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Abstract

Inherited retinal degenerations, such as retinitis pigmentosa, are a leading cause of irre-
versible vision loss, yet broadly effective treatments remain elusive. Impaired cellular
waste clearance via autophagy–lysosomal pathways have been implicated in photoreceptor
death, but the spatiotemporal dynamics of these processes during degeneration remain
poorly understood. Using the rd10 mouse model of retinitis pigmentosa, we characterised
autophagy–lysosomal dysfunction at key stages of photoreceptor degeneration (postnatal
day P17, P22, P35) through super-resolution imaging of RFP-EGFP-LC3 reporter mice,
Western blot, and bulk RNA sequencing. Autophagosome and autolysosome numbers
were significantly elevated across all photoreceptor compartments (inner/outer segments,
outer nuclear layer, outer plexiform layer) at P17, prior to significant photoreceptor nuclei
loss. Autophagosome and autolysosome size progressively increased from P22 onwards,
suggesting accumulation of unprocessed intracellular waste. Molecular analyses revealed
downregulation of mTOR protein, upregulation of autophagy-related genes, and increased
lysosomal processes from P17. These histological and molecular findings are consistent with
early autophagy induction followed by overwhelmed degradative capacity. Our findings
identify autophagy–lysosomal change as an early event in photoreceptor loss in the rd10
model, revealing a critical therapeutic window for mutation-independent interventions
targeting cellular clearance pathways in inherited retinal degenerations.

Keywords: retinitis pigmentosa; autophagy; lysosome; photoreceptor degeneration; rd10
mouse; LC3; cell death; cellular waste clearance; inherited retinal disease

1. Introduction
Inherited retinal degenerations, such as retinitis pigmentosa, are a major cause of

irreversible vision loss, affecting as many as 1 in 3500–4000 with a frequency of 1400 in-
dividuals as gene carriers in Australia [1,2]. Despite advances in genetic diagnosis and
therapeutic approval for gene therapy for one form of severe retinal degeneration [3], there
are currently no broadly effective treatments to slow or halt the progression of photore-
ceptor death across all inherited retinal degenerations [4]. The genetic heterogeneity of
inherited retinal degenerations, caused by mutations in over 300 different genes, makes the
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development of mutation-specific therapies challenging and highlights the urgent need for
broadly applicable, mutation-independent treatment strategies [4]. To address this, animal
models that faithfully recapitulate disease progression are essential for understanding the
molecular mechanisms that contribute to disease progression and for testing novel univer-
sal therapies. The retinal degeneration 10 (rd10) mouse model, harbouring a spontaneous
missense mutation in the phosphodiesterase 6b (Pde6b) gene, serves as an invaluable tool,
closely mimicking the key pathological features of human autosomal recessive RP [5,6].
In rd10 mice, photoreceptor loss is apparent from postnatal day (P) 18, with the peak
of photoreceptor death occurring at P22 and widespread degeneration apparent by P35,
primarily affecting rod photoreceptors, with secondary cone photoreceptor loss [5,6]. This
rapid and well-defined progression provides a critical window to investigate early cellular
events contributing to photoreceptor death.

Recent research has identified the failure of intracellular waste clearance pathways,
specifically the proteasome and autophagy–lysosomal systems as potential mechanisms
contributing to photoreceptor degeneration in inherited retinal degeneration [7–10]. Au-
tophagy, one of the primary waste recycling processes in the cell, involves the sequestration
of cytoplasmic components, including damaged organelles and misfolded proteins, into
double-membraned vesicles called autophagosomes [11]. These autophagosomes then
fuse with lysosomes, forming autolysosomes, where the waste-cargo is degraded and
recycled. Microtubule-associated protein 1 light chain 3 (LC3) is a widely used marker
for autophagosomes. The lipidated form (LC3-II) is incorporated into the autophagoso-
mal membrane and degraded to LC3-I in the lysosome, allowing autophagy processes
to be tracked. The use of genetically engineered mice expressing fluorescently tagged
LC3 (e.g., GFP-LC3 and RFP-LC3) allows for the differential visualisation of autophago-
somes (GFP+/RFP+) and autolysosomes (GFP-/RFP+ due to GFP quenching in the acidic
lysosomal environment), providing a robust tool to assess autophagic flux and lysosomal
function [11,12]. Dysregulation of the autophagy–lysosomal pathway has been implicated
in various neurodegenerative diseases, including several forms of retinal degeneration [10],
where impaired clearance of cellular debris contributes to cellular stress and ultimately
cell death.

Given the critical role of waste clearance in maintaining cellular health and the known
progressive nature of photoreceptor degeneration in the rd10 mouse, we hypothesised
that an accumulation of cellular waste, resulting from impaired autophagic or lysosomal
function, precedes and contributes to photoreceptor death. To test this hypothesis, the
present study characterised the dynamics of autophagosomes and lysosomes in the retinas
of rd10 mice at key stages of degeneration: P17 (pre-photoreceptor loss), P22 (peak rod
degeneration), and P35 (advanced degeneration) [6]. Utilising the RFP-EGFP-LC3 reporter
mouse model, we used detailed histological analysis to quantify and localise autophagy
processes and cellular waste accumulation within distinct retinal layers. Global retinal
changes in autophagy processes were also investigated using Western blot and RNA-seq.
This detailed spatiotemporal analysis provides insight into the specific cellular compart-
ments and stages where waste accumulation occurs, identifying early pathological events
that could serve as mutation-independent therapeutic targets to mitigate photoreceptor
loss in inherited retinal degenerations.

2. Materials and Methods
Animals and ethics: All experimental methods adhered to the Association for Research

in Vision and Ophthalmology (ARVO) Declaration for the use of Animals in ophthalmic
and vision research as well as the University of Melbourne Animal Experimentation Ethics
Committee (AEC#21392). C57BL6/J mice were used as wildtype (WT) control mice and
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were obtained from The Animal Resources Centre (in Western Australia originally from
the Jackson Laboratory, Stock #000664). Homozygous B6.CXB1-Pde6brd10/J (rd10) mice
and transgenic C57BL/6-Tg (CAG-RFP/EGFP/Map1lc3b)1Hill/J (RFP-EGFP-LC3) mice
were obtained from the Jackson laboratory (Stock # 004297 [5], #027139 [12], respectively).
At the University of Melbourne’s animal facility, RFP-EGFP-LC3 reporter mice were kept
as heterozygotes and mice carrying the rd10 mutation were maintained as homozygotes.
Rd10 mice were crossed with RFP-EGFP-LC3 reporter mice, and the resulting mice were
maintained as homozygote for the rd10 mutation and heterozygous for the RFP-EGFP-LC3-
rd10 mice. Genotyping was performed as per the Jackson laboratory protocols. Animal
were kept in a 12:12 dark: light cycle with unlimited access to food and water at the
Melbourne University Animal facility.

Tissue collection: Retinal samples were collected for histology, Western blot and
RNA sequencing (RNAseq) based on the timing of the degeneration sequence in the rd10
mouse: prior to photoreceptor loss P17, at the peak of photoreceptor death P22, during cone
photoreceptor degeneration at P35 and following significant retinal degeneration P110 [6].
For humane euthanasia, animals received intraperitoneal ketamine (120 mg/kg; Provet,
VIC, Australia) and xylazine (25 mg/kg; Troy Laboratories, NSW, Australia) to induce
deep anaesthesia followed by cervical dislocation. Subsequently, eyes were extracted and
dissected to remove the anterior components (cornea and lens), the posterior eyecups were
fixed for histology or the retina was removed from the posterior eyecup and frozen in
liquid nitrogen for Western blot/RNAseq.

Histological evaluation of photoreceptor degeneration, autophagy and lysosome
processing: The posterior eye cup of mice was fixed with 4% paraformaldehyde prepared in
0.1 M phosphate buffer (PB) (pH = 7.4) at room temperature for a duration of 30 min [13,14].
The eyes underwent three consecutive rinses in 0.1 M PB and eyecups underwent cryopro-
tection by placement in graded sucrose concentration of 10%, 20%, and left overnight in
30% (in 0.1 M PB). The eye cups were either snap-frozen using liquid nitrogen and stored
at −80 ◦C or embedded within a Tissue-Tek O.C.T compound (Sakura; Torrance, CA, USA).
Previous studies have shown a difference in the process of retinal degeneration between
retinal eccentricities [6]. To maintain consistent orientation of the eyecup between samples,
the superior retina was mounted at the top of each block. Frozen eye cup specimens were
sectioned at 14 µm, with a Leica Cryostat CM1860 UV (Nussloch, Germany), mounted on
poly-L-lysine slides (Menzel-Gläser, Braunschweig, Germany) and stored at −30 ◦C until
further processing.

For RFP-EGFP-LC3 transgenic mice, native fluorescence was imaged, without anti-
body amplification of signal. Slides were washed with 0.1 M PB and cell nuclei labelled
with Hoechst 33342 nucleic acid stain/Bisbenzimide (1:1000, Bis, Thermofisher Scientific,
Melbourne, Australia) for 20 min. Slides subsequently underwent three additional washes
with 0.1 M PB and were covered with Dako mounting medium and a 24 mm × 50 mm
glass coverslip. All imaging was performed using a confocal laser scanning microscope
(LSM 800, Carl Zeiss AG, Jena, Germany) with an oil immersion objective set to X63 and
a digital resolution of 2048 × 2048 pixels. The use of Airyscan detection, which provides
resolution beyond the diffraction limit of standard confocal microscopy, generated super-
resolution images, which were processed using ZEN Blue software 3.10 (Carl Zeiss AG,
Jena, Germany). To ensure consistency and facilitate comparisons, the date of sectioning
and imaging across tissue sections from degenerative and control samples were matched
and imaging configuration, including laser power and digital gain, maintained.

The process of photoreceptor degeneration was assessed by analysis of outer nuclear
layer (ONL) changes. Retinas from both rd10 and WT mice were examined at four time
points of P17 (n = 6), P22 (n = 6), P35 (n = 6), and P110 (n = 6). The nuclear dye, Bisbenzimide,
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was used to define the outline of the ONL containing photoreceptor nuclei. The area of
photoreceptors and length of retina in each section/eccentricity/timepoint were measured
using the polygon selection tool in Image J v1.54 (Fiji imaging software) and data are
presented as mm2/length of retina.

Autophagosome and autolysosome processing were evaluated using RFP-EGFP-LC3
transgenic mice at P17 (n = 6), P22 (n = 6), and P35 (n = 6). For immature autophagosomes,
RFP and GFP fluorescence autofluorescence overlaps resulting in a yellow signal. Con-
versely, in mature autolysosomes, the GFP signal is quenched because of the high pH of the
lysosomes, and only the RFP signal is visible. To analyse the images, we employed a custom
script in Image J. User input was required to segment the photoreceptor layer regions into
ONL, inner segment/outer segment (IS/OS), and outer plexiform layer (OPL) and the
inner nuclear layer (INL) as a control, based on Bisbenzimide staining. A band pass filter
was applied to each channel and colocalised voxels were identified as those positive in both
the red (RFP) and green (EGFP) channels using “Colocalisation Threshold”. For each of
the red only and colocalised (yellow) channels, automated RenyiEntropy thresholding was
used to define puncta, which were then segmented using the “Analyse Particles” function
with an area threshold of 0.01–1 µm2 (Supplementary Figure S2). In each layer a range
of parameters were assessed, including mean fluorescence intensity, puncta number per
area of the retina, and average puncta size (µm2), for autolysosomes (red channel) and
autophagosomes (red/green channel colocalised).

Statistical analysis of histological assessments was conducted using GraphPad Prism
Version 10 (GraphPad Software, San Diego, CA, USA). For all the histological analysis
described in this study, two sections of each retina were analysed comprising of two central,
and two peripheral areas per section and the results of these 4 images per animal were
averaged to generate a single value for a n = 1 mouse at each eccentricity. All data are
presented as group mean values along with their corresponding standard error of the
mean (SEM) in n = 6 in each group and age and eccentricity. All the data in this study
were compared by non-parametric t-test for group analysis (Mann–Whitney test), with
p values < 0.05 (*) and < 0.01 (**) considered significant.

Western blot protein quantification: To investigate changes in protein expression
associated with autophagy pathways, Western blot was employed on protein samples of
rd10 and WT retinas at P17 and P22. Target proteins were selected to sample key regulatory
nodes of the autophagy–lysosomal pathway, including upstream metabolic signalling
(AMPK, p-AMPK), mTORC1 dependent control of autophagy and proteostasis (mTOR,
p-mTOR, EIF4EBP1), core autophagosome machinery (LC3), and lysosomal degradative
capacity (Cathepsin D). Total protein was isolated by lysing samples at room temperature
for 30 min using 30 µL of lysis buffer (2 M Thiourea, 4% (w/v) CHAPS, 7 M Urea, 1%
(w/v) Dithiothreitol, 4mM Spermidine, 2% (w/v) Pharmalyte, 20 tablets (/L) cOmplete
protease inhibitor (Sigma-Aldrich, St. Louis, MO, USA)) as per [14]. The samples were
then sonicated (Branson Digital Sonifier set at 40% amplitude) in 3 bursts and centrifuged
at 7000 rpm for 2 min to remove debris. The supernatant was collected, and protein
concentration was determined using a Bradford assay Coomassie reagent (Bradford Protein
Assay Kit, Thermo Fisher Scientific, Melbourne, Australia) at 595 nm using a 96-well plate
format. Samples were diluted with Laemmli buffer to load 50 µg of protein per lane onto
an acrylamide/bis gel (4% stacking, 12 or 15% running gel), along with a molecular weight
marker [14]. Proteins were separated according to size using electrophoresis (100 V for
1 h) and transferred to PVDF membrane using a Turboblot® (BioRad, Hercules, CA, USA).
The membrane was then incubated in primary antibodies to target autophagy pathway
proteins, including: PhosphoPlus® AMPKα (Thr172) Antibody Duet #8208 (Cell Signalling,
PRKAA/AMPK-alpha; 1:1000), PhosphoPlus® AMPKα (Thr172) Antibody Duet #8208
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(Cell Signalling, PRKAA/AMPK-alpha; 1:1000), mTOR Antibody #2972 (Cell Signalling,
1:1000), Phospho-4E-BP1 (Thr37/46) Antibody #9459 (Cell Signalling, EIF4EBP1/4E-BP1_P
T37,TT46, 1:1000), LC3B (Rabbit, Cell signalling, #43566, 1:1000), Cathepsin D (Cat-D,
rabbit monoclonal, Abcam, Ab75852, 1:2000). Secondary antibodies (anti-rabbit/mouse
HRP) at a 1:1000 dilution in milk-free antibody diluent were applied followed by ECL
reagent (BioRad). Membranes were imaged using a Chemidoc (BioRad). Protein loading
was accounted for by stripping the membrane and probing for the housekeeping protein,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using mouse anti-GAPDH (#G8795,
Sigma-Aldrich, St. Louis, MO, USA) diluted at 1:30,000. Band densitometry was assessed
using the ImageJ-NIH freeware v1.54 and images cropped and presented using Photoshop
(Adobe software, 27.3.1, San Jose, CA, USA). Analysis of the data was performed using
GraphPad Prism Version 10 (GraphPad Software). For comparison of protein expression in
retinas from both rd10 and WT mice, data are presented as mean ± SEM for n = 4 mice in
each age group. Statistical analysis was performed using 2-way ANOVA for group analysis
with p < 0.05 indicating significance.

Bulk RNA sequencing and assessment of Autophagy pathway gene expression
changes: Retinal tissue collection was performed using mice euthanised at postnatal
day 17 and 22 (P17–P22) from n = 6, C57blk6-WT controls and rd10 at each age. Eyes
were enucleated and retinas rapidly dissected. For each biological replicate, a retina
from a single animal was immediately snap-frozen in liquid nitrogen. Total RNA was
extracted from whole retinal tissue using the RNeasy Micro Kit (Qiagen, Hilden, Germany)
following the manufacturer’s protocol. RNA concentration and purity were determined
using a NanoDrop spectrophotometer (Thermo Fisher Scientific), and RNA integrity was
assessed with an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Only
samples with RNA integrity number (RIN) > 7 were used for library preparation at a
concentration > 80 ng/µL was provided for each sample.

RNA libraries were prepared using the Illumina Stranded mRNA Prep workflow and
cDNA libraries were generated and sequenced on the Illumina NovaSeq platform (Illumina,
Inc., San Diego, CA, USA) to generate paired end reads. Raw sequencing reads were aligned
to the mouse reference genome using STAR aligner (Cold Spring Harbor, New York, NY,
USA). Gene-level read counts were quantified for known gene annotations. As the data
presented is only a subset of the RNA-seq data and further publications based on the data
are under consideration, access to this data will be made available on request. Analyses
were performed in R (v4.4.1) with Bioconductor (v3.19) using key packages: org.Mm.eg.db,
GO.db, AnnotationDbi, edgeR, pathview, and for visualisation, pheatmap and ggplot2.
Differential gene expression analysis between treatment groups was performed using the
glmQLFTest and Benjamini–Hochberg control.

Autophagy processes were evaluated specifically, the Gene Ontology parent term
“Autophagy” (GO:0006914) was retrieved from GO.db, and mouse gene membership was
obtained from org.Mm.eg.db. For defining the overall autophagy gene set, GO2ALLEGS
was used to include genes annotated to GO:0006914 and all of its descendant terms. Genes
were mapped by ENTREZID and merged to the results table by AnnotationDbi. Genes
were considered “significant” if the false discovery rate (FDR) < 0.05 at either P17 or
P22. Direction was defined per gene as upregulated if the absolute log2 fold change
(log2FC) > 0 in at least one significant age, or downregulated if log2FC < 0 in at least one
significant age. Autophagy genes overlapping with the GO for cell death were evaluated
and counts presented in a table. In addition, genes involved in calcium homeostasis
and calpain-mediated cell death pathways were independently assessed. A curated list
of 54 calcium/calpain-related genes was compiled, including: calpain family members
(Capn1–15), calpastatin (Cast), voltage-gated calcium channels (Cacna1a–s), store-operated
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calcium entry components (Orai1–3, Stim1–2), calcium exchangers and pumps (Slc8a1–3,
Atp2a1–3, Atp2b1–4), calcium binding proteins (Calm1–3, Calb1–2, Pvalb, S100a1/a6/b),
IP3 receptors (Itpr1–3), ryanodine receptors (Ryr1–3), and mitochondrial calcium uniporter
components (Mcu, Mcub, Mcur1). Gene symbols were mapped to ENTREZID using
org.Mm.eg.db. Genes present in the RNA-seq dataset were filtered for significance (FDR
≤ 0.05 at P17 or P22), and expression patterns were visualised via heatmap. Counts were
log2-transformed as log2(count+1), then standardised per gene across samples (row-wise
z-scores: z = (y − µ)/σ). For visualisation, z-scores were clipped to ±2 to limit the influence
of extreme values on the colour scale. Colours represent relative expression within each
gene (higher or lower than that gene’s mean across samples), not absolute differences
between genes. Because values are row-standardised, between-gene magnitudes are not
comparable; the heatmap highlights within-gene patterns across conditions.

For further analysis of the GO:Autophagy, to make large GO subterm categories
interpretable, Autophagy (GO:0006914) was subdivided hierarchically: 1. Immedi-
ate children of GO:0006914 (biological process branch) were obtained via GOBPCHIL-
DREN (GO.db). 2. For counts at this level, child-term membership was defined using
org.Mm.egGO2ALLEGS to include each child and its descendants. 3. Large child terms
(e.g., “regulation of autophagy”) with greater than 40 significant genes were further split
by their own immediate children (“grandchildren” of GO:0006914). For these sub-children,
direct-only annotations (org.Mm.egGO2EG) were used to reduce redundancy. Genes can
belong to multiple GO terms and overlaps were allowed. For selected Autophagy GOs,
expression heatmaps were rendered using raw read counts transformed as described
above. Only genes with a FDR < 0.05 and log2FC ≥ 1 were plotted. The lysosome GO
(GO:0007040-lysosome organisation) was also investigated

Autophagy KEGG pathway analysis was also completed. Differential expression on
KEGG “Autophagy; animal” (mmu04140) was visualised using the Bioconductor pack-
age pathview. Nodes were split so that each node displayed significant changes at P17
(left) and P22 (right). Colouring was discrete (down = light blue, not significant = white,
up = salmon/red; missing values were rendered grey). As a node may represent multiple
genes, when aggregate nodes had multiple genes with conflicting states, signals were
cancelled to white.

Generative artificial intelligence (GenAI): has been used in this paper to assist with
writing code in R for the purposes of RNAseq analysis. Code for this analysis is available
upon request.

3. Results
The present study uses histological, biochemical, and transcriptomic approaches, to

characterise the temporal dynamics of autophagy, lysosomal function, and cell death across
early (P17), peak (P22), and advanced (P35) stages of rd10 retinal degeneration to identify
early pathological events in the disease process.

3.1. Photoreceptor Nuclei Are Lost Progressively in the rd10 Mouse

To confirm the previously reported time sequence of photoreceptor degeneration in
the rd10 mouse [6], transverse retinal sections from control C57blk6J wildtype (WT) and
rd10 mice were evaluated histologically for changes in the outer nuclear layer (ONL).
Sections were labelled using the nuclei label Hoechst/bisbenzimide imaged on a confocal
microscope (Figure 1). At P17, the ONL in central retina of both WT and rd10 mice was
of similar area (Figures 1A and 1D, respectively); however, by P22 around 50% of nuclei
in the ONL were lost in the rd10 (Figure 1E) and by P35 only 1–2 layers of photoreceptor
nuclei were observed in the ONL in the rd10 (Figure 1F), while the ONL in WT retina
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remained consistent across ages (Figure 1A–C). Quantification of the area of the central
ONL at each age confirmed there was no significant loss of photoreceptor nuclei in the
rd10 at P17 relative to WT; however, photoreceptor degeneration progressed quickly from
there with significant loss of ONL nuclei in the rd10 mice at P22 and P35 (Figure 1G; grey
WT, white rd10; two-way ANOVA; post hoc p < 0.01 at P22 and P35 for WT vs. rd10).
Degeneration of photoreceptors in rd10 retinas follows a central to peripheral gradient,
with peripheral losses slightly delayed [6] and the same pattern of cell loss over time and
across eccentricity was also observed in the present study.

Figure 1. Histological analysis of retina from WT and rd10 mice during development shows loss of
the photoreceptors in the outer nuclear layer (ONL) of rd10 mice by postnatal day 22. Representative
images of central transverse retina from WT at (A) P17, (B) P22, and (C) P35 in comparison to rd10
at (D) P17, (E) P22 and (F) 35 labelled for cell nuclei using (Bisbenzimide, blue) and imaged using
confocal microscopy. (G) Quantitative analysis of ONL area per length of central retina shows that at
P17, the thickness of ONL is similar between WT and rd10. At P22 and P35 there is significant loss of
ONL in rd10 mice relative to age matched WT controls (p < 0.01). Data are expressed as mean ± SEM
for n = 6 mice at each age. Data were analysed using a two-way ANOVA and post hoc between WT
and rd10 with significance shown, n = 6, ** p < 0.01.

3.2. Disruption to Autophagy Processes Are Apparent Histologically from P17 in the rd10 Mouse

Disturbed autophagy function has been linked to photoreceptor death in rd10 mice [10];
however, the course of autophagosome/lysosome processing changes has not been mapped.
To facilitate the visualisation of autophagy processes, LC3-rd10 were generated by crossing
rd10 with RFP-EGFP-LC3 to track the LC3-positive autophagosomes/autolysosomes at P17,
P22 and P35. The combination of GFP and RFP distinguishes between autophagosomes
(both GFP-RFP positive) and autolysosomes (GFP-negative, RFP-positive), allowing insight
into the dynamics of autophagy. Figure 2 shows representative images of the central
transverse retina for native RFP-EGFP fluorescence and Bisbenzimide nuclear dye in blue
for (A) control LC3 at P17, and LC3-rd10 at (B) P17, (C) P22 and (D) P35. Magnification of
the inner segment (IS)/ONL border from A to D (see rectangles) are shown in Figure 2E–P.
In Figure 2E,I,M, arrows of each colour indicate puncta in each of the red (lysosomes,
red arrow) and colocalised (autophagosomes, yellow arrow) images. Magnification of
the ONL regions from A to D are shown in Figure 2Q–Y. Data presented are for central
retina, but the same pattern was observed in peripheral eccentricities and respective control
transgenics (Supplementary Figure S1, Control RFP-EGFP-LC3 at P22 and P35). Notably,
autophagosome and autolysosome puncta appeared more plentiful from P17 (Figure 2B,F,R)
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and also more numerous and larger at P22 (Figure 2C,G,S) and P35 (Figure 2D,H) in rd10
retinas. This suggestion is supported by Supplementary Figure S2, which shows batch
puncta analysis on the IS/ONL images from Figure 2E–P. Additionally, labelling was
strongest in the ONL and at the base of the inner segments, and less apparent in the inner
retina, consistent with photoreceptor expression rather than Müller cell, microglial or other
neuronal labelling.

Figure 2. The autophagy–lysosomal pathways were investigated in the retina of RFP-GFP-LC3 and
RFP-GFP-LC3-rd10 mice using super-resolution confocal microscopy at P17, P22 and P35. Native
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fluorescence in the RFP-EGFP-LC3 mice can be used to assess for changes in the number and
size of autophagosomes (EGFP/RFP, yellow puncta) and autolysosomes (RFP, red puncta). (A–D)
Representative confocal images depict (A) P17 RFP-EGFP-LC3 control, and RFP-EGFP-LC3-rd10 at
(B) at P17 when photoreceptor thickness was similar to controls and (C) at P22 and (D) P35 when
significant reduction in photoreceptor layers was observed. In rd10 transgenics, at all ages there was
an apparent increase in the number and size of autophagosomes and also autolysosomal changes
compared with control RFP-EGFP-LC3 mice, which can be observed more clearly in magnified
images taken from the inner segment/outer nuclear layer junction ((E–H), Red/Green/Colocalised;
(I–L), Green channel in greyscale; (M–P) Red channel in greyscale) and the outer nuclear layer
((Q–S), Red/Green/Colocalised; (T–V), Green channel in greyscale; (W–Y) Red channel in greyscale).
Images are presented from central retina, scale bars 25 µm. (A–F) IS/OS, photoreceptor inner and
outer segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer.
Arrows of each colour indicate puncta in each of the red (lysosomes, red arrow) and colocalised
(autophagosomes, yellow arrow) images.

The number and size of autophagosome puncta, identified as colocalised RPF-EGFP,
were quantified in each layer of the retina at P17, P22, and P35 in control and rd10 transgen-
ics. Representative analysis outcomes are presented in Supplementary Figure S2. Figure 3
shows the quantification of RFP-EGFP positive puncta in the central retina (A) IS/OS,
(B) ONL and (C) outer plexiform layer (OPL) and peripheral retina (D) IS/OS, (E) ONL,
and F) OPL in LC3-control (black) and LC3-rd10 (white) animals. In rd10 animals, in the
central retina, there was a significant increase in autophagosome number in the IS/OS,
ONL and OPL at almost all ages investigated (Figure 3A–C). In peripheral retina, a similar
trend was observed (Figure 3D–F). Generally, the density of autophagosome was higher
in the IS/OS and ONL compared with the OPL. Figure 4 shows the changes in size of
RFP-EGFP positive puncta in the central retina (A) inner/outer segments (IS/OS), (B) ONL
and (C) outer plexiform layer (OPL) and peripheral retina (D) IS/OS, (E) ONL, and (F)
OPL in LC3-control (black) and LC3-rd10 (white) animals. While there was a general trend
towards increased autophagosome size in rd10 retina, only in the central ONL of rd10 mice
was there a significant increase in puncta size and this was observed at P17, P22 and P35
(Figure 4B). These data suggest there are early changes in autophagosome number and size
in the photoreceptors of rd10 at P17 prior to overt loss of photoreceptor nuclei.

Autolysosomes, identified as RPF-positive, EGFP-negative puncta, were assessed
for number and size in each layer of the retina at P17, P22, and P35 in control and rd10
transgenics. Figure 5 shows the quantification of RFP positive autolysosome puncta in the
central retina (A) IS/OS, (B) ONL and (C) OPL and peripheral retina (D) IS/OS, (E) ONL,
and (F) OPL in LC3-control (black) and LC3-rd10 (white) animals. As was observed for
autophagosome number, in the central and also peripheral retina there was a significant
increase in autolysosome number in the IS/OS, ONL and OPL of rd10 animals at almost all
ages investigated (Figure 5A–F). The size of autolysosomes was also investigated and the
data shown in Figure 6. The size of RPF-positive autolysosome puncta was increased in all
layers of the central retina, including the (A) IS/OS, (B) ONL and (C) OPL but never at P17
and only from P22 onwards. A similar trend was observed in peripheral retina (D) IS/OS,
(E) ONL, and (F) OPL in LC3-control (black) and LC3-rd10 (white) animals. Additionally,
we investigated the ratio of autolysosome number (red) to autophagosomes (yellow) as a
potential measure of autophagy flux (Supplementary Figure S3). There were no apparent
changes in this ratio at P17 in any layer or eccentricity. However, in the central ONL at P22
and P35 there was a significant increase in autophagosomes to autolysosomes in the rd10,
suggesting an upregulation of autophagy without supporting autolysosome degradation.
Overall, these data suggest there are early changes in autolysosome number from P17 and
an increase in autolysosome size suggesting accumulation of waste from P22 that occur
during the retinal degeneration process in the rd10 mouse.
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Figure 3. RFP-EGFP positive-autophagosome puncta number was increased in all photoreceptor
layers in LC3-rd10 in comparison to LC3 mice from P17. (A–C) In central regions, the number of
EGFP-RFP positive autophagosomes were significantly higher LC3-rd10 at P17, P22 and P35 in
(A) IS/OS, and (B) ONL but in (C) OPL, differences in autophagosome numbers were detected at P17
and P22 but not P35. (D–F) In peripheral regions, increased autophagosome numbers were evident
in LC3-rd10 mice at P17, P22, and P35 in both (E) ONL and (F) OPL, while in (D) IS/OS only at P22
and P35. All data are expressed as mean ± SEM for n = 6 mice at each age. Data were analysed
by two-way ANOVA and post hoc between control versus rd10 shown for p values < 0.05 (*) and
p values < 0.01 (**) considered significant. IS/OS, photoreceptor inner and outer segment; ONL, outer
nuclear layer; OPL, outer plexiform layer.

Figure 4. RFP-EGFP positive-autophagosome puncta size was increased in the ONL of the photore-
ceptor layers in LC3-rd10 in comparison to LC3 mice from P17. (A–C) In central regions, the size
of EGFP-RFP positive autophagosomes were significantly bigger LC3-rd10 at P17, P22 and P35 in
(B) ONL, but not the (A) IS/OS or (C) OPL. (D–F) In peripheral regions, no significant changes in
EGFP-RFP-positive autophagosomes puncta size were observed at any age. All data are expressed
as mean ± SEM for n = 6 mice at each age. Data were analysed by two-way ANOVA and post
hoc between control versus rd10 shown for p values < 0.05 (*) and p values < 0.01 (**) considered
significant. IS/OS, photoreceptor inner and outer segment; ONL, outer nuclear layer; OPL, outer
plexiform layer.
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Figure 5. RFP-positive-autolysosome puncta number were increased in all photoreceptor layers in
LC3-rd10 in comparison to LC3 mice from P17. (A–C) In central regions, the number of RFP positive
autolysosomes were significantly higher LC3-rd10 at P17, P22 and P35 in (A) IS/OS, and (B) IONL
but in (C) OPL, differences in autolysosome numbers were detected at P17 and P22 but not P35. (D–F)
In peripheral regions, increased autolysosome numbers were evident in LC3-rd10 mice at P17, P22,
and P35 in both (D) IS/OS, and (E) ONL and while in (F) OPL at P17 and P22 only. All data are
expressed as mean ± SEM for n = 6 mice at each age. Data were analysed by two-way ANOVA and
post hoc between control versus rd10 shown for p values < 0.05 (*) and p values < 0.01 (**) considered
significant. IS/OS, photoreceptor inner and outer segment; ONL, outer nuclear layer; OPL, outer
plexiform layer.

Figure 6. RFP-positive-autolysosome puncta size was increased in the all of the photoreceptor layers
in LC3-rd10 in comparison to LC3 mice from P22. (A–C) In central regions, the size of RFP-positive
autolysosomes was significantly increased LC3-rd10 at P22 and P35 in (B) ONL, and only at P35 in (A)
IS/OS and (C) OPL. (D–F) In peripheral regions, a similar pattern was observed to that in the central
retina, however, (F) no significant changes were observed in autolysosome size in the peripheral OPL.
All data are expressed as mean ± SEM for n = 6 mice at each age. Data were analysed by two-way
ANOVA and post hoc between control versus rd10 shown for p values < 0.05 (*) and p values < 0.01
(**) considered significant. IS/OS, photoreceptor inner and outer segment; ONL, outer nuclear layer;
OPL, outer plexiform layer.
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3.3. Molecular Pathways That Regulate Autophagy Are Disrupted from P17 in the rd10 Mouse

To further identify the underlying molecular pathway changes that might contribute
to the autophagosome and lysosome processes identified histologically, a range of proteins
were assessed via Western blot (Figure 7) and differential gene expression for genes involved
in the autophagy processes were evaluated from a bulk RNAseq dataset (Figures 8–11
and Supplementary Figures S4–S6) at P17 and P22 in WT and rd10 whole retina samples.
In Figure 7A, representative Western blots for AMP-activated protein kinase (AMPK),
p-AMPK, mammalian regulator of mechanistic target of rapamycin or mammalian target of
rapamycin (mTOR), eukaryotic initiation factor 4E binding protein 1 (EIF4EBP1), LC3 and
cathepsin-D (cath-D) are presented for rd10 and WT at P17 (Figure 7A) and P22 (Figure 7B).
Band densitometry for each protein was normalised to GAPDH expression for n = 4
samples. Subsequent quantification showed that there was no change in AMPK (Figure 7C)
or p-AMPK (Figure 7D) between WT and rd10, nor was there a change in the ratio of p-
AMPK/AMPK (WT-P17, 1.11 ± 0.20; rd10-P17, 0.84 ± 0.14; WT-P22, 1.15 ± 0.20; rd10-P22,
0.86 ± 0.13; Mean ± SEM for n = 4; Two-way ANOVA, genotype, p = 0.09 and age, p = 0.85).
However, there was a significant downregulation in mTOR apparent at P17 in rd10 retina
(Figure 7E). Consistent with reduced mTOR signalling, phosphorylated mTOR (p-mTOR)
at P22 was also significantly decreased in rd10 retina relative to WT (p-mTOR/GAPDH: WT
0.818 ± 0.085, rd10 0.389 ± 0.057; n = 4; Mean ± SEM for t-test, p = 0.004; Supplementary
Figure S4). For both EIF4EBP1 (Figure 7F) and Cath-D (Figure 7H), there was a significant
increase in protein expression at P22 in rd10 mice; however, due a large variability between
samples, the LC3-II to LC3-I ratio showed no change in whole retinal protein at either P17
or P22 between WT and rd10 (Figure 7G).

Further detailed differential gene expression (DEG) changes in the autophagy path-
ways were evaluated using over-representation analysis using bulk RNAseq on whole
retina from WT and rd10 at P17 and P22. (n = 6 each group). The first analysis was to
specifically target genes associated with the Gene ontology (GO) group of autophagy. Of
the 505 genes in the GO:0006914 (autophagy), at P17, 52 were upregulated and 21 were
downregulated; however, by P22 the number of genes regulated increased to 130 up and
155 down, suggesting a shift in autophagy process as degeneration progresses (Table 1).
In Figure 8, these changes are presented using a volcano plot of the fold change spread of
genes regulated relative to the FDR in Figure 8 for P17 (Figure 8A) and P22 (Figure 8B).
Additionally, a list of all the regulated genes under the GO: autophagy is presented in the
Supplementary Results (Supplementary Table S1).

To further explore the autophagy gene changes over time and relative to cell death,
genes under the GO:autophagy were evaluated for overlap at each age and, also against
presence in the GO:cell death (Table 1). Over different ages, of the 247 genes with a
significant FDR under the GO:autophagy only, either genes were regulated at both time
points (71) showing complete overlap at P17 and P22, or at P22 only (174). A total of
only two “early responder” genes were regulated at P17 but not P22, and these were
Srpx and Usp13, which were downregulated. Additionally, significant genes under the
GO:autophagy were compared with the GO:cell death and a total of 92 were found to
overlap. Some of these were regulated at both ages (37) but many were found at P22 only
(54). Indeed, there were practically no genes at P17 that were not regulated at P22 also (one
downregulated, Srpx), suggesting that cell death processes initiated at P17 are maintained
and greatly expanded at P22.

To address the potential involvement of calcium-dependent calpain proteases in
driving autophagy–lysosomal dysfunction and cell death, as has been shown in the rd10
previously [10], we interrogated our RNA-seq dataset for calpain family members and
key calcium homeostasis genes. Of 54 calcium/calpain-related genes queried, 20 were
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significantly differentially expressed (FDR ≤ 0.05) at P17 and/or P22 (Supplementary
Figure S5; Supplementary Table S2). Notably, the major calpain isoforms Capn1 (1.7-fold
increase at P22), Capn2 (1.5-fold increase at P22), and Capns1 (calpain small subunit 1, 1.8-
fold increase at P22) were significantly upregulated at both P17 and P22, while Capn3 was
upregulated specifically at P22 (Supplementary Figure S5). Additionally, store-operated
calcium entry components (Orai1, Orai3) and calcium binding proteins (S100a1, S100a6)
were upregulated also (Supplementary Figure S5). These findings are consistent with
previous reports of calpain activation in rd10 retina [10] and support a role for calcium-
dependent proteolysis in the pathogenesis of photoreceptor degeneration in this model.

Figure 7. Protein expression changes consistent with disruption of autophagy processes occur in rd10
retina from P17. (A,B) Whole retinal samples were separated by size by SDS page and analysed by
Western blot for a range of autophagy related proteins in rd10 and WT at postnatal day 17 (P17) (A)
and at P22 (B). Densitometry quantification of bands for (C) p-AMPK and (D) AMPK showed no
significant change by genotype or age. (E) mTOR levels were significantly lower in rd10 animals at
P17. (D–F) Both EIF4EBP1 (F) and Cathepsin-D (H) were upregulated in rd10 retina at P22; however,
no consistent change was observed in the ration of LC3-II to LC3-I (G). All data are expressed as
mean ± SEM for n = 4 mice at each age. Data were analysed by two-way ANOVA and post hoc
between WT versus rd10 shown for p values < 0.05 (*), p values < 0.01 (**), and p values < 0.001 (***)
considered significant. AMP-activated protein kinase (AMPK), phosophorylated-AMPK (p-AMPK),
mammalian regulator of mechanistic target of rapamycin or mammalian target of rapamycin (mTOR),
eukaryotic initiation factor 4E binding protein 1 (EIF4EBP1), microtubule-associated protein 1 light
chain 3 (LC3) and cathepsin-D (cath-D), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
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Figure 8. Volcano plots of differentially expressed genes at (A) P17 and (B) P22 in rd10 retina from
the GO:autophagy. Each point represents a gene, plotted by log2 fold change (x-axis) and statistical
significance as −log10 FDR (y-axis). Red points indicate significantly upregulated genes (FDR < 0.05,
logFC > 0), blue points indicate significantly downregulated genes (FDR < 0.05, logFC < 0), and
grey points represent genes with no significant change. The horizontal dashed line marks the FDR
significance threshold (0.05). Top five differentially expressed genes are labelled.

To further investigate the cellular processes involving autophagy–lysosomal dysfunc-
tion that were occurring in both P17 and P22, dot plots for DEG counts in rd10 that were
upregulated (salmon) or downregulated (blue) are presented for the parent GO:Autophagy
in Figure 9A, and in subsequent children of autophagy when the DEG count was over
40 (Figure 9B–D). This included regulation of autophagy (B), macroautophagy (C) and
positive-regulation of autophagy (D). Overall, of the 505 genes in the GO:0006914 (au-
tophagy), a total of 149 were upregulated and 125 were downregulated at either P17 or
P22 in the rd10 retina (Supplementary Table S1). In Figure 9A, the largest number of DEGs
under GO:0006914 (autophagy) were DEGs involved in regulation of autophagy, followed
by macroautophagy, positive and negative regulation of autophagy, autophagy of mito-
chondrion, microautophagy, peroxisome autophagy, and chaperone mediated autophagy.
Further exploration of the children of GO:0006914 (autophagy) indicated that processes
involved in the regulation of autophagy (Figure 9B) were particularly influenced by upreg-
ulation of gene expression involved in both positively and negatively regulating autophagy.
Further exploration of macroautophagy (Figure 9C) and positive regulation of autophagy
(Figure 9D) showed that these processes could be further subdivided under subterms with
DEGs relevant to a range of subprocesses, such as autophagosome maturation, mitophagy,
reticulophagy/ER overload, glycophagy, peroxphagy and aggrephagy being highlighted.
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Figure 9. Gene ontology: Autophagy pathway analysis shows gene expression changes consistent
with disruption of autophagy and lysosomal degradation processes occur in rd10 retina from P17.
Whole retinal samples were processed for RNAseq and differentially expressed genes (DEGs) from
the gene ontology GO:autophagy (0006914) were considered for rd10 relative to WT at P17 and at
P22. (A) Dot plot showing GO Autophagy for upregulated (salmon) and down regulated (blue) gene
pathways in rd10 retina. Subterms/Children under the Autophagy GO are on the Y-axis, while
number of genes regulated related to each term are shown on the X-axis. Due to the large number of
regulated genes, sub-subterms/grandchildren under the Autophagy GO were also plotted as dot
plots for (B) regulation of autophagy, (C) macroautophagy, and (D) positive regulation of autophagy.
Genes were considered “significant” if FDR < 0.05 at either P17 or P22. Direction was defined per
gene as upregulated if log2FC > 0 in at least one significant age, or downregulated if log2FC < 0 in at
least one significant age.
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Figure 10. Heatmaps for genes under the gene ontology term Autophagy and its subterms/children
that were upregulated (A,C,E,G,I,K,L) and downregulated (B,D,F,H,J) in rd10 retina relative to WT

https://doi.org/10.3390/cells15040345

https://doi.org/10.3390/cells15040345


Cells 2026, 15, 345 17 of 30

at either P17 or P22. Only genes with a false discovery rate (FDR) < 0.05 and absolute log2 fold
change (logFC) ≥ 1 are presented. Expression data were log2-transformed and z-score normalised
per gene across samples. Z-scores were clipped to ±2 for visualisation where red is upregulated, and
blue is downregulated. Each square represents an individual sample for WT control (e.g., C17_1, is
an individual sample from WT at P17) and rd10 (e.g., R17_1 is an individual sample from Rd10 at
P17). Colours represent relative expression within each gene (deviation from gene-specific mean).
Because values are row-standardised, between-gene magnitudes are not comparable; the heatmap
highlights within-gene patterns across conditions.

Figure 11. Gene expression changes consistent with disruption of autophagy processes occur in rd10
retina from P17. Differential expression on KEGG “Autophagy; animal” (mmu04140) was visualised
using the Bioconductor package pathview. Nodes were split so that each node displayed significant
changes at P17 (left) and P22 (right). Colouring was discrete (down = light blue, not significant =
white, up = salmon/red; missing values were rendered grey). As a node may represent multiple
genes, when aggregate nodes had multiple genes with conflicting states, signals were cancelled to
white. The pathview runs in a left to right view of processes on the left, driving gene changes that
feed into autophagy processes on the right and down into autophagy–lysosomal fusion and cargo
digestion in the bottom right. It illustrates sequential steps of autophagosome initiation, nucleation,
expansion, and lysosomal fusion, highlighting key regulatory nodes, such as mTOR, PI3K, AMPK,
ULK1, Beclin1, ATG proteins, and LC3 processing.
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Table 1. Count of differentially expressed genes in rd10 relative to control.

Analysis GO:Autophagy Gene Count
Total significant autophagy genes 247

UP at P17 and DOWN at P22 (exhausted) 0

DOWN at P17 and UP at P22 (activated) 0

UP at both timepoints (sustained) 52

DOWN at both timepoints (sustained) 19

UP only at P17 (early responders) 0

DOWN only at P17 (early responders) 2

UP only at P22 (late activation) 78

DOWN only at P22 (late suppression) 96
Autophagy-cell death overlap Gene Count
Total significant autophagy genes 92

UP at P17 and DOWN at P22 (exhausted) 0

DOWN at P17 and UP at P22 (activated) 0

UP at both timepoints (sustained) 26

DOWN at both timepoints (sustained) 11

UP only at P17 (early responders) 0

DOWN only at P17 (early responders) 1

UP only at P22 (late activation) 24

DOWN only at P22 (late suppression) 30

In Figure 10, heatmaps for the DEGs with FDR < 0.05 and logFC ≥ 1 fold change
are presented based on subterms/children of the GO term autophagy. Genes that were
significantly regulated under the subterm “regulation of autophagy” are presented for
upregulated (33 genes; Figure 10A) and downregulated genes (7 gene; Figure 10B). Many
of these genes also fit under the other autophagy subterms “positive regulation of au-
tophagy” (Figure 10C, upregulated; Figure 10D, downregulated), “negative regulation
of autophagy” (Figure 10E, upregulated; Figure 10F, downregulated), “macroautophagy”
(Figure 10G, upregulated; Figure 10H, downregulated), “autophagy of mitochondrion”
(Figure 10I, upregulated; Figure 10J, downregulated), “chaperone-mediated autophagy”
(Figure 10K, upregulated) and “protein targeting to vacuole involved in autophagy” (Fig-
ure 10L, upregulated) with the main finding that processes driving positive regulation
of autophagy (Figure 10C) were most regulated at P22 but also apparent at P17, prior
to photoreceptor loss in the rd10 retina. To further explore the autophagy process, the
lysosome GO (GO:0007040-lysosome organisation) was also investigated. Of the 102 po-
tential genes listed under this GO, 53 genes were significantly regulated, 36 upregulated
and 22 downregulated. In Supplementary Figure S6, dot plots for DEG counts in rd10
that were upregulated (salmon) or downregulated (blue) are presented for the parent GO:
Lysosome (Supplementary Figure S6). Processes associated with regulation of lysosome
pH, phagolysosome assembly, and regulation of lysosome organisation were the most
regulated. For these GO subterms, heatmaps for the DEGs with FDR < 0.05 and logFC ≥ 1
fold change are presented in Supplementary Figure S6B–E. The main finding was that, like
for the autophagy GO, genes driving positive regulation of lysosome processes were most
upregulated at P22.

Finally, KEGG analysis was completed under the term “Autophagy; animal”
(mmu04140) and rendered by Pathview using the programming language R (Figure 11).
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Nodes were split so that each node displayed significant changes in rd10 at P17 (left) and P22
(right). Colouring was discrete (down = light blue, not significant = white, up = salmon/red;
missing values were rendered grey). Pathways leading into autophagy, including receptor
driven process (e.g., Insulin Growth factor receptor, IGFR), hypoxia, nutrient starvation,
protein processing in the endoplasmic reticulum (ER) and finally reactive oxygen species
(ROS), are shown on the left of the figure. Receptor driven processes contributing to protein
kinase B upregulation (AKT, Akt1/2/3; P17 and P22) and negative regulation of the TSC
complex (Tsc1/2; P22) are apparent. Similarly low energy and ROS processes driving
downregulation of Liver kinase B (LKB1, encoded by Stk11; P22) and downregulation of
genes associated with protein processing in the ER (Ca2+/calmodulin-dependent kinase
kinase (CaMKK), Tissue Growth Factor-β-activated kinase 1 (TAK1/Map3k7)), as well as
the ER stress sensor inositol-requiring enzyme 1 (IRE1), converge on AMP-activated pro-
tein kinase (AMPK, Prkaa1/2) and all converge on the master regulator of cellular energy
AMPK, which is downregulated (P22). AMPK downregulations also contribute to negative
regulation of the TSC complex (P22). These pathways combine and converge to drive a
downregulation of the mammalian target of rapamycin mTORC1 complex genes at P22,
which is a negative regulator of autophagy, contributing to upregulation of autophagy
processes (LC3 node–upregulated at P17 and P22). Consistent with mTOR pathway dys-
regulation, the mTOR downstream target Eif4ebp1 (encoding eukaryotic initiation factor
4E-binding protein 1, EIF4EBP1/4E-BP1) was significantly upregulated at both P17 (2.6 fold,
FDR = 7.3 × 10−4) and P22 (5 fold, FDR = 3.4 × 10−8) in the broader RNA-seq dataset,
consistent with the increased total EIF4EBP1 protein observed by Western blot at P22
(Figure 7F). There was also an upregulation of Ubiquitin (Ub) for tagging of protein cargo
substrates for degradation (P22), further contributing to LC3 cargo recognition to enhance
autophagy processes. Gene regulation associated with autophagosome-lysosome fusion
and cargo processing (lower right of pathway map) generally showed an upregulation at
P17 and P22 of both lysosome recognition genes (e.g., Lamp, Rab7, Vamp8, Stx17; KEGG
nodes LAMP, Rab7, VAMP8, STX7) and lysosome degradation of cargo (cathepsins Ctsd,
Ctsl, Ctsb; KEGG nodes CTSD, CTSL, CTSB). Overall, the KEGG analysis is consistent
with the histological and protein analysis presented, showing autophagy and lysosomal
processes are dysregulated in the rd10 retina at both P17 and P22, with greater drive of the
system occurring at P22.

4. Discussion
This study provides the first comprehensive spatiotemporal characterisation of

autophagy–lysosomal pathway dysfunction during photoreceptor degeneration in the rd10
mouse model of inherited retinal degeneration. Using a combination of super-resolution
imaging of LC3 reporter mice, protein quantification, and transcriptomic analysis, we
demonstrate that disruption of autophagy processes precedes large scale photoreceptor
loss, with significant alterations evident at P17. These findings support our hypothesis that
impaired cellular waste clearance contributes to photoreceptor death in inherited retinal
degenerations and identify early pathological events that may serve as therapeutic targets.

4.1. Early Disruption of Autophagy Precedes Photoreceptor Loss

A key finding of this study is that autophagy–lysosomal dysfunction is detected
at P17, prior to significant photoreceptor loss in the ONL of the rd10 mouse. At this
timepoint, we observed an increased number of autophagosomes across all photoreceptor
compartments (IS/OS, ONL, and OPL) and increased autophagosome size specifically in
the ONL. Similarly, the number of autolysosomes was elevated at P17, though autolysosome
size increases were not apparent until P22. These histological changes were accompanied
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by molecular alterations, including downregulation of mTOR protein expression at P17
and widespread differential expression of autophagy-related genes at both P17 and P22.

The early increase in the number of autophagosomes and autolysosomes could reflect
either increased autophagy induction or impaired clearance. Our data support both, show-
ing upregulation of genes involved in positive regulation of autophagy at both timepoints
but dysregulation of lysosomal storage, with the most pronounced changes at P22. KEGG
pathway analysis revealed downregulation of mTORC1 complex genes at P22, consistent
with relief of autophagy suppression. The mTOR pathway is a master negative regulator
of autophagy, and its inhibition typically promotes autophagosome formation [11]. Our
Western blot data showing decreased mTOR protein at P17 further supports early activa-
tion of autophagy in response to cellular stress in rd10 photoreceptors. These findings
are consistent with previous reports showing that progressive neurodegeneration in the
rd10 mouse retina is linked to early disturbances in proteostasis and autophagy, occurring
before large-scale photoreceptor degeneration [10,15].

However, the subsequent increase in autophagosome and autolysosome size at P22
and P35, coupled with increased cathepsin-D gene and protein expression, suggests that
while autophagy is initially upregulated, the system becomes overwhelmed as degeneration
progresses. This pattern is consistent with a model in which photoreceptors mount an early
compensatory autophagy response that ultimately fails to keep pace with accumulating
cellular damage [10,16]. The concept of an autophagy “traffic jam,” where markers are
elevated due to slowed processing rather than enhanced induction, has been proposed in
retinal degeneration [16,17], and our data showing progressive increases in autophagosome
and autolysosome size support this interpretation.

4.2. Spatial Patterns of Autophagy Dysfunction in Photoreceptor Compartments

Retinal layer-specific analysis revealed distinct patterns of autophagy–lysosomal dys-
function across photoreceptor compartments. The most consistent changes were observed
in the ONL, where the numbers of both autophagosomes and autolysosomes were sig-
nificantly elevated at all timepoints examined, and autophagosome size was increased
from P17 onwards. In contrast, changes in the IS/OS and OPL showed more variable
patterns across ages and retinal eccentricities. These variable patterns in the IS/OS and
OPL likely reflect the high metabolic activity and mitochondrial/organelle density within
photoreceptor inner segments and synaptic terminals, where autophagy–lysosomal path-
ways may be differentially activated in response to localised cellular stress and protein
homeostasis demands during progressive degeneration. For example, the lower autophago-
some/autolysosome numbers in the OPL relative to the other photoreceptor layers, perhaps
relates to a regional requirement involved in synapse stability [18].

The prominence of autophagy alterations in the ONL is noteworthy, as this compart-
ment contains the photoreceptor cell bodies and nuclei. Autophagy plays a crucial role
in maintaining photoreceptor structure and function by removing damaged organelles
and proteins [17]. The accumulation of autophagosomes and autolysosomes in the ONL
may reflect attempts to clear damaged cellular components in the cell body. These findings
are consistent with previous work in a mouse model with lysosomal storage dysfunction
(CLN6 mutation) and early photoreceptor degeneration, which showed that photoreceptors
are particularly sensitive to intracellular waste accumulation [9]. In these mice, accumula-
tion of LC3-positive autophagosomes and LAMP1-positive lysosome in the IS/OS and also
the ONL specifically was found to contribute to the photoreceptor degeneration process [9],
possibly due to the tight packing of these cells and lack of space for waste storage.

The IS/OS compartment, which contains the photoreceptor inner segments with mito-
chondria/high metabolic activity and the outer segments with continuous disc membrane
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turnover, also showed significant increases in autophagosome and autolysosome num-
bers, though size changes were less consistent. This is relevant given that the primary
defect in rd10 mice, loss of PDE6B function, leads to elevated cGMP levels and disrupted
phototransduction specifically in the outer segments [5,6]. Efficient autophagy is indis-
pensable for managing oxidative stress and metabolic demands in highly active cells like
photoreceptors, and degradation of phototransduction proteins via autophagy is necessary
to prevent retinal degeneration [16,17]. The high metabolic demands of photoreceptors
also make them particularly reliant on mitophagy to eliminate damaged mitochondria and
trigger mitochondrial biogenesis [19]. Our transcriptomic data showing upregulation of
mitophagy-related genes supports the involvement of this selective autophagy pathway in
the rd10 response.

4.3. Autophagy-Cell Death Pathway Convergence at Peak Degeneration

A striking finding from our transcriptomic analysis was the extensive overlap between
autophagy and cell death pathways, with 92 genes annotated to both GO:0006914 (au-
tophagy) and GO:0008219 (cell death). Temporal analysis revealed that this autophagy–cell
death convergence intensifies dramatically at P22, coinciding with peak photoreceptor loss.
Of these 92 genes, 50 were upregulated at P22 (26 sustained from P17, 24 P22-specific),
while 30 were downregulated exclusively at P22. This pattern suggests that while some
autophagy-associated cell death mechanisms are activated early and sustained, the majority
are recruited specifically during the peak degenerative phase, consistent with a transition
from compensatory autophagy to autophagy-associated cell death.

At P22, the specific pattern of gene regulation within this overlapping autophagy–cell
death set supports a shift from predominantly protective autophagy towards pathways
that favour cell death. Of course, some cell death genes are regulated at P17 and P22,
including several upregulated genes at P17 that encode canonical inflammasome and apop-
totic mediators, including Casp1 and Pycard (ASC protein). These genes, which are core
components of caspase-1–dependent inflammasome signalling, have been implicated in
photoreceptor loss and inflammatory retinal degeneration in models of photo-oxidative
damage and age-related macular degeneration [20,21]. In parallel, persistent upregula-
tion of Bid, Dap and Trp53 is consistent with engagement of intrinsic apoptotic pathways
downstream of mitochondrial and DNA damage [22]. In contrast, a substantial subset of
the 30 genes downregulated only at P22 are associated with autophagy cargo recognition
and autophagosome maturation, suggesting loss of protective autophagy pathways. These
include Optn (optineurin), a selective autophagy receptor that binds ubiquitinated cargo
and LC3 to mediate mitophagy and aggregate clearance, with loss-of-function mutations
linked to impaired mitophagy and neurodegeneration [23]. In addition, other autophagy
genes that are downregulated at P22, such as Nbr1, a ubiquitin- and LC3-binding autophagy
receptor that cooperates with p62 to clear protein aggregates and damaged organelles [24]
and Uvrag, a Beclin1-interacting factor that promotes autophagosome maturation and
endosome–lysosome fusion complex [25], further support this interpretation. Downreg-
ulation of these protective autophagy mediators at P22, suggests that photoreceptors
progressively lose the capacity to complete autophagic flux precisely at the stage when
inflammasome- and apoptosis-associated genes are maximally induced. Taken together,
these data imply that photoreceptor death in rd10 is not driven by uncontrolled or excessive
autophagy per se, but rather by ineffective lysosomal degradation of accumulated cargo
due to failure of autophagosome recognition, maturation and delivery, with cell death
occurring in the context of this impaired degradative clearance.
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4.4. Molecular Pathways Driving Autophagy Dysregulation

Integrated analysis of protein expression and transcriptomic data provides insight
into the molecular mechanisms driving autophagy dysfunction in rd10 retina. KEGG
pathway analysis revealed convergent regulation of autophagy through multiple upstream
pathways, including receptor-mediated signalling (upregulation of AKT, Akt1/2/3 at P17
and P22), energy sensing (downregulation of Lkb1 at P22), and endoplasmic reticulum
stress responses (downregulation of CaMKK, Camkk1/2; TAK1, Map3k7; and IRE1, Ern1 at
P22). These pathways converge on AMPK (Prkaa1/2), a master regulator of cellular energy
homeostasis that was downregulated at the transcriptional level at P22. While our Western
blot analysis did not detect significant changes in total AMPK or p-AMPK protein levels
or LC3, this may reflect the limitations of sample size (n = 4). The transcriptomic data
showed downregulation of AMPK pathway genes specifically at P22, and this may be more
relevant due to increased statistical power (higher n = 6 in each group) and sampling of a
larger number of genes in a given pathway. Low AMPK is a known driver of autophagy
processes, commonly signalling via the mTOR complex [19,26].

The mTOR signalling complex plays a central role in regulating autophagy, and in-
hibition of mTOR signalling can activate autophagy, which may protect photoreceptors
by removing damaged macromolecules and relieving energy stress [19,26]. The down-
regulation of mTORC1 complex genes at P22, confirmed by decreased mTOR protein at
P17 and p-mTOR at P22 is consistent with relief of autophagy suppression [27]. However,
the simultaneous upregulation of EIF4EBP1 protein at P22 suggests complex regulation
of mTOR downstream targets. EIF4EBP1 is normally phosphorylated and inactivated
by mTOR [27]; thus, its increased expression may represent a compensatory response to
maintain translational control despite reduced mTOR activity. Recent studies have shown
that EIF4EBP1 activation can enhance protein quality control and proteasomal function in
autophagy-deficient conditions [27–29], suggesting that increased EIF4EBP1 expression
in the rd10 retina may serve a protective role by shifting protein degradation from the
overwhelmed autophagy–lysosomal pathway to the proteasome.

The involvement of ER stress in rd10 pathogenesis is also relevant, as misfolded pro-
teins can accumulate in the ER, activating the unfolded protein response (UPR) [15,30].
In retinitis pigmentosa caused by rhodopsin mutations, misfolded rhodopsin leads to ER
stress and activates the IRE1 branch of the UPR [15,16]. Our observation of downregulated
Ern1 (IRE1) at P22 suggests that the UPR may be dysregulated at later stages of degen-
eration. Prolonged activation of the UPR can reduce protein synthesis and trigger cell
death through pro-apoptotic pathways potentially contributing to the photoreceptor loss
observed at P22 and beyond. Consistent with a role for ER-associated stress signalling in
regulating autophagic clearance in rd10, Yang et al. reported that loss of the sigma-1 recep-
tor (S1R), an ER-resident chaperone, exacerbated rod degeneration in rd10/S1R−/− mice
leading to impaired mitochondrial clearance and altered autophagy-related markers [31].
Finally, the upregulation of ubiquitin-related genes at P22 further supports increased tar-
geting of ubiquitinated protein substrates for autophagic degradation, suggesting that the
proteasome is also overwhelmed. The autophagy receptor p62/SQSTM1, which binds
to ubiquitinated proteins and facilitates their clearance through autophagy, likely plays
a critical role in this process, and accumulation of SQSTM (Sqstm1; KEGG analysis) is
consistent with an impaired autophagic flux in the retina [9].

4.5. Lysosomal Function and Cargo Processing

A critical question raised by our findings is whether the increased number and size of
autolysosomes reflect enhanced degradative capacity or impaired lysosomal function. The
upregulation of lysosomal genes, including multiple cathepsins (CTSD, Ctsd; CTSL, Ctsl;
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CTSB, Ctsb) and lysosomal membrane proteins (LAMP, Lamp1/2/3; RAB7, Rab7; VAMP8,
Vamp8; STX7, Stx7), suggests active transcriptional responses to support lysosomal function.
In keeping with this, increased Tfeb transcript levels were observed in the current data
set at P17 and P22 (Supplementary Table S1). Upregulation of Tfeb together with coor-
dinated lysosomal gene upregulation are consistent with activation of the mTOR–TFEB
axis as a driver of enhanced lysosomal biogenesis in rd10 retina [32]. We interpret these
transcriptomic changes as supportive, albeit indirect, evidence in the absence of TFEB
protein/phosphorylation measurements in this study. The increased cathepsin-D protein
expression at P22 further indicates enhanced lysosomal protease production. However, the
progressive increase in autolysosome size from P22 onwards could indicate accumulation
of undigested material, suggesting that lysosomal degradative capacity is ultimately insuf-
ficient [9]. This interpretation is supported by the continued progression of photoreceptor
degeneration despite apparent upregulation of autophagy–lysosomal machinery.

Lysosomal dysfunction has been implicated in various forms of retinal degenera-
tion [8], and studies have shown that impaired autophagy and lysosomal membrane
permeabilisation contribute to photoreceptor cell death in rd10 [10]. Cathepsins and es-
pecially cathepsin-D, a primary lysosomal protease, play a key role in endo-lysosomal
function, and are essential for photoreceptor integrity [33,34]. Studies have shown that reti-
nal degeneration in CLN10 disease (cathepsin D-deficient mice) occurs and can be mitigated
by intravitreal gene therapy restoring cathepsin-D and the autophagy–lysosomal pathway,
normalising levels of the autophagy marker p62, rescuing photoreceptor cells [33,34]. In the
rd10 mice, here, the upregulation of genes involved in autophagosome–lysosome fusion
(LAMP, Lamp1/2/3; RAB7, Rab7; VAMP8, Vamp8; STX7, Stx7) at both P17 and P22 suggests
that fusion itself is not impaired, but rather that the capacity of the system is overwhelmed
by the burden of damaged cellular components requiring clearance. This is consistent with
previous studies in the rd10 retina by Rodríguez-Muela et al. [10]. Lysosomal membrane
permeabilisation can lead to the release of cathepsins into the cytoplasm, triggering cell
death and this mechanism may contribute to photoreceptor loss in the rd10 model [10],
particularly at later stages when lysosomal stress is high.

The upregulation of calpain family members (Capn1, Capn2, Capn3) observed in our
transcriptomic data is also consistent with these previous findings by Rodríguez-Muela
et al., who demonstrated that calcium overload and calpain activation precede photore-
ceptor death in rd10 mice and contribute to lysosomal membrane permeabilisation [10].
In that study, calpain-mediated lysosomal membrane permeabilisation led to cytoplasmic
release of cathepsin B and blocked autophagic flux, and calpain inhibitors were protective
both ex vivo and in vivo [10]. Our findings of increased cathepsin-D expression, elevated
autophagosome and autolysosome numbers, and progressive autolysosome enlargement
are consistent with this model, suggesting that calpain activation may contribute to the
lysosomal dysfunction we observed. The concurrent upregulation of calpastatin (Cast) at
P22 in our dataset may represent an endogenous compensatory mechanism to limit calpain-
mediated damage. Taken together, these data suggest that calpain-mediated lysosomal
membrane permeabilisation represents an early pathological event that contributes to the
autophagy–lysosomal dysfunction and photoreceptor death in the rd10 model.

An important consideration emerging from the literature is that autophagy–lysosomal
processing may play both protective and detrimental roles in photoreceptor degeneration,
depending on the stage of disease and the specific context; this suggests there is a dual
role of autophagy in photoreceptor degeneration [35]. Autophagy may have a protective
function in the early stages of photoreceptor degeneration; however, prolonged activation
of autophagy can eventually lead to cell death by apoptosis [7,35]. Our data showing early
upregulation of autophagy in the rd10 mouse at P17, followed by progressive accumulation
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of autophagosomes and autolysosomes at P22 and P35, is consistent with this biphasic
model. The initial autophagy response may be protective, attempting to clear damaged
cellular components and maintain homeostasis. However, as the burden of cellular damage
increases and lysosomal degradative capacity becomes limiting, the system transitions
from protective to pathological, with accumulation of unprocessed cargo contributing to
cellular dysfunction and death.

4.6. Implications for Therapeutic Intervention

Our findings have important implications for therapeutic strategies targeting inherited
retinal degenerations. The early onset of autophagy–lysosomal dysfunction at P17, before
significant photoreceptor loss, identifies a critical window for intervention. Therapies
aimed at enhancing autophagy flux or lysosomal function might be most effective if admin-
istered before the system becomes overwhelmed. However, the complexity of autophagy
regulation revealed by our transcriptomic analysis suggests that simple enhancement of
autophagy induction may be insufficient. Given that autophagy appears to be already
upregulated at P17 and P22, interventions that enhance lysosomal degradative capacity or
facilitate clearance of specific substrates (misfolded proteins, damaged mitochondria, ER
components) may be more effective than further stimulating autophagosome formation.
Strategies that promote autophagy and mitophagy (autophagy of mitochondria) could
have therapeutic significance in treating degenerative retinal disorders [17,19].

Recent studies have explored autophagy modulation as a therapeutic approach in
retinal degeneration models, with mixed results. Rapamycin, an mTOR inhibitor, which
enhances autophagy, has been shown to slow retinal degeneration and enhance retinal
function in rd1 mice [36]. Rapamycin treatment can partially prevent photoreceptor death
induced by light damage in albino mice [37]. In this context, metformin is an especially
attractive candidate, as we have previously shown that autophagy-targeted treatment
with metformin ameliorates an age-related macular degeneration phenotype in Apoe−/−

mice [14], raising the possibility that similar approaches could be beneficial in rd10. In
contrast, other studies have shown that autophagy is enhanced in heritable retinal degen-
eration and that enhancing autophagy accelerates the retinal degeneration process [38].
Our data suggest that the timing of intervention and the specific aspect of the autophagy–
lysosomal pathway targeted may be critical determinants of therapeutic efficacy. Strategies
that enhance lysosomal biogenesis, improve lysosomal acidification, or boost specific
cathepsin activities may complement autophagy induction to improve overall clearance
capacity [33,34].

4.7. Study Limitations and Future Directions

Several limitations of this study should be acknowledged. First, while some studies
have shown no loss of photoreceptors in the rd10 mouse at P17 using histology tech-
niques [6], others suggest retinal thickness loss may occur at this stage starting at P16
using in vivo OCT [39,40]. Regardless of these differences in technique, P17 is early in the
degeneration process, and a useful time point for evaluating the changes in the autophagy–
lysosomal process in retinal degeneration. Secondly, while the RFP-EGFP-LC3 reporter
mouse provides valuable information about autophagosome and autolysosome dynamics,
it does not directly measure autophagic flux or degradative capacity. In addition, LC3
protein levels detected by Western blot did not show a clear increase in LC3-II at P17 or
P22, despite the robust increase in LC3 reporter puncta in photoreceptors. This apparent
discrepancy likely reflects both biological and technical factors: LC3-II abundance rep-
resents the net balance of autophagosome formation and degradation, which does not
necessarily scale linearly with puncta number under conditions of impaired clearance [11],
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and the whole-retina lysates used for Western blotting sample all neural cell types rather
than isolating photoreceptors. We therefore interpret LC3 immunoblot data cautiously and
place greater weight on the concordant LC3-reporter imaging, autolysosomal enlargement,
Cathepsin-D upregulation, and transcriptomic evidence of autophagy–lysosomal dysregu-
lation when drawing conclusions about autophagy changes in rd10. Future studies using
flux assays, such as treatment with lysosomal inhibitors (bafilomycin A1 or chloroquine) to
block autophagosome–lysosome fusion and measure LC3-II accumulation, would provide
more definitive evidence of impaired clearance [9,11,14,41].

Thirdly, our Western blot and RNA-seq analyses used whole retina samples, which
may dilute photoreceptor-specific changes. Additionally, at P22, roughly fifty percent of
the photoreceptors are lost, further diluting detectable changes. Thus, the large number of
significant changes detected at P22 indicates the importance of autophagy pathways in the
neurodegeneration process, with even low fold changes detected as significant likely to be
highly relevant. Cell-type-specific approaches, such as photoreceptor isolation or single-
cell RNA sequencing, would provide higher resolution data and allow discrimination of
photoreceptor-specific responses from those occurring in other retinal cell types. While
we identified extensive transcriptional changes in autophagy-related genes, validation
by quantitative PCR in a larger sample and the functional consequences of these changes
require validation through gain- or loss-of-function studies. Future investigations should
focus on identifying the specific autophagy substrates that accumulate in degenerating
photoreceptors and determining whether their clearance is limited by autophagosome
formation, autophagosome–lysosome fusion, or lysosomal degradation.

5. Conclusions
This study demonstrates that autophagy–lysosomal dysfunction is an early event in

photoreceptor degeneration in the rd10 mouse model, preceding overt histological cell loss
in the ONL. The progressive accumulation of autophagosomes and autolysosomes, coupled
with transcriptional upregulation of autophagy-related genes, suggests that photoreceptors
mount a compensatory response that is ultimately insufficient to prevent degeneration.
These findings identify the autophagy–lysosomal pathway as a potential therapeutic target
for mutation-independent treatment strategies in inherited retinal degenerations, with a
critical window for intervention before the onset of significant photoreceptor loss. The dual
nature of autophagy, protective in early stages but potentially detrimental when prolonged
or overwhelmed, suggests that therapeutic strategies must carefully balance autophagy
induction with enhancement of degradative capacity. Further investigation of the specific
mechanisms limiting clearance capacity and testing of targeted interventions to enhance
autophagy flux will be important next steps toward translating these findings into clinical
applications for treatment of retinal degenerations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells15040345/s1, Supplementary Figure S1. The autophagy–
lysosomal pathways were investigated in the retina of RFP-GFP-LC3 control mice using super-
resolution confocal microscopy at P22 and P35. Native fluorescence in the RFP-EGFP-LC3 mice
can be used to assess for changes in the number and size of autophagosomes (EGFP/RFP, yellow
puncta) and autolysosomes (RFP, red puncta). RFP-EGFP-LC3 control retina are presented for (A)
P22, and (B) P35. Photoreceptor layer thickness was similar to controls at P17. Images are presented
from central retina, scale bars 50 µm. IS/OS, photoreceptor inner and outer segment; ONL, outer
nuclear layer; OPL, outer plexiform layer, INL, inner nuclear layer; Supplementary Figure S2. The
autophagy–lysosomal pathways were investigated in the retina of RFP-GFP-LC3 and RFP-GFP-LC3-
rd10 mice using super-resolution confocal microscopy at P17, P22 and P35 and computer analysis of
red/yellow puncta. Native fluorescence in the RFP-EGFP-LC3 mice can be used to assess for changes
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in the number and size of autophagosomes (EGFP/RFP, yellow puncta) and autolysosomes (RFP, red
puncta). (A–D) Representative confocal images from Figure 2 of the inner segment (IS)/outer nuclear
layer (ONL) junction, depicting (A) P17 RFP-EGFP-LC3 control, and RFP-EGFP-LC3-rd10 at (B) at
P17 when photoreceptor thickness was similar to controls and (C) at P22 and (D) P35 when significant
reduction of photoreceptor layers was observed. (E–H) Acquired Red/Green/Blue images were split
into independent channels and puncta isolated using RenyiEntropy automated thresholding. The red
and green channel were analysed for co-localisation and the overlayed channels of red/yellow/co-
localisation presented for (E) P17 RFP-EGFP-LC3 control, and RFP-EGFP-LC3-rd10 at (F) P17, (G)
P22 and (H) P35. (I–L) For the red/RFP+-autolysosome channel individual puncta were determined
based on size threshold and analysed for number and size in (I) P17 RFP-EGFP-LC3 control, and
RFP-EGFP-LC3-rd10 at (J) P17, (K) P22 and (L) P35. (M–P) For the colocalised yellow/GFP+/RFP+-
autophagosome channel individual puncta were determined based on size threshold and analysed
for number and size in (M) P17 RFP-EGFP-LC3 control, and RFP-EGFP-LC3-rd10 at (N) P17, (O) P22
and (P) P35.; Supplementary Figure S3. The ratio of autolysosome number (RPF+ red puncta) to
autophagosomes (GFP+/RFP+ yellow puncta) was assessed as a potential measure of autophagy
flux RFP-positive-autolysosome puncta size. Overall, there were no apparent changes in this ratio at
P17 in any layer or eccentricity but, in the central ONL at P22 and P35 there was a significant increase
in autophagosomes to autolysosomes in the rd10, suggesting an upregulation of autophagy without
supporting autolysosome degradation. Data are presented for (A–C) central regions, the ratio of
autolysosomes to autophagosomes was significantly increased LC3-rd10 in B) ONL, and only at P22
and P35, but not in A) IS/OS and C) OPL. (D–F) In peripheral regions, a similar pattern was observed
to that in central retina, however, no significant changes were observed except in the (F) peripheral
OPL at P35. All data are expressed as mean ± SEM for n = 6 mice at each age. Data were analysed by
2-way ANOVA and post-hoc between control versus rd10 shown for p values < 0.05 (*) considered
significant. IS/OS, photoreceptor inner and outer segment; ONL, outer nuclear layer; OPL, outer
plexiform layer.; Supplementary Figure S4. Phosphorylated mTOR is reduced in rd10 retina at P22.
Representative Western blot for p-mTOR and GAPDH in WT and rd10 whole-retina lysates at P22
(left) and quantification of p-mTOR normalised to GAPDH (right). p-mTOR/GAPDH is significantly
lower in rd10 retina compared with WT (WT 0.818 ± 0.085, rd10 0.389 ± 0.057; mean ± SEM; n = 4;
unpaired t-test, p = 0.004).; Supplementary Figure S5. Calcium and calpain pathway specific analysis
shows disruption of calpain processes from P17 in the rd10 retina. Heatmap of curated calpain family
members and key calcium homeostasis genes that were significantly regulated, clustering genes by
expression similarity, not gene family. Of the 54 genes investigated, only genes with a false discovery
rate (FDR) <0.05 and absolute log2 fold change (logFC) ≥ 1 at 1 time point are presented. Expression
data were log2-transformed and z-score normalized per gene across samples. Z-scores were clipped
to ±2 for visualization where red is upregulated and blue is downregulated. Each square represents
an individual sample for WT control (e.g., C17_1, is an individual sample from WT at P17) and rd10
(e.g., R17_1 is an individual sample from Rd10 at P17). Colours represent relative expression within
each gene (deviation from gene-specific mean). Because values are row-standardized, between-gene
magnitudes are not comparable; the heatmap highlights within-gene patterns across conditions.;
Supplementary Figure S6. Lysosome GO pathway specific analysis shows disruption of lysosomal
processes from P17 in the rd10 retina. A) Dot plot showing GO Lysosome for upregulated (salmon)
and down regulated (blue) gene pathways in rd10 retina. Subterms/Children under the GO are
on the Y-axis, while number of genes regulated related to each term are shown on the X-axis. B–D)
Heatmaps of GO:lysosome genes that were significantly regulated. Only genes with a false discovery
rate (FDR) <0.05 and absolute log2 fold change (logFC) ≥ 1 are presented. Expression data were
log2-transformed and z-score normalized per gene across samples. Z-scores were clipped to ±2
for visualization where red is upregulated and blue is downregulated. Each square represents an
individual sample for WT control (e.g., C17_1, is an individual sample from WT at P17) and rd10
(e.g., R17_1 is an individual sample from Rd10 at P17). Colours represent relative expression within
each gene (deviation from gene-specific mean). Because values are row-standardized, between-gene
magnitudes are not comparable; the heatmap highlights within-gene patterns across conditions.;
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Supplementary Table S1: List of genes under the gene ontology term Autophagy in rd10 retina
relative to WT at either P17 and/or P22. Only genes under the term with a false discovery rate (FDR)
<0.05 are presented.; Supplementary Table S2: List of curated genes under calpain family members
and key calcium homeostasis genes in rd10 retina relative to WT at either P17 and/or P22. 54 genes
were analysed and only genes with a false discovery rate (FDR) <0.05 are presented.
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Abbreviations
The following abbreviations are used in this manuscript:

AMPK AMP-activated protein kinase
APOE Apolipoprotein E
ASC Apoptosis-associated speck-like protein containing a CARD
ATG Autophagy-related gene/protein
Bcl2 B-cell lymphoma 2
cGMP Cyclic guanosine monophosphate
Cath-D/CatD/CTSD Cathepsin D
CTSB Cathepsin B
CTSL Cathepsin L
DEG Differentially expressed gene
DNA Deoxyribonucleic acid
EGFP Enhanced green fluorescent protein
EIF4EBP1 (4E-BP1) Eukaryotic initiation factor 4E binding protein 1
ER Endoplasmic reticulum
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ERG Electroretinogram
FDR False discovery rate
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GFAP Glial fibrillary acidic protein
GO Gene Ontology
GCL Ganglion cell layer
GS Glutamine synthetase
HK2 Hexokinase 2
INL Inner nuclear layer
IPL Inner plexiform layer
IRE1 Inositol-requiring enzyme 1
LC3 Microtubule-associated protein 1 light chain 3
LKB1 Liver kinase B1 (STK11)
LAMP Lysosome-associated membrane protein
log2FC/logFC Log2 fold change
mTOR Mechanistic (mammalian) target of rapamycin
mTORC1 Mechanistic target of rapamycin complex 1
NPC1 Niemann–Pick disease type C1 protein
OCT Optical coherence tomography
ONL Outer nuclear layer
OPL Outer plexiform layer
OPTN (Optn) Optineurin
P (e.g., P17 P22 Postnatal day
PDE6B Phosphodiesterase 6B (rod cGMP-phosphodiesterase beta subunit)
PKC Protein kinase C
PVDF Polyvinylidene difluoride
RFP Red fluorescent protein
RNA-seq RNA sequencing
RPE Retinal pigment epithelium
RP Retinitis pigmentosa
ROS Reactive oxygen species
RT Room temperature
SD-OCT Spectral domain optical coherence tomography
SEM Standard error of the mean
SQSTM1 (p62) Sequestosome 1
STX7 Syntaxin 7
Tnfaip3 Tumour necrosis factor alpha-induced protein 3 (A20)
TP53 (Trp53) Tumour protein p53
Trem2 Triggering receptor expressed on myeloid cells 2
Tspo Translocator protein 18 kDa
Ub Ubiquitin
UPR Unfolded protein response
UVRAG UV radiation resistance associated gene
VAMP8 Vesicle-associated membrane protein 8
WT Wild type
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