown to alter target binding, favoring inflammatory targets such as Ccl2 following photo-oxidative damage-induced degeneration (42). Overall these results support that early intervention strategies including early targeting of these inflammatory regulator miRNA may allow for homeostatic regulation to continue, and prevent inflammatory cascades which ultimately result in photoreceptor cell death and permanent vision loss.

These results demonstrate that short exposure to photo-oxidative damage can be used to model the early changes in retinal inflammation, providing an insight into the early pathogenesis of AMD, and further allowing for the identification of key molecular changes in the retina which may contribute to late-stage disease progression. Inhibition of these early inflammatory molecules, or inflammatory pathway regulators such as miRNA, as well as detection in the systemic circulation represents ideal next steps for this work.
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Supplementary Figure 1 | Box plots of (A) raw and (B) normalised read count distributions showing effective normalisation (TMM).  Relative log expression (RLE) box plots for (C) raw and (D) normalised counts. RLE values for each gene were calculated by deriving the median expression of each gene across all samples then computing the deviation from this median in each sample. (E) Mean variance relationship of each gene following voom transformation. (F) Summary of sample level variation obtained using voomWithQualityWeights function. (G) Summary of number of differentially expressed genes with and without adjusted for sample specific weights. As sample specific variation was observed, and correcting for unequal variation had a significant effect on the number of differentially expressed genes, the corrections for unequal variation were incorporated in the final lmFit statistical model. (H) Uniform manifold approximation projection plot (UMAP) of cell types obtained from the reanalysis of retinal single cell RNA sequencing data (74).

Supplementary Figure 2 | Distinct gene profiles within dual inflammatory pathways in response to early photo-oxidative damage. (A, B) Heat maps show the expression profile of differentially expressed genes within cluster 1 and 2, with unique genes within each cluster. Significance P<0.05, n=4.
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