
Abstract
Age related macular degeneration (AMD) is a leading cause of irreversible vision loss and dysfunction in the retinal pigment epithelium (RPE) with age is known to contribute to disease development. The aim of this study was to investigate how the mouse RPE changes with age. The RPE of 3- and 21-month-old C57BL/6J mice were investigated for changes in morphology using high resolution confocal imaging. RPE structure was found to change with age and eccentricity, with cell size increasing, nuclei lost in the peripheral retina and tight junctions altered. A primary role of the RPE is phagocytosis of photoreceptor outer segments and this process was investigated using gene expression analysis and histology. RNA-Seq transcriptomic gene profiling of the RPE suggested that there was a downregulation of genes involved in binding, engulfment, and digestion of photoreceptor outer segments with age. These genetic changes in phagosome processing were supported by histological analysis, which showed a decline in phagosome-lysosome association in the aged tissue. These data suggest photoreceptor outer segment digestion and recycling are slowed with age. In addition, failures in the autophagy pathway that modulates intracellular waste degradation were also observed in the aged RPE tissue. These findings highlight that RPE cell loss and slowing of photoreceptor outer segment processing contribute to RPE dysfunction with age and may predispose the aging eye to the development of AMD. 
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1. Introduction
Age related macular degeneration (AMD) is a leading cause of irreversible vision loss. Changes in the retinal pigment epithelium (RPE) are critical to the development and progression of this disease (Ferrington et al., 2016). The RPE is a monolayer of terminally differentiated epithelial cells that play an integral part in maintaining the health of the light sensitive retinal neurons, the photoreceptors. The apical surface of the RPE interfaces with the photoreceptor outer segments, while the basal surface forms part of Bruch’s membrane, contributing to the inner most layer of the choroidal blood supply (Bok, 1993; Boulton and Dayhaw-Barker, 2001). The RPE has many functions that are essential for maintaining the normal health of the retina. It forms the outer blood-retina barrier to maintain immune privilege of the eye (Sugita, 2009), absorbs stray light to reduce oxidative stress, and maintains the health of the photoreceptors by actively removing spent photoreceptor outer segments and recycling vitamin A retinoids that are critical for light detection (Strauss, 2005). How these cells change as a function of age is critical for our understanding of age-related retinal disease, such as AMD. 
Changes in the RPE with age may contribute to the progression of AMD. Previous work has shown that RPE cells lose their hexagonal shape and become larger, elongated and irregular with aging (Tarau et al., 2019). In aged human eyes, significant deterioration of the RPE layer at the macula and far peripheral retina is observed, with a reduction in RPE cell number (Rashid et al., 2016). Lipofuscin, which is an intracellular complex of waste products derived from photoreceptor outer segments, proteins and lipids, accumulates with age in the RPE (Haralampus-Grynaviski et al., 2003; Rozanowska et al., 2004). Additionally, drusen, which are extracellular waste deposits, accumulate between the RPE and Bruch’s membrane with age (Ishibashi et al., 1986). In eyes with advanced AMD, large drusen, or multiple drusen, occur alongside prominent changes in the RPE, including cell loss (Ach et al., 2015). The molecular changes in RPE cell function that contribute to lipofuscin and drusen deposition with age and in AMD are not well characterised.
Generally, it is thought that changes in how the RPE removes waste and recycles photoreceptor outer segments is crucial to the dysfunction of these cells with age and in AMD. A single RPE cell is in contact with 30-50 photoreceptors, each of which sheds about 5% of its outer segment mass daily (Zinn and Benjamin-Henkind, 1979). Hence, RPE phagocytosis is particularly important in supporting retinal health. Mechanisms involved in phagocytosis of photoreceptor outer segments involve several steps. Recognition and binding of photoreceptor outer segments in human and rodent retina involves the activation of alpha v beta 5 (αvβ5) integrin, on the apical membrane of the RPE (Finnemann et al., 1997; Nandrot et al., 2004). Binding of photoreceptor outer segments triggers the rearrangement and activation of several downstream proteins required for subsequent internalization, such as MERTK and FAK (Finnemann and Nandrot, 2006; Qin and Rodrigues, 2012). Once engulfed, photoreceptor outer segments are incorporated into phagosomes that mature as they move from the apical to basal side of RPE cells (Young and Bok, 1969). These mature phagosomes subsequently fuse with lysosomes to form phagolysosomes, prior to their degradation within the basal part of the RPE (Young and Bok, 1969). Anomalies at any step of this process could lead to downstream functional deficits in photoreceptor function, and/or accumulation of debris within the posterior eye. In humans, the phagocytic ability of RPE has been shown to decline with age, and it is significantly reduced in cultured RPE from eyes of AMD patients when compared to age-matched controls (Inana et al., 2018). Animal models that have been genetically modified to disrupt RPE phagocytosis undergo retinal degeneration and, in some cases, display accumulation of debris resembling an AMD phenotype (D'Cruz et al., 2000; Nandrot et al., 2004; Rakoczy et al., 2002). Thus, understanding how the phagocytic capacity of the RPE changes with age may be critical for identifying pathways important for the pathogenesis of AMD. 
The aim of this study was to determine, in detail, the effect of aging on photoreceptor outer segment recycling in the mouse RPE, by investigating histological and molecular pathways in young and aged animals.
2. Methods
2.1 Animals
Three-months-old C57BL/6J (wildtype, WT) mice were obtained from the Animal Resources Center (WA, Australia) and housed at the Biomedical Sciences Animal Facility at the University of Melbourne. Aged C57BL/6J (wildtype, WT) mice (18 and 20-22 months of age) were kindly donated by Dr Ben Gu, The University of Melbourne, Florey Institute. Three-month-old and 22-month-old C57BL/6J (wildtype, WT) mice were kindly mice provided by Dr. Christian Nefzger in the Department of Anatomy and Developmental Biology at Monash University for the RNA-seq studies. Sex distribution of animals involved in study is shown in Table 1. All the mice were housed under similar conditions with a 12:12 hour light-dark cycle with ad libitum access to food and water. All experiments and handling of animals were conducted in compliance with the standards of the Association of Vision Research and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research, as well as the institutional guidelines of The University of Melbourne Animal Ethics Committee; Ethics ID 1814499.

2.2 Immunohistochemistry and high-resolution confocal microscopy 
For histological analysis of phagocytosis, phagocytosis-lysosomal pathway and LC3-associated phagocytosis pathways in the RPE, mice were sacrificed 4.5 and 7.5 hours after light on. The anterior segment (cornea and lens) was removed and posterior eyecups, containing RPE, choroid and sclera, were fixed for 30 minutes in 4% paraformaldehyde in 0.1M phosphate buffer of pH 7.4 (PB) washed and cryoprotected in a series of sucrose solutions (10%, 20%, 30% v/v in PB). After 24 hours, the eyecups were snap frozen in liquid nitrogen and stored at -80°C until further use. For labelling, eyecups were defrosted, bleached with 10% H2O2 for 45 minutes at 55℃ (Kim and Assawachananont, 2016), washed in PB and incubated for 2 days at room temperature with either a single or a combination of primary antibodies (shown in Table 2) diluted in antibody buffer (3% v/v normal horse serum, 1% w/v bovine serum albumin, 0.05% w/v sodium azide, 0.5% v/v Triton-X in PB). Following incubation with primary antibody, eyecups were rinsed in PB and incubated for 1 day at room temperature with the nuclear dyes and secondary antibodies (shown in Table 3). Eyecups were finally washed in PB and flat mounted with Dako mounting medium (Agilent Technologies, Santa Clara, CA, USA). 

Flatmount RPE images were collected using a resolution confocal laser scanning microscope (LSM 880, Carl Zeiss AG, Oberkochen, Germany), with a X63 oil immersion objective at a default optimal resolution. For analysis, image quality was optimized in order to pick up all the puncta across different slices within a Z-stack and across different channels for young and aged mice by adjusting the following parameters: laser power, gain, and black levels. Phagosomes, labelled with a rhodopsin antibody; phagosomes through LAP, co-localisation of RHO and LC3; phagolysosomes, colocalization (>50% overlap) of RHO and CATD, were quantified in tissues from young and age mice (n=6).

Z-stacks (of 2.4-5.1mm, total thickness) of high-resolution confocal images, from the first appearance of RHO+ structures to the disappearance of nuclei per region per animal, were collected in 4 regions per eccentricity per RPE. RPE flat mounts were divided into three regions using the optic nerve head as a reference point: the central region, the mid-peripheral region and the peripheral regions. The central region was located within a 500µm radius from optic nerve head, the peripheral region was located 500 µm away from ora serrata and the mid-peripheral was located halfway between the aforementioned regions (refer to Figure 1A). In total, 12 Z-stack images per animal were collected and assessed using a custom script in ImageJ’s FIJI software to quantify rhodopsin, autophagosome and lysosome and phagolysosome number (puncta number / µm3), area, average puncta volume (μm2), as well as the percentage of rhodopsin vesicles colocalizing with LC3 puncta and the percentage of rhodopsin vesicles colocalizing with CATD+ lysosomes) across the whole Z-stack (see Supplementary document for custom script). A threshold was applied and manually adjusted if required in a blinded fashion, so that only bright discrete puncta were included. Colocalization of vesicles was measured using the area of coincidence: overlapping of LC3+ puncta and RHO+ of any pixels; greater than 50% volume of RHO+ vesicles overlapping with CATD+ puncta were considered as phagolysosomes. Differences between young and aged mice for phagosomes, autophagosome and lysosome number, average size and colocalization in each layer were analysed using a Two-way ANOVA with a Tukey multiple comparisons test (GraphPad prism, p<0.05) and presented with error bars showing mean ± standard error of mean (SEM).

2.3 RNA-seq and gene expression analysis 
2.3.1 RNA-seq
For tissue isolation from 3-and 22-month-old mice, the anterior segment of the eye (cornea and lens) was removed and the posterior eyecup flatmounted and the neural retina removed. To isolate the RPE, 100µl of lysis buffer (RLT buffer, Qiagen) was added and the RPE isolated by pipetting up and down. This extraction method primarily yields RPE; however, there may be some contamination from adherent photoreceptors and/or choroid (Table S1 for the expression of cone opsins (Opn1sw, Opn1mw), photoreceptor connecting cilium (Rpgrip1)). Total RNA was extracted from the RPE from the young and old mice respectively (n=6 each) as per manufacturer’s instructions (RNeasy Micro Kit, Qiagen). Library preparation using TruSeq Stranded mRNA kit and next generation RNA-seq was performed on the Illumina NovaSeq 6000 System by the Australian Genome Research Facility (Melbourne Australia). Differential gene expression analysis was done using edgeR package in R. Data was presented as a heatmap using Morpheus, https://software.broadinstitute.org/morpheus. 
2.3.2 Quantitative PCR (qPCR)
For generating external standard curves for Cd81, Itgav, Mertk, Chm and the housekeeping genes, Hprt and Gapdh, mouse specific primers (Table 4) were used to produce cDNA products which were purified and converted into cRNA (MEGAscript™ T7 Transcription Kit, Thermo Fisher Scientific) and subsequently purified (TRIzol™ Reagent, Invitrogen). The cRNA was kept at -80℃ until further quantitative PCR analysis (Jobling et al., 2013). 
For quantitative PCR analysis of gene expression changes RPE/choroid total RNA was isolated from 3- and 18-month-old mice (n = 9 each) as described above (RNeasy Micro Kit, Qiagen), reverse transcribed with the respective external gene standards (Tetro cDNA synthesis Kit, Bioline) following the manufacturer’s protocol. Quantitative PCR analysis of expression changes was carried out in a Rotorgene 3000 real-time PCR system (Qiagen, Hilden, Germany) using SensiFastTM SYBR NO-ROX kit (Bioline, London, UK) as previously described (Ly et al., 2011). Gene specific primers for Cd81, Itgav, Mertk, Chm and the housekeeping genes, Hprt and Gapdh are shown in Table 5. 
For sample analysis, every run included a four-point standard curve, and samples and standards were amplified in triplicate. Negative controls were included in every run and each primer set yielded only one product based on melt curves measured after amplification. Absolute gene copy number was determined with reference to the standard curve (Rotor-Gene V6.1 software; Corbett Research) and expressed relative to housekeeping genes, Hprt and Gapdh. (Jobling et al., 2013). All data were assessed using a two-tailed unpaired t test (GraphPad Prism) and presented with error bars indicating mean ± SEM.
2.4 Analysis of changes in protein expression in autophagy pathways
In order to assess potential changes in autophagy, protein expression was quantified by reverse phase protein array (RPPA) in RPE from 3- and 21-month-old mice (n=6 per group). The RPPA assesses protein expression levels using a dot blot technique where small quantities of protein lysate are applied to dots of highly specific antibodies (Table 6) (Victorian Center for Functional Genomics, Peter MacCallum Cancer Institute). Posterior eyecups containing RPE, and choroid were collected from 3-and 21-month-old mice (n=6 each) as described above. RPE cells were isolated from flat mounted posterior eye cups by adding 30µl of CBL1 buffer (7M Urea, 2M Thiourea, 4% (w/v) CHAPS, 1% (w/v) Dithiothreitol, 4mM Spermidine, 2% (w/v) Pharmalyte, 20 tablets (/L) Complete protease inhibitor) and pipetting up and down. Samples were then centrifuged at 7000g for 2 minutes to pellet debris and the supernatant collected for analysis. Total protein concentration was determined using a Bradford assay (Coomassie (Bradford) Protein Assay Kit, Thermo Fisher Scientific), so that samples could be diluted to 2mg/mL for RPPA analysis. Fold change larger than 1 implies higher expression of protein in aged mice compared with young mice and less than 1 implies lower protein expression in aged mice. An unequal variances Welch (unpaired) t-test with a significance of p < 0.05 shown. *, P < 0.05 was applied. 
3. Results 
3.1 Peripheral RPE cells are lost and change in structure in aged animals
We first evaluated the structure and size of RPE cells at different eccentricities in 3-month-old (young) and 21-month-old (aged) mice (Figure 1). RPE flat mounts were divided into three regions, the central, mid-peripheral and peripheral eccentricities, using the optic nerve head as a reference point as indicated in Figure 1A. RPE cell membranes were labelled with antisera against zonula occludens 1 (ZO-1; tight junctions of RPE cells; red) and a nuclei marker (DAPI; blue). In central and mid-peripheral regions, cells were uniform displaying a hexagonal shape in young (Fikgure 1B, C) and aged (Figure 1E, F) tissues, while changes in RPE cell morphology were noted in the peripheral retina with age; RPE cells in peripheral regions were more elongated and oval in shape (Figure 1D versus 1G, respectively). In order to quantify this change, RPE cell area was measured. In young mice, RPE cell size changed with eccentricity, with cells in the central regions significantly larger than in the periphery (Figure 1H). In aged mice, RPE cell size in the peripheral region was larger than in young animals, whereas there was no difference in the central and mid-peripheral regions (Figure 1H). When the RPE density was quantified, there was a reduction in peripheral regions in aged mice relative to young mice (Figure 1I). Regional differences in the number of nuclei per unit area were observed in both age groups, with the central RPE having the highest number of nuclei (young: n=1.678 ± 0.067 per cell; old: n=1.715 ± 0.030 per cell) and peripheral RPE having the least number of nuclei (young: n=1.009 ± 0.003 per cell; old: n=1.013 ± 0.006 per cell). While there was no alteration in the number of nuclei per cell with age, there was a reduction in overall RPE nuclei density in peripheral regions that was proportional to the reduction in RPE cell number (Figure 1J). Hence, these data indicate that RPE cells in the retinal periphery are prone to change with age, undergoing gross morphological change and cell loss. 
We next evaluated the integrity of tight junctions in 3-month-old (young) and 21-month-old (aged) mice (Figure 2). Previous studies indicate that in contrast to healthy human eyes, tight junctions formed by the RPE in AMD-affected sites are split, separated, thickened, thinned and fragmented (Figure 2B, schematic adapted from (Tarau et al., 2019)). Similar age-related changes in tight junction integrity were observed in the mice in our study. RPE cells in the young mice demonstrated a continuous layer of tight junctions with no alteration in tight junctions observed (Figure 2C), while some changes were seen in aged mice, including splitting (Figure 2D), separation (Figure 2E), fragmentation (Figure 2F) of cytoskeleton. An irregular pattern of tight junction was also observed in aged mice (Figure 2G). These defects in tight junction labelling were specifically seen in the peripheral regions of the aged mice, suggesting that a reduction in tight junction integrity may contribute to a decrease in cell number with age.
3.2 Genes involved in RPE phagocytosis of photoreceptor outer segments are downregulated in aged animals
We next evaluated RPE phagocytosis processes at the transcriptome level in young and aged animals. Total RNA from 3-month-old and 22-month-old mice (n=6 / group) was isolated and analysed by RNAseq. Genes of interest were classified into three groups according to the three stages of phagocytosis: binding, engulfment and digestion. A total of 15783 transcripts were detected in both transcriptomes, with 62% of genes (9814 genes) remaining unchanged between the young and aged samples, while 22% (3472 genes) increased and 16% (2494 genes) decreased with age (FDR<0.05). Overall, the expression of genes implicated in binding including photoreceptor outer segments, Cd81, Itgav (Figure 3A), as well as genes involved in engulfment, Mertk, Tyro3, Ptk2, Rac1 and Src (Figure 3B) were downregulated. Moreover, expression of genes that encode proteins required for the maturation and degradation of photoreceptor outer segment-containing phagosomes (Cav1, Chm, Rab5a, Rab5b, Rab5c and Rilp) were also significantly downregulated (Figure 3C). To confirm these results, qPCR was performed on RNA extracted from 3-month-old and 18-month-old RPE (n=9 / group) and gene expression was quantified for Cd81 (Figure 3D), Itgav (Figure 3), Mertk (Figure 3F) and Chm relative to the housekeeping gene Hprt (Figure 3G). Similar results were observed when genes were normalised to Gapdh (data not shown). Importantly, no change in housekeeping gene expression in the RPE was noted for either Hprt or Gapdh with age (Figure S1 and S2 respectively). In all cases, the qPCR results were consistent with the RNAseq data, suggesting that expression of gene pathways important for phagocytosis and degradation of photoreceptor outer segments are reduced with age in the RPE. 
3.3 Engulfed rhodopsin (RHO)-positive phagosomes accumulate in the basal RPE with age
We next examined whether phagocytosis of rhodopsin-positive photoreceptor outer segments was altered with age using high resolution immunocytochemistry (Figure 4). RPE wholemounts from young and aged mice (n=6 / group) were labelled with antisera specific for ZO-1 (red), rhodopsin (RHO+; to identify rhodopsin-containing phagosomes; green) and either DAPI (blue) or DRAQ5 (blue). Phagosomes become mature when they move from the apical to basal side of RPE cells. Thus, to explore in more detail whether turnover of spent outer segments was affected by age, the density of phagosomes in the apical versus basal compartment was evaluated. As phagosome movement in the RPE is affected by the time of the day, care was taken to ensure all tissue was collected 4.5 hours after light on and at another time point, 7.5 hours after lights on. Figure 4A-H shows representative images of the apical to basal distribution of RHO+ puncta from young (Figure 4A-D) and old animals (Figure 4E-H) showing a greater proportion of RHO+ puncta in the basal region of aged RPE 4.5 hours after light on. At 7.5 hours after light on, Figure 4I-P shows representative images of the apical to basal distribution of RHO+ puncta from young (Figure 4I-L) and old animals (Figure 4M-P) showing very few RHO+ puncta remaining in the young RPE, but a substantial number of RHO+ puncta in the aged RPE. In order to quantify these changes, all phagosomes located at and below ZO1-labelled tight junctions were included for analysis, with the apical region of the RPE defined as half the height of the RPE facing the subretinal space and the distal half of each RPE cell was defined as the basal region. Quantitative analysis indicated that the total number of RHO+ puncta / mm2 did not change with either eccentricity or age 4.5 hours after light on (Figure 4Q). Quantification of the percentage of RHO+ puncta revealed a marked decrease of apical phagosomes with age, suggesting a possible slowing of binding and engulfment of photoreceptor outer segments in aged animals (Figure 4R). In addition, there was a significant accumulation of phagosomes in basal RPE in aged animals when compared with young RPE and this finding was consistent across central, mid-peripheral and peripheral regions 4.5 hours after light on (Figure 4S). The build-up of rhodopsin-containing phagosomes at the basal RPE suggests that RPE processing of photoreceptor outer segments is altered with age. 
At the 7.5 hour time point, quantitative analysis indicated that the total number of RHO+ puncta / mm2 was less in younger and significantly higher in older animals across all regions (Figure 4T). We then compared the number of RHO+ puncta per area at 4.5 and 7.5 hours after lights on, in young and aged RPE cells, respectively. In the young RPE, the density of RHO+ puncta reduced significantly between 4.5 and 7.5 hours (Figure 4U), likely indicative of lysosomal processing and removal of rhodopsin. However, in the aged RPE cells, the number of RHO+ puncta were similar between the two time points (Figure 4V). These changes suggest that there is a delay in the daily processing of the engulfed RHO+ phagosomes in the RPE of aged animals.

3.4 The number and size of LC3+ puncta increase in the RPE with age
Microtubule-associated protein 1A/1B-light chain 3 (LC3)-associated phagocytosis (LAP) is a noncanonical form of autophagy and RPE cells utilize this pathway for the engulfment of photoreceptor outer segments and recycling of vitamin A (Kim et al., 2013). LAP can be assessed by detecting close association of LC3 immunoreactivity with rhodopsin-positive phagosomes. To quantify the number of LC3+/RHO+phagosomes, RPE/choroid/sclera flat mounts from young (Figure 5A-D) and aged mice (Figure 5E-H; n=6 / group) collected 4.5 hrs after lights on, were immunolabelled with antisera specific to LC3 (red) and rhodopsin (green). The number of LC3+/RHO+phagosomes was quantified using a custom script in FIJI. Approximately 65-70% of RHO+phagosomes were LC3 positive in both young and aged mice (Figure 5I). Furthermore, the size of the LC3+/RHO+ phagosomes was similar across different eccentricities and age groups (Figure 5J). These findings suggest that the amount of RHO+ phagosomes being engulfed through the LAP pathway remains the same with eccentricity and age. 
Apart from the non-canonical role of LC3 in LAP, LC3 is also important for the formation of autophagosomes involved in the process of macroautophagy (hereafter referred to as autophagy), which is associated with degradation of intracellular waste (Menzies et al., 2012; Pugsley, 2017). The total number and size of LC3 positive autophagosomes were investigated. LC3+ puncta in young RPE were smaller and relatively sparsely distributed (Figure 5C), when compared with those in aged RPE, which appeared larger and more densely packed (Figure 5G). Reflecting this, quantification revealed LC3+ puncta density (Figure 5K) and size (Figure 5L) doubled in aged RPE when compared with young RPE in central, mid-peripheral and peripheral regions. Overall, these data suggest an upregulation of large autophagosome formation with age that is not associated with changes in LAP. 
3.5 The number and intracellular distribution of phagolysosomes change in the RPE of aged mice
As phagosome maturation and transport proceeds from apical to basal RPE, mature phagosomes fuse with lysosomes to form phagolysosomes, which can be recognized by close association/fusion of photoreceptor outer segments-containing, RHO+ phagosomes with lysosomes labelled with the marker cathepsin D (CATD+) (Regan et al., 1980). The frequency of RHO+/CATD+ phagolysosomes were correlated with age. Figure 6 shows representative images for young (Figure 6A-D & orthogonal projection in I) and old animals (Figure 6E-H & orthogonal projection in I). In order to quantify phagolysosomes, only RHO+ vesicles that had a greater than 50% volume overlapping with CATD+ puncta were considered as phagolysosomes. When quantified, the number of phagolysosomes was reduced across all regions with age (Figure 6J). The volume of the phagolysosomes did not differ significantly in any region of the young RPE and there was no effect of age, however, in the aged RPE, significantly smaller phagolysosomes were observed in peripheral regions compared to mid-peripheral regions (Figure 6K). 
When comparing the distribution of phagolysosomes in apical and basal RPE, in young mice, the majority of RHO+ and CATD+ phagolysosomes were located at the apical side of RPE cells (Figure 6L), whereas in aged mice most phagolysosomes were located to the basal RPE (Figure 6M). This change in the apical-basal distribution of RHO+-CATD+ phagolysosomes with age was significant for all eccentricities of RPE. The total number of lysosomes was also assessed, to account for a change in basal lysosome formation, however, the number and size of CATD+ lysosomes did not change overly with age (Figure 6N-O). These data suggests that the basal formation of lysosomes does not change with age and indicate that the molecular pathways involved in the fusion of RHO+ phagosomes and lysosomes are reduced by aging (Figure 6J). 
3.6 Proteins involved in autophagy-lysosomal processes are altered in the RPE of aged animals
[bookmark: OLE_LINK1]Autophagy and LAP pathways share many resources, including LC3 and lysosomes for the formation of autophagosomes, phagosomes and degradation. These processes are tightly regulated to avoid competition between the two pathways (Kim et al., 2013; Muniz-Feliciano et al., 2017). Given there were increases in the number and size of LC3+ autophagosomes in the aged RPE, independently of changes in LAP, a change in the autophagy pathways with age was indicated. As the regulation of autophagy is done mainly through post-translational modifications, which is not usually detectable at a transcriptional level (Botti-Millet et al., 2016), a reverse phase protein array was used to evaluate proteins in the autophagy-lysosome and phagocytosis pathways (Table 6). Protein expression changes in the autophagy pathways were quantified from the RPE of 3-month-old and 20/21-month-old mice (n=6 / group; Figure 7). Data are presented as fold change, calculated by dividing the mean relative fluorescence intensity values of aged RPE by the mean fluorescence intensity values of young. Statistical analysis was completed assuming unequal variance and Welch unpaired, t-test. Proteins upstream of autophagy, including AMPK-α and p62, were significantly upregulated in the aged RPE, while 4EBP1 phophorylated at T37 and T46 was reduced in aged samples (Figure 7; significance of p<0.05 indicated by *). Expression levels of several proteins involved in phagocytosis of rod outer segments, including FAK, phosphorylated form of FAK, Src and caveolin-1 were also assessed. While none of these were found to change significantly, there was a trend towards a downregulation of the phosphorylated form of FAK with age (p=0.0655). These changes suggest that autophagy-lysosomal degradation of intracellular waste is changed in the RPE of aged animals.
4. Discussion
Changes in the RPE with age may contribute to the development of AMD and subsequent vision loss. The results of this study indicate that RPE cell loss and prominent structural change occur with age. These changes transpired concurrently with down regulation of expression of genes important for binding, engulfment and phagocytosis of photoreceptor outer segments. In line with these altered molecular pathways, there was an age-dependent accumulation of phagosomes containing photoreceptor outer segments at the basal RPE and a reduction in phago-lysosome number, suggesting delayed and decreased formation of phagolysosomes in the RPE of aged mice. Additionally, pathways involved in intracellular waste recycling via autophagy were altered. These data suggest that failures in how the RPE degrades intracellular waste and recycles photoreceptor outer segments is crucial to the dysfunction of these cells with age.
4.1 RPE cell structure and size is altered in aged mice
[bookmark: _Hlk114432164]With age, structural changes occurred in the RPE, with cells in the periphery found to be less regular in shape and larger, suggesting cell loss. The tight junctions formed by the RPE cells also change with age. This is consistent with previous studies that showed increases in RPE size and changes in cytoskeletal structures in the peripheral RPE with age in both humans and rodents (Chen et al., 2016; Rashid et al., 2016; Tarau et al., 2019; Volland et al., 2015). However, previous studies have also shown that the RPE may have more multinucleated cells with age (Chen et al., 2016). Our data do not support this, as we observed no change in the number of nuclei per cell. Rather we show a reduction in the density of RPE nuclei per area of sample (mm2) in the periphery was observed with age. Our findings suggest that RPE cells, including their nuclei, are lost in the periphery with age and that the remaining RPE cells enlarge to cover the area of cell loss. It has been shown that the RPE in AMD-affected sites in human eyes demonstrated cytoskeletal changes, as described in Figure 2B (Tarau et al., 2019). We observed similar alterations in the aged mice, including cytoskeletal splitting, separation, fragmentation and irregularities in cell shape. This suggests that RPE tight junctions are possibly weakened with age, which may be a precursor to the breakdown of the blood retinal barrier, however, as we have not quantified the cytoskeletal changes in the mouse RPE, more work is required to support this suggestion.
4.2 Phagosome processing of photoreceptor outer segments is impaired in the RPE of aged mice.
[bookmark: _Hlk41936148]We investigated how age influenced the expression of genes related to phagocytosis of photoreceptor outer segments, a key function of the RPE. Our results showed that genes critical for outer segment binding, Itgav and Cd81, were downregulated in the RPE of aged mice. Photoreceptor outer segment binding to the apical surface of the RPE is mediated by αvβ5 and its plasma membrane co-receptor, tetraspanin CD81. Deficiency in αvβ5 integrins or inhibition of CD81 reduces RPE binding to photoreceptor outer segments and causes slowing of phagocytosis with age (Finnemann et al., 1997; Lin and Clegg, 1998; Nandrot et al., 2004). Thus, down regulation of Itgav and Cd81 in the RPE suggests that photoreceptor outer segment binding would be reduced in aged animals.
Key genes involved in RPE-mediated photoreceptor outer segment engulfment, Mertk and Tyro3 and downstream binding partners, Ptk2 and Rac1 were all downregulated with age. To date no studies have shown a change in the expression of MertK, Tyro3, Ptk2 and Rac1 in the RPE with age. Tyro-Axl-Mer (TAM) receptors, MERTK or TYRO3 are required for engulfment of photoreceptor outer segments. MERTK is the primary TAM receptor involved and retinal degeneration occurs in rodents and humans lacking functional MERTK (Duncan et al., 2003; Strick et al., 2009; Vollrath et al., 2015). The process of retinal degeneration can be modified by expression of the alternate TAM receptor, TYRO3 in rodents lacking MERTK (Vollrath et al., 2015). Thus, down regulation in expression of both Mertk and Tyro3 genes suggests that photoreceptor outer segment engulfment would be slowed in the RPE with age. Rac1 activation in cultured choroidal endothelial cells has been suggested to enhance choroidal endothelial cell migration across the RPE, contributing to disease progression in neovascular AMD (Peterson et al., 2007; Wang et al., 2011), however, evidence for a role in the RPE in aging or AMD is lacking. Ptk2/FAK has been found to be important in age-related hearing loss (Liu et al., 2021) and age-related muscle myopathy (Joseph et al., 2019), indicating that changes in expression of this protein contribute to age related decline in cellular function. Thus, down regulation of the TAM binding partners Ptk2 and Rac1 also suggests RPE dysfunction with age.
Expression of mRNA transcripts which may be required for intracellular degradation of phagosomes containing photoreceptor outer segments, Cav, Chm, Rab5a, Rab5b, Rab5c and Rilp, were also reduced in the RPE of aged mice. RAB5 is a generic marker for early endosomes but has been found to play a critical role in transport of phagosomes containing photoreceptor outer segments to lysosomes for degradation (Keeling et al., 2019; Yu et al., 2018). Rilp encodes RAB7-interacting lysosomal protein and RAB7 is a marker for late endosomes involved in lysosome degradation of photoreceptor outer segments (He et al., 2016; Keeling et al., 2019). If lysosome processing in the RPE is blocked, RAB5 and RAB7 trafficking is inhibited, leading to dysfunctional lysosomal degradation of photoreceptor outer segments (Jordens et al., 2001; Keeling et al., 2019). Similarly, Chm encodes REP1 and supports the clearance of photoreceptor outer segments by prenylation of Rab proteins (Alexandrov et al., 1994). The absence of REP1 in RPE cells compromises the association of RAB7 with lysosomes, resulting in reduced phagosomal-lysosomal fusion and delayed phagosome clearance (Duong et al., 2018; Gordiyenko et al., 2010). While no specific studies have shown a change in Rab5a,b,c, Chm and Rilp with age in the RPE, our data indicate that downregulation in these genes might impair endosome formation and transport of phagosomes to lysosomes in the RPE with age. 
The gene Cav1, that encodes caveolin-1, was also downregulated in aged mice, but changes at the protein expression level were not apparent. While overall expression of caveolin-1 can be regulated at the transcriptional and translational levels, the downstream activity of this protein is also regulated through post-transcriptional modification by phosphorylation of the protein. There are two phosphorylation sites on Caveolin-1, one at Tyr14 (Nomura and Fujimoto, 1999) and one at Ser80 (Schlegel et al., 2001). Using the current antibody, the RPPA technique would be unable to detect these subtle changes in phosphorylation and this type of regulation was therefore not assessed in our study. Caveolin-1 contributes to the acidification of lysosomes, thus gene downregulation of it may affect lysosomal degradation and the activity of cathepsin D (Sethna et al., 2016). Caveolin-1 upregulation has been suggested to contribute to RPE aging in cell cultures (Shimizu et al., 2020; Sun et al., 2019), thus, how gene down-regulation contributes to RPE function in vivo and whether it is relevant given the lack of overt protein expression change with age, requires further study.  

Overall, these results suggest gene changes are occurring in the aged RPE which would cause reduction in binding, engulfment and digestion of photoreceptor outer segments. At 4.5 hours after lights on, which represents a period of increased POS processing, the total number of RHO+ phagosomes did not change with age, however, their location within the RPE cell did exhibit a change. There were less phagosomes in the apical RPE and an accumulation of phagosomes within the basal RPE with age. Theoretically, the accumulation of RHO+ phagosomes could be caused by either an increased ingestion or a slowed degradation of these phagosomes. Consistent with a reduction in Chm expression observed, our results showed a prominent reduction in the number of RHO+/CATD+ phagosomes with age at 4.5 hours after lights on, suggesting that fusion of RHO+ phagosomes with lysosomes might be impaired. RPE cells that express a mutant, inactive form of CATD+ display an accumulation of undigested photoreceptor outer segments and formation of basal laminar and linear deposits, in mice with age (Rakoczy et al., 2002). In line with this, at 7.5 hours after lights on, the number of RHO+ phagosomes was reduced in the young RPE relative to the 4.5 hour time point, suggesting phagosome processing to eliminate rhodopsin was occurring. However, in the aged RPE, the number of RHO+phagosomes was stable between 4.5 and 7.5 hours after lights on, suggesting a delay in phagosome processing in the older tissue. Thus, our findings suggest an accumulation of phagosomes that are not being processed, which may contribute to RPE failure with age. This may be due to either defective photoreceptor outer segment engulfment or failures in degradation and/or transport of phagosomes out of the basal RPE with age. Given a reduction in expression of genes important for engulfment (Itgav, Cd81, MertK, and Tyro3) and transport and degradation (Chm, Rab5a, Rab5b, Rab5c and Rilp) of photoreceptor outer segment phagosomes, it is likely that both processes are affected.

4.3 Autophagosome processing is impaired in the RPE with age
[bookmark: _Hlk93053173][bookmark: _Hlk93055242]Our results showed that there was a significant increase in the size and number of LC3+ puncta in the RPE with age. This is consistent with other tissues, including the retina, where a significant change in autophagosome formation is known to occur with age (Rodriguez-Muela et al., 2013). In our study, around 65-70% of RHO+ phagosomes were LC3+, however, this did not change with age, suggesting LC3-associated phagocytosis, LAP, is not affected by aging. While LAP was unaffected by age, the significant increase in number and volume of LC3+ puncta in RPE cells with age suggests an alteration in the formation of autophagosomes involved in intracellular recycling. The increase in number of LC3+ puncta with age is consistent with a previous study in aged mice of 24-28 months old, that showed increased autophagy with age (Wang et al., 2009). However, the autophagosomes identified within the aging RPE may not be functional as a significant increase in LC3+ puncta size has been shown to occur in cells where autophagy is compromised (Runwal et al., 2019). Indeed, impaired autophagic flux has been reported in mice over 12 months-old (Rodriguez-Muela et al., 2013). Furthermore, our data suggest that with age, RPE cells produce more LC3+ autophagosomes for autophagy, yet the availability of lysosomes, for forming autolysosomes important for digestion of intracellular waste, is limited. Thus, while autophagosome number increases, the activity of them as well as lysosomes may be impaired, and together these data suggest that autophagy-lysosomal function is diminished in the RPE with age. 
In order to confirm the changes in autophagy with age, we used reverse phase protein array to quantify proteins important for autophagy. Of the twenty proteins assessed, only three proteins changed significantly in aged RPE cells including AMPKα, 4E-BP1 and p62/SQSTM1. The upregulation of AMPKα, the energy and stress sensor, suggests that autophagy is elevated. Usually, AMPKα enhances autophagy via the mTOR pathway (Gwinn et al., 2008; Inoki et al., 2003), however, our data showed that expression of mTOR protein and the phosphorylated form of mTOR did not change with age, suggesting, AMPKα may enhance autophagy pathways independently of mTOR in the aging RPE (Behrends et al., 2010). In the RPE, AMPKα has been found to play a crucial role in maintaining a balance between autophagy and phagosome processing, with increased expression of AMPKα found to upregulate autophagy and downregulate phagocytosis so as to prioritize resources for the more vital autophagy pathway (Qin and De Vries, 2008). Our data is in line with this suggestion as we see a reduction in phagosome processing (reduced RHO+/CATD+ puncta) and an increase in the number of autophagosomes (LC3+ puncta) in the aged RPE.
4E-BP1 is a known substrate of mTOR1 and is phosphorylated upon mTORC1 activation, which inhibits autophagy (Gingras et al., 1999). Although the total amount of 4E-BP1 had a trend towards being upregulated with age (p=0.07), the phosphorylated forms did not increase proportionally. Instead, expression of 4E-BP1 phosphorylated at T37 and T46 was significantly down-regulated in the aged RPE, suggesting changes in this phosphorylated form might play a role in enhancing autophagosome formation in the aged RPE. This fits in with the changes observed in AMPKα and LC3 puncta. Increased expression of p62 / SQSTM1 was also found in the RPE of aged mice, which is consistent with a previous study which compared p62 expression between 3-month-old and 22-month-old mice (Rodriguez-Muela et al., 2013). As previous work has shown that p62 accumulates when autophagy-lysosomal processes are impaired in the RPE and retina (von Eisenhart-Rothe et al., 2018), the current data suggests that undigested waste is accumulating in the aged RPE. Together with our histological findings, these data suggest that RPE cells upregulate autophagy by AMPKα and phosphorylation of 4E-BP1 at T37 and T46, inducing an increase in LC3+ autophagosome numbers in an attempt to remove waste accumulation with age, including p62 tagged proteins. However, even though the number of autophagosomes was increased, the function of autophagosomes was compromised and the number of lysosomes was limited, which would reduce successful autolysosomes formation and lead to accumulation of p62 in aged mice. 
5. Limitations
One limitation of the present study is that mice were obtained from multiple sources to ensure availability of aged animals. Importantly for the RNAseq dataset, which would be most greatly impacted by subtle differences in housing, both young and aged animals were from the same animal house and collected at the same time. Also, for the remaining animals in this study, but while they were from different sites at the same University, many conditions were matched between animals and animal houses, including the original source of the animals (Animal Resource Centre in Western Australia), housing in the same model isolators, bedding, chow, and light cycle. Another limitation of this study is that while every attempt was made to isolate primarily RPE tissue for the purposes of RNAseq and protein analysis, careful assessment of the RNAseq data set indicates that there was a small amount of contamination from adherent choroidal and photoreceptor cells (Table S1). Although the subset of genes identified from RNAseq and assessed further using qPCR and protein analysis in the present study are likely to be primarily expressed by the RPE and important for RPE function, a role of these in photoreceptors or the choroid in aging cannot be completely excluded. A third limitation of the current study was that only two diurnal time points, 4.5 and 7.5 hours after lights on, and two age time points, 3 months and around 20 months, were assessed. Further analysis of RPE phagocytosis processes one to two hours after lights on (daily peak) (Grace et al., 1999; LaVail, 1976; Lo and Bernstein, 1981) and at different ages may provide further insight into how RPE function changes with age and could be the subject of future studies. 
6. Conclusion
Overall, the findings of this study highlight that both the phagocytic and autophagic function of the RPE reduces with age. The decline of phagocytic function of RPE cells was apparent at both the transcriptional and post-transcriptional levels. Downregulation of genes involved in phagocytosis, age-related accumulation of phagosomes at the basal aspect of RPE cells and reduced formation of phagolysosomes were observed in the RPE of aged mice. While the number of phagosomes that were being processed via the LAP pathway did not change, there was an overall increase in the number and size of autophagosomes and accumulation of p62, suggesting that autophagy is failing, and intracellular waste is accumulating in the aged RPE (Table 7 for summary of all findings). Therapeutic strategies to increase lysosome number or improve effective fusion between lysosomes with phagosomes and autophagosomes in RPE cells may provide a new therapeutic strategy for slowing progression of age-related diseases such as AMD.
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[bookmark: _Hlk123154825]Table 1: Sex distribution of animals involved in this study
	Experiment
	
	Females
	Males

	Immunohistochemistry
Cell morphology
	Young
	3
	3

	
	Aged
	4
	2

	Phagosomes distribution 4.5 hours after light on 
	Young
	3
	3

	
	Aged
	4
	2

	 Phagosomes distribution 7.5 hours after light on
	Young
	3
	3

	
	Aged
	4
	2

	Lysosomes and LC3 markers 
	Young
	3
	3

	
	Aged
	3
	3

	RNA extraction
	Young
	5
	4

	
	Aged
	5
	4

	Protein extraction
	Young
	5
	1

	
	Aged
	4
	2



Table 2: Primary antibodies used in this study.
	Primary antibodies

	Antibody name
	Host
	background
	Dilution
	Supplier

	Zonula Occludens protein-1 (ZO-1)

	Rabbit
	Polyclonal antibody against synthetic peptide in the middle region of ZO-1. Used to label tight junctions.
	1:200
	Thermo Fisher Scientific 
#40-2200

	Rhodopsin (RHO)

	Mouse
	Monoclonal antibody produced by clone B630 against purified RHO from bovine retina
It binds to a peptide corresponding to the N-terminal 32 amino acids. Used tolabel phagosomes.
	1:1000
	LSBio
# LS-B10408-50

	Microtubule-associated protein 1A/1B-light chain 3 (LC3)

	Rabbit
	Polyclonal antibody against LC3 generated against a synthetic peptide made to an internal portion of the human LC3 protein sequence (between residues 25-121). Used to label autophagosomes.
	1:200
	Novus Biologicals
# NB100-2331

	Cathepsin D (CATD)

	Goat
	Polyclonal antibody against CATD generated against mouse myeloma cell line NS0-derived recombinant mouse CATD. Used to label lysosomes.
	1:200
	R&D Systems
# AF1029






Table 3: Secondary antibodies used in this study.
	Secondary antibodies

	Antibody name 
	Dilution
	Supplier

	4’,6-diamidino-2-phenylindole (DAPI)
	1:200
	Life Sciences

	Deep Red Anthraquinone 5 (DRAQ5)
	1:200
	Thermo Fisher Scientific

	Donkey anti-mouse conjugated to AlexaFluor 488
	1:400
	Thermo Fisher Scientific

	Donkey anti-rabbit conjugated to AlexaFluor 594
	1:400
	Thermo Fisher Scientific

	Donkey anti-goat conjugated to AlexaFluor 405
	1:400
	Thermo Fisher Scientific



Table 4: The oligonucleotide primer sequences used to produce the external gene standards for qPCR. All forward primers include the T7 sequence (underlined), while the reverse primers contain a poly-T15 sequence.
	Target gene
	Forward primer (5՝-3՝)
	Reverse Primer (5՝-3՝)

	Cd81
	taatacgactcactatagggcctgccttgtgatcctgttt
	tttttttttttttttcagttgagcgtctcatggaa

	Itgav
	taatacgactcactatagggcttaaaggcagatggcaag
	tttttttttttttttaaatggtgatgggagtgagc

	Mertk
	taatacgactcactatagggcggggctagacatgaacatt
	tttttttttttttttgtgtgactgcagcaaaagga

	Chm
	taatacgactcactataggggccagtttcagcttttcagg
	tttttttttttttttgtgcaccagcttcttcaaca

	Hprt
	taatacgactcactatagggcctaaaacacagcggcaagttgaa
	tttttttttttttttccacaggactagaacgtctgctag

	Gapdh
	taatacgactcactatagggtgtatccgttgtggatctga
	tttttttttttttttttgctgttgaagtcacaggag



Table 5: The oligonucleotide primer sequences of different genes used for qPCR.
	Target gene
	Forward primer (5՝-3՝)
	Reverse Primer (5՝-3՝)

	Cd81
	cctgccttgtgatcctgttt
	cagttgagcgtctcatggaa

	Itgav
	cttaaaggcagatggcaag
	aaatggtgatgggagtgagc

	Mertk
	cggggctagacatgaacatt  
	gtgtgactgcagcaaaagga

	Chm
	gccagtttcagcttttcagg
	gtgcaccagcttcttcaaca

	Hprt
	cctaaaacacagcggcaagttgaa
	ccacaggactagaacgtctgctag

	Gapdh
	tgtatccgttgtggatctga
	ttgctgttgaagtcacaggag


	

Table 6. Reverse phase protein array antibodies
	ANTIBODY NAME
	HOST 
	SUPPLIER

	4EBP1
	Mouse 
	Thermofisher Scientific #AHO1382

	4E-BP1_P Ser65
	Rabbit 
	Cell Signalling Technologies #9456

	4E-BP1_P Thr37, ThrT46
	Rabbit 
	Cell Signalling Technologies #9459

	Akt
	Rabbit 
	Cell Signalling Technologies #9272

	AKT1_P Ser473
	Rabbit 
	Thermofisher Scientific #44-621G 

	AKT1_P Thr308
	Rabbit 
	Thermofisher Scientific #710122

	AMPK-α
	Rabbit 
	Cell Signalling Technologies #8208

	Caveolin-1
	Rabbit 
	Cell Signalling Technologies #3238

	FAK
	Rabbit 
	Cell Signalling Technologies #3285

	FAK_P Tyr397
	Rabbit 
	Cell Signalling Technologies #3283

	mTOR
	Rabbit 
	Cell Signalling Technologies #2972

	mTOR_P Ser2448
	Rabbit 
	Cell Signalling Technologies #2971

	p38 MAPK
	Rabbit 
	Cell Signalling Technologies #9212

	p38 MAPK_P Thr180, Tyr182
	Rabbit 
	Cell Signalling Technologies #4631

	p62/SQSTM1
	Mouse 
	Novus Biologicals #H00008878-M01

	p70 S6 Kinase
	Rabbit 
	Cell Signalling Technologies #9202

	p70 S6 Kinase_P Thr389
	Rabbit 
	Thermofisher Scientific #710095

	Prohibitin
	Rabbit 
	Thermofisher Scientific #PA5-27329

	Src
	Rabbit 
	Cell Signalling Technologies #2109

	Src Family_P Tyr416
	Rabbit 
	Cell Signalling Technologies #2101



Table 7: Summary of the findings and differences between young and old mice RPE
	
	Young 3 months 
	Old (20-21 months)

	Cell morphology 
	1. RPE cell size decreases with increased eccentricity
2. Intact and continuous layer of tight junctions
	1. RPE cell size decreases from central to midperipheral regions, but increases significantly at the peripheral region
2. Split, separated and fragmentated tight junctions of peripheral RPE cells
3. Decreased RPE cells number at the peripheral region

	Transcriptional changes of phagocytosis genes
	Decreased transcriptional expressions of genes involved in binding, engulfment and digestion in the old mice

	Phagocytosis of POS
	1. Accumulation of phagosomes at the basal side of the aged RPE cells across all regions
2. Delay in phagosomes daily digestion in the aged RPE at an off-peak time point (7.5hrs)
3. Reduced formation of phagolysosomes in the aged RPE

	Autophagy 
	1. Enlargement and increased number of LC3+ puncta suggest a compromised function of autophagosomes in the aged RPE, independently of lysosome associated phagosome processing
2. Upregulation of autophagy through AMPKα, phosphorylation of 4E-BP1 at T37 and T46 and an increase in LC3+ autophagosome numbers but failure to remove p62 tagged waste proteins in the aged RPE cells 
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Figure 1. Peripheral RPE undergo structural change and cell loss with age. RPE/choroid/sclera flat mounts from a 3-month-old (young) and a 21-month-old mouse (aged) collected 4.5 hours after light on, were stained for ZO1 (red) and DAPI (for nuclei, blue) and imaged by confocal microscopy. (A) Schematic, created with BioRender (BioRender.com), showing the different geographic locations of RPE flat mounts used in all the image analysis to account for eccentricity from the optic nerve head. (B-G) Representative confocal images of RPE flat mounts from young (B-D) and aged (E-G) mice showing RPE cells in the central (B,E), mid-peripheral (C,F) and peripheral (D,G) regions. Scale bars, 50 µm. (H-J) Quantification of RPE cell area (H), RPE cell density (I), number of RPE nuclei (J) in different regions of RPE flat mounts in young (blue bars) and aged mice (red bars). Data shown as mean ± SEM, n=6 animals per group; Two-way ANOVA for eccentricity and age, with post-hoc significance of p < 0.05 shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure 2: The tight junctions in RPE cells are altered with age. (A-B) Schematics, created with BioRender (BioRender.com) showing the appearance of tight junctions in RPE cells in healthy human eyes (A) and human eyes with AMD (B). In a flat mount view of RPE in healthy human eyes, RPE cells are regular and hexagonal in shape, with intact tight junctions (A). In AMD-affected sites of RPE in human eyes, RPE cells enlarge and are irregular, with tight junctions being split, separated, thinned, fragmented and thickened (B) (Tarau et al., 2019). RPE/choroid/sclera flat mounts from a 3-month-old (young) and a 21-month-old mouse (aged) collected 4.5 hours after light on, were stained for tight junctions (red), imaged by confocal microscopy. Confocal images showing the appearance of tight junctions in 3-month-old (C) and 21-month-old (D-G) mice. Scale bars, 20µm. Arrowheads indicate a split (D), separated (E), fragmentated (F) tight junctions and irregular RPE cells (G) due to effects of aging on the mouse RPE.
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Figure 3. Genes involved in phagocytosis of photoreceptor outer segments are downregulated in the RPE with age. Total RNA was extracted from RPE isolated from 3-month-old (young) and 22-month-old mice (aged) collected around 4.5 hours after light on, and analysed by RNA-seq. Transcriptome analysis of differentially expressed genes implicated in photoreceptor outer segments binding, engulfment and degradation are presented in young (Samples Y1-Y6) and aged (Samples A1-A6) RPE samples. The expression of genes involved in (A) the binding of photoreceptor outer segments and (B) those involved in engulfment of photoreceptor outer segments by RPE cells were reduced significantly in the aged mice. (C) The expression of 6 genes required for the degradation of photoreceptor outer segment-containing phagosomes were also downregulated in the aged RPE samples. Data from n=6 animals per group and only differentially expressed genes with FDR<0.05 are shown. Quantitative PCR was used to confirm some of the changes in gene expression highlighted from the RNAseq data. Quantitative PCR for the genes Cd81 (D), Itgav (E), Mertk (F) and Chm (G) was performed on RNA extracted from RPE isolated from 3-month-old and 18-month-old mice. Data shown as mean ±SEM, n=9 animals per group. Two tailed unpaired t-test with significance of p < 0.05 shown. *, P < 0.05; ****, P < 0.0001.
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Figure 4. The distribution and size of rhodopsin positive, photoreceptor outer segments in RPE cells are altered with age. RPE/choroid/sclera flat mounts from 3 (young) and 21-month-old mice (aged) collected 4.5 hours after light on were stained for ZO-1 (for tight junctions, red), rhodopsin (for phagosomes; RHO+; green) and either DRAQ5 (for nuclei; blue) or DAPI (for nuclei; blue) and imaged by confocal microscopy. (A-P) Representative images of RPE flat mounts from young (A-D) and aged (E-H) mice collected 4.5 hours after light on, and RPE flat mounts from young (I-L) and aged (M-P) mice collected 7.5 hours after light on showing the distribution of RHO+ vesicles from apical to the basal side of RPE cells. Scale bars, 20 µm. (Q) Quantification of the number of RHO+ vesicles in the RPE cells collected 4.5 hours after light on per mm2 were made across different regions and age groups. (R-S) Further analysis of RHO+ puncta number between the basal and apical RPE showed (R) the majority of the RHO+ puncta were located at the apical side of RPE cells in young animal, while in contrast (S) the majority of RHO+ puncta were in the basal RPE in aged animals collected 4.5 hours after light on. (T) Quantification of the number of RHO+ vesicles in the RPE cells per mm2 were made across different regions and age groups collected at 7.5 hours after light on. (U-V) Quantification of the number of RHO+ vesicles in the RPE cells per mm2 were made across different regions and two timepoints, 4.5 hours and 7.5 hours after light on in the (U) young RPE cells and (V) old RPE cells respectively, showing the retention of RHO+ vesicles in the RPE cells with time in old RPE cells. Quantitative data shown as mean ± SEM, n=6 animals per group. Two-way ANOVA with post-hoc significance of p < 0.05 shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure 5. The LC3-associated phagocytosis remains unchanged, however, the number and size of LC3+ vesicles in RPE cells change with age. RPE/choroid/sclera flat mounts from a 3-month-old (young) and 21-month-old (aged) mice collected 4.5 hours after light on were stained with for LC3 (red) and RHO (green) and imaged by confocal microscopy. Confocal images showing the association between RHO+ vesicles and LC3 puncta in young (A-D) and aged mice (E-H). Regions highlighted in a white square (A, E) were enlarged in B-D and F-H respectively. Scale bars, 10 µm. RHO+/LC3+ puncta are indicated by arrowheads, while RHO+ only puncta are indicated by arrows. (I-J) Quantification of number and size at different eccentricities with age. The (I) number and (J) size of LC3+/RHO+ vesicles did not differ significantly in all regions and age. (K) The number of LC3+ puncta and (L) size of LC3+ puncta increased significantly with age. Data shown as mean ± SEM, n=6 animals per group; two-way ANOVA with post-hoc significance of p < 0.05 shown. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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Figure 6. The formation of phagolysosomes in RPE cells changes with age. RPE flat mounts from 3-month-old (young) and 21-month-old (aged) mice collected 4.5 hours after light on were stained for rhodopsin (green) and cathepsin D (blue) and with DRAQ5 (for nuclei, white), and imaged by confocal microscopy. Confocal images showing the RHO+/CATD+ puncta in young (A-D) and aged mice (E-H). Regions highlighted in a white square (A, E) were enlarged in B-D and F-H respectively. Scale bar, 10 µm. Arrowheads indicate phagolysosomes, while arrows indicate phagosomes. (I) Confocal images showing the distribution of RHO+/CATD+ puncta (pink) in the orthogonal projection of RPE flat mounts relative to ZO-1 expression (red). Scale bar, 20µm. (J) The number of the RHO+/CATD+ phagolysosomes declined significantly with age. (K) The size of RHO+/CATD+ phagolysosomes did not change across the two age groups, but a reduction in the size of phagolysosomes was observed from the mid-peripheral region to peripheral region in aged RPE. (L) There were greater numbers of RHO+/CATD+ phagolysosomes in the apical RPE of young animals, while (M) the number of RHO+/CATD+ phagolysosome increased at the basal side of RPE cells with age. (N) The number of CATD+ puncta and (O) size of CATD+ puncta remained similar with age. Data shown as mean ± SEM, n=6 animals per group; two-way ANOVA with post-hoc significance of p < 0.05 shown. *, P < 0.05; **, P < 0.01.
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Figure 7. Protein array analysis of autophagy-lysosmal and phagocytosis pathways in the RPE show changes in protein expression with age. A reverse phase protein array technique was used to quantify protein expression changes in the autophagy pathways in the RPE from 3- and 20-21-month-old animals (n=6/group) collected 4.5 hours after light on. Data are presented as fold change, calculated by dividing the mean relative fluorescence intensity values of aged RPE by the mean fluorescence intensity values of young RPE for a given antibody. A fold change larger than 1 implies higher expression of protein in aged mice and less than 1 implies lower protein expression in aged mice. Data shown as mean ± SEM, n=6 animals per group; an unequal variances Welch (unpaired) t-test with a significance of p < 0.05 shown. *, P < 0.05. 
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