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Mutations in tubby like protein 1 gene (TULP1) are causative of early-onset recessive inherited retinal degenerations (IRDs); similarly, the Tulp1-/- mouse is also characterized by a rapid IRD. Tulp1 mRNA and protein expression was analyzed in wild type mouse retinas and expression data sets (NCBI) during early postnatal development. Comparative histology was undertaken in Tulp1-/-, rhodopsin-/- (Rho-/-) and retinal degeneration slow-/- (Rds-/-) mouse retinas. Bioinformatic analysis of predicted TULP1 interactors and IRD genes was performed. Peak expression of Tulp1 in healthy mouse retinas was detected at p8; of note, TULP1 was detected in both the outer and inner retina. Bioinformatic analysis indicated Tulp1 expression in retinal progenitor, photoreceptor and non-photoreceptor cells. While common features of photoreceptor degeneration were detected in Tulp1-/-, Rho-/-, and Rds-/- retinas, other alterations in bipolar, amacrine and ganglion cells were specific to Tulp1-/- mice. Additionally, predicted TULP1 interactors differed in various retinal cell types and new functions for TULP1 were suggested. A pilot bioinformatic analysis indicated that in a similar fashion to Tulp1, many other IRD genes were expressed in both inner and outer retinal cells at p4–p7. Our data indicate that expression of Tulp1 extends to multiple retinal cell types; lack of TULP1 may lead to primary degeneration not only of photoreceptor but also non-photoreceptor cells. Predicted interactors suggest widespread retinal functions for TULP1. Early and widespread expression of TULP1 and some other IRD genes in both the inner and outer retina highlights potential hurdles in the development of treatments for these IRDs.
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INTRODUCTION

Mutation in over 300 genes have been identified as causative of inherited retinal degenerations (IRDs) (Duncan et al., 2018; RetNet - Retinal Information Network, 2019) affecting 1 in 3000, or more than 2 million people worldwide (Sahel et al., 2015; Farrar et al., 2017). The impact of IRDs on vision ranges from mild impairment to complete blindness; IRDs represent a significant economic and social burden including devastating psychological and quality-of-life impacts on patients and families (Smith et al., 2015; Retina International, 2019).

Mutations in tubby like protein 1 gene (TULP1) are causative of rare, early onset, severe forms of autosomal recessive retinal degeneration, usually diagnosed as Leber congenital amaurosis 15 (LCA15) or retinitis pigmentosa 14 (RP14) (RetNet - Retinal Information Network, 2019). TULP1 is highly specific to photoreceptors in the mouse retina (Hagstrom et al., 1999; Xi et al., 2005; Grossman et al., 2009), although lower levels of TULP1 have been detected in ganglion and progenitor cells in human retinas (Milam et al., 2000). To enhance understanding of TULP1-linked IRDs, Tulp1-/- mice were generated (Hagstrom et al., 1999; Ikeda et al., 2000). Tulp1-/- mice exhibit an early and severe retinal degeneration akin to the human condition; shortening of photoreceptor segments and swollen extruded mitochondria by postnatal day (p)14 (Ikeda et al., 2000); abnormal ribbon synaptic architecture by p13–p16 (Grossman et al., 2009); shortening of bipolar cell dendrites with less branching and compromised b-wave electroretinogram (ERG) by p16 (Grossman et al., 2009); reduced rod and cone ERGs by week 4 (Hagstrom et al., 1999; Ikeda et al., 2000); photoreceptor apoptosis from p18 (Ikeda et al., 2000) resulting in complete loss of the outer nuclear layer (ONL) by week 20 (Hagstrom et al., 1999; Ikeda et al., 2000).

The function of TULP1 has not been clearly established. In photoreceptors, TULP1 is colocalized with f-actin in the inner segments (Xi et al., 2005), where it may be engaged in trafficking of proteins such as rhodopsin (RHO) and cone opsins between the inner and outer segments (Grossman et al., 2011; Hagstrom et al., 2012). TULP1 is also required for normal development of photoreceptor synapses and survival of photoreceptor cells (Grossman et al., 2009). TULP1 interacts with the synaptic ribbon protein (RIBEYE) and mediates localization of the endocytic machinery at the periactive zone of photoreceptor synapses (Wahl et al., 2016). Direct interaction between dynamin-1 (DNM1) and TULP1 highlights the role of TULP1 in synaptic vesicular transport (Xi et al., 2007) (Grossman et al., 2013). TULP1 also interacts with the microtubule associated protein 1b (MAP1B) (Grossman et al., 2014). Additionally, TULP1 is a ligand for MER proto-oncogene tyrosine kinase (MERTK) and facilitates phagocytosis in retinal pigment epithelium (RPE) cells (Caberoy et al., 2010).

As TULP1 has been detected in retinal ganglion and progenitor cells in human retinas (Milam et al., 2000), we hypothesized that likewise, TULP1 may not be exclusively specific to photoreceptors in mice. The Tulp1-/- retina may represent a model where aspects of primary photoreceptor and non-photoreceptor degenerations could be studied. Therefore, we explored non-photoreceptor expression of Tulp1 in the murine retina and assessed the potential impact of lack of TULP1 in non-photoreceptor cells in Tulp1-/- mice. We also considered, whether TULP1 may be expressed in the early post-natal retina of mice, which may contribute to the severe retinal degeneration observed in Tulp1-/- mice.

The p5–p30 period was selected for analysis, a timeframe which overlaps with a substantial part of postnatal development of the mouse retina and precedes photoreceptor degeneration in Tulp1-/- mice. Immunocytochemistry and bioinformatic analysis indicated Tulp1 expression in both the outer and inner retina in wild type (wt) mice. Using various cellular markers, we evaluated the architecture of Tulp1-/- retinas compared to retinas from Rho-/- (Humphries et al., 1997) and retinal degeneration slow (Rds-/-) (Sanyal et al., 1980) mice, where retinal degeneration is believed to originate from photoreceptors. Significant differences between the inner retina of Tulp1-/- versus the Rho-/- and Rds-/- retinas were identified. We suggest that these may reflect the effects of expression of Tulp1 in multiple non-photoreceptor cells. Bioinformatic analysis of expression of the predicted TULP1 interactome suggests cell type-specific utility of TULP1 in the retina. Additionally, bioinformatic analysis indicated that a similar profile of expression in both the outer and inner retina is observed for a number of other IRD genes at p4–p7.



MATERIALS AND METHODS


Animals

The following transgenic mice were used in this study; Tulp1-/- (B6.129X1-Tulp1tm1Pjn/Pjn; The Jackson Laboratory) (Ikeda et al., 2000), Rho-/- (Humphries et al., 1997), and Rds-/- (Sanyal et al., 1980). The background strain of these mice was C57BL/6J (except for Rds-/-, which was O20/A; this line does not exist anymore); wt C57BL/6J mice were used as controls. Mice were maintained under specific pathogen free (SPF) housing conditions; both sexes were used for experiments. Animal welfare complied with the Directive 2010/63/EU; Protection of Animals Used for Scientific Purposes, Regulations 2012 (S.I. No. 543 of 2012) and the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research.



Expression Analysis of GEO Data Sets

Tulp1, TULP1 interactor and IRD mRNA expression was analyzed in retinal cell type-specific mouse data sets (GSE71462, GSE19304, GSE127771, GSE80232, GSE81903, GSE33088, GSE86199, GSE115404, GSE90652) downloaded from the Gene Expression Omnibus (GEO) resource. Depending on the microarray platform used, raw CEL files were processed either with GCRMA and Limma (GSE59201) or with the oligo package from Bioconductor (GSE33088) to derive normalized expression values. GSE19304, for which raw expression values were provided, was normalized with the tmm method (Robinson and Oshlack, 2010) in R. Bulk RNA sequencing data were transformed from counts or FPKM/RPKM (fragments/reads per kilobasepairs per million) values to TPM (transcripts per million) values using Perl scripts1. Technical and biological replicates in each data set were averaged. Normalization between data sets was carried out by dividing each data point by the average of the housekeeping genes; Actb, B2m, Gapdh, Gusb, Hmsb, Hprt, Impdh2, Mapk1, Oaz1, Pgk1, Ppia, Rpl13a, Rplp0, Sdha, Tbp, Tfrc, and Ywhaz.

In our study, we utilized data derived from bulk RNA sequencing or microarray expression analysis (apart from one single cell RNA sequencing data set for ganglion cells). Single cell RNA sequencing has become an invaluable technique in gene expression profiling; in the retina, for example, single cell RNA sequencing has been proven extremely beneficial for identifying and clustering retinal cell types or even pinpointing molecular signatures of disease states (Macosko et al., 2015; Shekhar et al., 2016; Daniszewski et al., 2018; Laboissonniere et al., 2019; Lukowski et al., 2019; Menon et al., 2019). In this study, we were interested in measuring expression of a large cohort of IRD genes. Whereas RNA sequencing and microarrays typically detect expression of thousands of genes, single cell RNA sequencing data sets sometimes only cover a few hundred genes. The early stage single cell data sets had particularly low coverage and were not included in this study.



Estimation of Photoreceptor Component in Non-photoreceptor Transcriptomes

Rod photoreceptors comprise ∼80% of retinal cells (Jeon et al., 1998) and represent the major source of contamination in other retinal cell types. To estimate photoreceptor contamination in the transcriptome of non-photoreceptor samples, we used expression level of Rho (a highly expressed rod specific gene). The ratio of Rho expression in a given sample versus age matched photoreceptor samples was used to estimate the photoreceptor component of the transcriptome in the given sample. To obtain the pure sample component of the non-photoreceptor transcriptomes, the photoreceptor components were taken away.



Immunohistochemistry and TUNEL Stain

Mice were sacrificed, eyes enucleated and fixed in 4% paraformaldehyde in PBS for 4 h at 4°C. Eyes were washed in PBS, cryoprotected in 10, 20, and 30% sucrose in PBS, embedded in OCT (VWR), cryosectioned (12 μm), thaw-mounted onto polysine slides (Thermo Fisher Scientific) and stored at −20°C. Serial sections were taken in the optic nerve area. Immunocytochemistry was performed as described before (Palfi et al., 2016). Sections were incubate with primary antibodies (Table 1) overnight at 4°C, then incubated with secondary antibodies conjugated with either FITC, Alexa-Fluor-488, Cy3, and Alexa-Fluor-647 (Jackson ImmunoResearch Laboratories) in 1:400 dilution for 2 h, at RT and nuclei counterstained with DAPI. TUNEL staining was completed using the TMR red in situ cell death detection kit (Roche), as per the manufacturer’s protocol. Subsequent to TUNEL staining, sections were processed for immunocytochemistry. Sections were covered using Hydromount (National Diagnostics).


TABLE 1. Antibodies used in this study.

[image: Table 1]


Microscopy and Analysis

Fluorescent microscopy was carried out utilizing an Olympus IX83 inverted motorized microscope (cellSens v1.9 software) equipped with a SpectraX LED light source (Lumencor) and an Orca-Flash4.0 LT PLUS/sCMOS camera (Hamamatsu). Multi-channel fluorescence images were acquired as separate 16 bit gray-value images with fluorescence colors assigned and channels superimposed. In a given observation method, the same settings/operations were applied to all images. Pan-retinal images were produced from 10× magnification (plan fluorite objective) images with lateral frames stitched together in cellSens. Single frame images were taken using 20× and 40× plan super apochromat objectives using enhanced focal imaging (EFI) with 5–8 Z-slices. Sections were taken from areas adjacent (within 200 μm) to the optic nerve and randomly allocated for various analyses.

Measurements were taken in images from the central half of the retinas using comparable areas and similar analysis windows; object numbers were normalized to length of retina. Typically, four sections/eye were analyzed, and four measurements per section were made. All measurements were made using cellSens software (Olympus). Thickness of retinal layers was determined in 10× magnification stitched images from sections stained with COX4 immunocytochemistry. PAX6-positive cells were counted in 10× magnification stitched images using automatic image analysis; 2D deconvolution and Count and Measure tool. Bipolar (CHX10 positive) cells were manually counted in single frame 40× images. TUNEL-positive cells were counted in 10× pan-retinal stitched images using manual counting. For intensity measurements, the area of interest was delineated using the Closed Polygon tool and mean fluorescence intensity, i.e., mean 16-bit gray value determined.

Representative images for figures were exported from cellSens as individual fluorescence channels and post-processed in Photoshop CS6 (Adobe). In a given observation method, the same settings/operations were applied to all images both in cellSens and Photoshop. The only exception from this was in images co-labeled with TUNEL stain and immunocytochemistry, where the aim was to highlight immune-positive cells (independent to their original signal intensity) in order to facilitate localization of TUNEL-positive cells.



TULP1 Interactors

Potential TULP1 interactor genes were predicted with PrePPI (Zhang et al., 2012) and STRING (Szklarczyk et al., 2019) using default settings for PrePPI and medium confidence for STRING and resulted in 182 human (179 mouse) and 68 interactors, respectively (Supplementary Table 1); 22 interactors were predicted by both resources (Supplementary Table 1). Eleven validated interactors (ACTB, ACTG1, AXL, CTBP2, DNM1, FYN, GRB2, MAP1B, MERTK, NCK1, and TYRO3) were taken from the literature; seven of them were also predicted with PrePPI or SRING (Supplementary Table 1). Combined lists of 229 interactors (predicted by at least one resource or validated) and 33 interactors (predicted by both resources or validated) were assembled (Supplementary Table 1). Utilizing the GEO open source retinal expression data sets, TULP1 interactors were ranked by normalized expression level for selected retinal cell types and postnatal ages, and the top 20% highest expressed interactors (46) from each cell type selected for analysis. The high confidence list of 33 interactors were also analyzed separately. Heat maps for selected data sets were generated with the pheatmap package in R2. Default settings were applied except for scaling in row direction and Pearson correlation as the distance matrix. Venn diagrams were constructed using a Venn diagram tool3.



Statistical Analysis

Datasets were analyzed with Shapiro–Wilk test for normality before applying parametric tests. Paired sample t-test or a one-way analysis of variance (ANOVA) with a Tukey’s multiple comparison post hoc test was used to compare study groups; n numbers varied between 3 and 6. Brown–Forsythe test was utilized to determine the robustness of testing equality of means. The homogenous subset test was also included in the measurements in order to establish the likelihood of encountering type I error. A p-value of less than 0.05 was considered statistically significant. Statistical analyses were carried out using IBM SPSS and Minitab software; Microsoft Excel was used to plot the charts.



RESULTS


TULP1 Expression in the Mouse Retina

Expression of Tulp1 has thus far solely been associated with photoreceptors in the mouse retina (Hagstrom et al., 1999; Ikeda et al., 2000). Utilizing TULP1 immunohistochemistry (M-tulp1N antibody) (Hagstrom et al., 1999) in wt mouse retinas, TULP1 expression was observed in both photoreceptor and non-photoreceptor cells. We found evidence of photoreceptor expression by p5, an earlier timepoint than previously analyzed (Figures 1a,b). TULP1 was distributed in the perikaryon, inner segment and synapse of developing photoreceptors by p8 (Figures 1e,f), which became largely confined to the inner segments and the synaptic ribbons in wt retinas by p14–p30 (Figures 1i,j,m,n); reflecting previous studies (Hagstrom et al., 1999; Xi et al., 2005). TULP1 expression in the ONL peaked at p8 (p < 0.001) (Figure 1q). Notably, weak but consistent TULP1 expression was observed in the neuroblast and inner nuclear layers (NBL/INL) at p5 (Figure 1b) and in the INL at p8 (Figure 1f) but not at p14 (Figure 1j) or p30 (Figure 1n). No TULP1 expression was found in Tulp1-/- retinas as anticipated (Figure 1), although background label was observed in the tips of degenerating outer segments at p14 (Figure 1k) and p30 (Figure 1o) as also observed in outer segment tips of wt retinas. RT-qPCR analysis from wt retinal RNA (Figure 1r) mirrored the TULP1 expression profile in the ONL (Figure 1q) with peak expression at p8.


[image: image]

FIGURE 1. TULP1 expression during postnatal development of the retina. Retinas from wt and Tulp1-/- mice were taken at p5, p8, p14, and p30 (n = 4). Sections were labeled with TULP1 (purple) immunocytochemistry and counterstained with DAPI (blue). (a,c,e,g,i,k,m,o) low magnification overview; (b,d,f,h,j,l,n,p) high magnification view of the ONL/INL boundary. Arrowheads indicate TULP1-positive cells in the NBL/INL (b) and INL (f). TULP1 label intensities were quantified in the outer nuclear layer (ONL; q) from microscope images using cellSens software and results are given in a bar chart; bars represent mean + SD (n = 4). (r) Tulp1 RTqPCR was carried out using Actb control for normalization; data are provided in a bar chart; bars represent mean + SD (n = 3). INL, inner nuclear layer, NBL, neuroblast layer; GCL, ganglion cell layer. Scale bar (m): 100 μm. Scale bar (n): 20 μm.


As TULP1 levels in the inner retina were low, to probe the identity of positive cells we explored Tulp1 mRNA expression. Data mining of public mRNA expression data sets (GSE71462, GSE19304, GSE127771, GSE80232, GSE81903, GSE33088, GSE86199, GSE115404, GSE90652) from purified populations of specific retinal cell types was undertaken employing the NCBI GEO resource. Expression levels were normalized using the average expression of 17 housekeeping genes. Normalized expression of Tulp1 (and Rho, a rod specific gene) in various retinal cell types is given in Figure 2A. In photoreceptors (Figure 2A), the Tulp1 expression profile was similar to that found with RTqPCR from whole retinas (Figure 1r) and TULP1 immunocytochemistry in the ONL (Figure 1q) with peak of expression being observed at p8. Non-photoreceptor retinal cell types also expressed Tulp1, although typically at lower levels compared to photoreceptors (Figure 2A).
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FIGURE 2. Expression analysis of Tulp1 in retinal cell types. Raw expression data were obtained from GEO (NCBI) using GSE71462 (ref1), GSE19304 (ref2), GSE127771 (ref3), GSE80232 (ref4), GSE81903 (ref5), GSE33088 (ref6), GSE86199 (ref7), GSE115404 (ref8), GSE90652 (ref9) data sets. Expression levels were normalized using the average expression of 17 housekeeping genes. (A) Normalized expression values of Tulp1 (color coded for different cell types) and Rho (gray) from various retinal cell type samples are given in a bar chart. (B) The total (color coded for different cell types) and the photoreceptor component (dark gray; estimated using Rho expression) of Tulp1 expression in various samples is given in a bar chart.


As the majority of retinal cells are rod photoreceptors (from ∼p5 onward) (Jeon et al., 1998), they represent the major source of contamination when separating non-photoreceptor cells. To estimate the photoreceptor component of Tulp1 expression in non-photoreceptor samples, we utilized expression level of Rho (Figure 2A). Estimated photoreceptor contamination ranged between ∼2–30% (11.9 ± 10.6%) in the non-photoreceptor samples and accounted for various amounts of Tulp1 expression (Figure 2B). Results from this analysis suggested bona fide Tulp1 expression in p7 bipolar, p4 Muller, developing and adult ganglion and adult RPE cells (Figure 2B). p5–p8 non-photoreceptors (the cells remaining after sorting photoreceptors) were also positive for Tulp1 expression supporting the cell-specific data (Figure 2B). In other cell types, e.g., amacrine cells, it appeared that all Tulp1 expression was accounted for by the photoreceptor component suggesting no actual Tulp1 expression in these cells (Figure 2B). Tulp1 was also expressed in the embryonic retina (Figure 2A) but the identity of the positive cell types was unknown.



Development, Degeneration and Remodeling of the Tulp1-/- Retina

Our results revealed that TULP1 was present not only in photoreceptors (p5–p30) but in the NBL/INL at p5 and p8 in the mouse retina. Additionally, bioinformatic analysis also suggested Tulp1 expression in various inner retinal cell types in wt mice. Therefore, we hypothesized, that the Tulp1-/- retina could be compromised by primary defects not only in the outer retina as previously described (Hagstrom et al., 1999; Ikeda et al., 2000) but in the inner retina too. Development, degeneration and remodeling in such a retina may differ from retinas affected solely by a primary photoreceptor degeneration, that is driven by a gene whose expression is limited to photoreceptors. To test this hypothesis, we selected two gene knock-out mouse models; Rho-/- (Humphries et al., 1997) and Rds-/- (Sanyal et al., 1980) as disease controls, where the causative genes are considered to be specific to photoreceptor cells. We compared the architecture of retinas from Tulp1-/-, disease control (Rho-/- and Rds-/-) and wt mice using a range of cellular markers. Mice were on a C57/BL6J background, except for Rds-/-, which was on a O20/A background.



Gross Retinal Architecture and Outer Retina

Detailed findings of the gross retinal architecture and the outer retina are given in Supplementary Results including Supplementary Figures 1–5. The overall architecture of IRD (Tulp1-/-, Rho-/-, and Rds-/-) retinas was similar and involved a significant loss of the ONL from p14 (Supplementary Figure 1). Regarding the outer retina, significant shortening of photoreceptor segments by p14 (Supplementary Figure 2), mislocalization of RHO (Supplementary Figure 2), delayed cone development (Supplementary Figure 3), thinning of the C-terminal binding protein 2 (CTBP2)-positive synaptic region in the outer plexiform layer (OPL) by p14 (Supplementary Figure 4) and ectopic sprouting of horizontal cell neurites at p8–p14 (Supplementary Figure 5) were observed. While some significant differences between IRD retinas were detected, for example, different CTBP2 expression profiles in the OPL (Supplementary Figure 4); most alterations in photoreceptors (Supplementary Figures 2, 3), horizontal cells (Supplementary Figure 5) and the OPL (Supplementary Figure 4) were similar between IRD retinas.



Inner Retina

Given the interesting observation of Tulp1 expression in the murine inner retina, a more detailed analysis was undertaken in bipolar, Muller, ganglion, and amacrine cells. Protein kinase Cα (PKCα) (Figure 3) labels rod bipolar cells and ceh-10 homeodomain containing homolog (CHX10) labels the cell bodies of all bipolar cells (Figure 3). PKCα intensities were measured in cell bodies (INL, Figure 3i) and axon terminals (IPL, Figure 3j). PKCα expression decreased in Rho-/-, Rds-/-, and wt retinas, while it increased in Tulp1-/- retinas between p8 and p14 (Figures 3i,j). Additionally, a marked loss of PKCα-positive dendritic arborization from p8 (Figures 3a–h) and compromised axon terminals at p14 (Figures 3e–h) were evident in all three IRD models. CHX10 labeling was similar in intensity between wt, Rho-/-, and Rds-/- (Figures 3a,c,d,k) retinas peaking at p8. In contrast, CHX10 expression was significantly less in Tulp1-/- (Figures 3b,k) compared to wt, Rho-/-, and Rds-/- retinas at p8. CHX10 intensities increased in Tulp1-/- (Figure 3k), while decreasing in the other retinas between p8 and p14 (Figure 3k). There were significantly fewer CHX10-positive cell bodies in Tulp1-/- (Figures 3a–d,l) compared to all other retinas at p8 and in the IRD retinas compared to wt p14 (Figure 3l). In summary, the above measures of bipolar cells were similar between wt, Rho-/-, and Rds-/- and significantly different from Tulp1-/- retinas.
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FIGURE 3. Bipolar cells detected with PKCα and CHX10 immunocytochemistries. (a–h) Retinal sections from wt, Tulp1-/-, Rho-/-, and Rds-/- mice at p8 and p14 (n = 6) were co-labeled with PKCα (green) and CHX10 (purple, overlaid on the right) and counterstained with DAPI (blue; overlaid on the far right). CHX10 labels all bipolar cell bodies while PKCα labels rod bipolar cells only. Fluorescence label intensities and cell numbers were determined in microscope images using cellSens software and results are given in bar charts; bars represent mean + SD. (i,j) PKCα intensity in the cell bodies and in axon terminals in inner plexiform layer (IPL), respectively (n = 4). (k) CHX10 intensity in cell bodies (n = 4). (l) Quantification of CHX10-positive cells (n = 6). ONL: outer nuclear layer, OPL, outer plexiform layer; INL, inner nuclear layer; GCL ganglion cell layer. Scale bar (h): 20 mm. *p < 0.05; **p < 0.01; ***p < 0.001 (ANOVA). Black stars above bars refer to differences between IRD and wt mice, purple stars above bars refer to differences between Tulp1-/- and the other IRD mice; black stars within bars refer to a difference compared to the previous time point.


Paired Box 6 (PAX6) immunocytochemistry labels amacrine and ganglion cells in the developing mouse retina. In the INL and ganglion cell layer (GCL) of wt, Rho-/-, and Rds-/- retinas, expression of PAX6 was low at p5, reached its highest intensity at p8 and decreased by p14 (Figure 4). In Tulp1-/- retinas, the expression profile differed substantially; expression increased from p5 to p14 and peak expression was delayed from p8 to p14. PAX6-positive cell numbers decreased in all retinas from p5 to p14; IRD retinas had lower numbers compared to wt.
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FIGURE 4. Amacrine and ganglion cells stained with PAX6 immunocytochemistry. Retinas from wt, Tulp1-/-, Rho-/-, and Rds-/- mice were taken at p5, p8, and p14 (n = 5–6). (a–l) Sections were labeled with PAX6 immunocytochemistry (purple) and counterstained with DAPI (blue; overlaid on right). PAX6 label intensities (m,n; n = 4) and PAX6-positive cell numbers (o,p; n = 5) were quantified in the inner nuclear layer (INL) and ganglion cell layer (GCL) from microscope images using cellSens software and results are given in bar charts; bars represent mean + SD. NBL, neuroblast layer. Scale bar (l): 50 mm. *p < 0.05; **p < 0.01; ***p < 0.001 (ANOVA). Black stars above bars refer to differences between IRD and wt mice, purple stars above bars refer to differences between Tulp1-/- and the other IRD mice; black stars within bars refer to a difference compared to the previous time point.


The CTBP2 gene encodes two alternative transcripts producing two distinct proteins; CTBP2 (C-terminal binding protein 2, a transcriptional repressor) and RIBEYE (a major component of the synaptic ribbons in the retina). The CTBP2 antibody used detects both CTBP2 and RIBEYE. CTBP2 is located in nuclei, while RIBEYE in synaptic regions (OPL and inner plexiform layer /IPL/), hence the two proteins are spatially separated and therefore readily distinguished. CTBP2 labels cell bodies predominantly in the INL and GCL (Figure 5). Expression in cell bodies peaked at p8 in wt and Rds-/- INLs (Figure 5m) and GCLs (Figure 5n); in contrast CTBP2 labeling of cell bodies was at its lowest level in Tulp1-/- retinas at p8 and peaked at p14 (Figures 5m,n). CTBP2 expression intensity levels in cell bodies decreased in Rho-/- retinas from p5 to p14 (Figures 5m,n). In the IPL, CTBP2 (RIBEYE) is localized to the synaptic ribbons of bipolar cells. CTBP2 labeling in the IPL peaked in wt retinas at p8 (Figures 6e,n), while it was lowest in Tulp1-/- retinas at this time point (Figures 6f,n). CTBP2 label intensities in IPL were similar at all ages in Rho-/- and Rds-/- retinas (Figure 6n).
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FIGURE 5. CTBP2 labeling in INL and GCL. Retinas from wt, Tulp1-/-, Rho-/-, and Rds-/- mice were taken at p5, p8, and p14 (n = 5–6). (a–l) Sections were labeled with CTBP2 immunocytochemistry (purple) and counterstained with DAPI (blue; overlaid on the right). CTBP2 label intensities (n = 4) were quantified in the inner nuclear layer (INL; m) and ganglion cell layer (GCL; n) from microscope images using cellSens software, and results are given in bar charts; bars represent mean + SD. NBL, neuroblast layer, ONL, outer nuclear layer. Scale bar (l): 50 mm. *p < 0.05; **p < 0.01; ***p < 0.001 (ANOVA). Black stars above bars refer to differences between IRD and wt mice, purple stars above bars refer to differences between Tulp1-/- and the other IRD mice; black stars within bars refer to a difference compared to the previous time point.
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FIGURE 6. Inner plexiform layer (IPL) and ganglion cells. Retinas from wt, Tulp1-/-, Rho-/-, and Rds-/- mice were taken at p5, p8, and p14 (n = 5–6). (a–l) Sections were co-labeled with MAP2 (left; green) and CTBP2 (RYBEYE; right; purple) immunocytochemistries. MAP2 (n = 3; m) and CTBP2 (n = 3; n) label intensities in the inner plexiform layer (IPL) were quantified from microscope images using cellSens software and results are given in bar charts; bars represent mean + SD. INL, inner nuclear layer; NBL, neuroblast layer. Scale bar (l): 20 mm. *p < 0.05; **p < 0.01; ***p < 0.001 (ANOVA). Black stars above bars refer to differences between IRD and wt mice, purple stars above bars refer to differences between Tulp1-/- and the other IRD mice; black stars within bars refer to a difference compared to the previous time point.


Muller cells, the primary macroglia in retina were labeled using cellular retinaldehyde-binding protein (CRALBP). CRALBP expression was low in p5 retinas and increased by p8 in all but Tulp1-/- (Supplementary Figure 6). In wt retinas, Muller processes labeled strongly and spanned the retina radially from the outer limiting membrane (OLM) to the inner limiting membrane (ILM) by p8 (Supplementary Figure 6e). In the ONL, the radial processes reached the OLM and formed a CRALBP-positive continuous layer at p8 (Supplementary Figure 6e and Figure 7a); this pattern was similar at p14 (Supplementary Figure 6i and Figure 7e). In Tulp1-/- retinas, CRALBP labeling was weak in the ONL-IPL region at p8 (Supplementary Figure 6f and Figure 7b), the radial processes in the ONL did not reach the OLM until p14 (Figure 7f). The CRALBP-positive layer in the OLM was weak at p8, and less intense at p14 compared to wt (Figures 7b,f). In Rho-/- and Rds-/- retinas, CRALBP expression in the INL-IPL region was between wt and Tulp1-/- at p8 (Figures 7c,d). Radial Muller glia processes in the ONL were straight and ran between the columns of photoreceptor nuclei in wt retinas (Figures 7a,e); in contrast, they appeared to enclose some photoreceptor cell bodies in IRD retinas (Figures 7b–d,f–h). The severity of this phenotype increased from Tulp1-/- to Rho-/- and to Rds-/- and from p8 to p14 (Figure 7). These latter findings are in line with (Sakami et al., 2019) suggesting that Muller cells were the primary effectors of photoreceptor phagocytosis in P23H-RHO mice (analyzed at p14). The current study suggests that this event has been initiated in Tulp1-/-, Rho-/-, and Rds-/- retinas by p8. Other studies also reported remodeling of Muller cells but at later time points; for example, glutamine synthetase expression decreased by p20 and GFAP increased from p15 in Muller cells of the rd10 retina (Roche et al., 2016). GFAP increased from p18 to 30 in the rd1 retina (Strettoi et al., 2003).
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FIGURE 7. Muller cell labeling (CRALBP) in the outer retina. Retinas from wt, Tulp1-/-, Rho-/-, and Rds-/- mice were taken at p8 and p14 (n = 5–6). (a–h) Sections were labeled with CRALBP immunocytochemistry (light blue) and counterstained with DAPI (purple; overlaid on the right). ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer. Arrowheads point to the OLM. Scale bar (h): 20 m.


Ganglion cells were labeled for microtubule associated protein 2 (MAP2) and RNA binding protein mRNA processing factor (RBPMS). MAP2 labeled the dendritic tree of ganglion cells in the IPL (Figure 6), while RBPMS predominantly localized to the cell bodies and main dendritic branches of ganglion cells (Supplementary Figure 7). Expression of MAP2 (Figure 6m) and RBPMS (Supplementary Figure 7m) was similar in wt retinas; expression was low at p5, peaked at p8 and decreased by p14. MAP2 expression was significantly less in IRD compared to wt retinas at p8 (Figure 6m). Notably, MAP2 labeling was significantly less at p8 and higher at p14 in Tulp1-/- compared to Rho-/- and Rds-/- retinas (Figure 6m). In contrast, less differences were found in RBPMS expression levels between IRD and wt retinas (Supplementary Figure 7m), however, the number of RBPMS-positive cells was higher in Tulp1-/- retinas at p5 and p8. In summary, the observations suggest that development of ganglion cells, in particular, ganglion cell dendrites in the IPL are altered in IRD retinas, and differ significantly between Tulp1-/-, and Rho-/- and Rds-/- retinas.

In summary, in the inner retina, expression of PKCα, CHX10, CTBP2 (and RYBEYE) and MAP2, increased in Tulp1-/- retinas from p8 to p14, while their expression was maintained or decreased in Rho-/-, Rds-/-, and wt retinas during the same period suggesting an altered development of Tulp1-/- retinas compared to the other retinas analyzed.



TUNEL-Positive Cells

TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) staining was performed to enable visualization of apoptotic cells. Cells were co-labeled for CHX10 (Figure 8) and PAX6 (Supplementary Figure 8) to aid localization of TUNEL-positive cells in the INL. At p5–p8, the majority of TUNEL-positive cells were in the NBL and bipolar cell region of the INL in both wt and IRD retinas (Figures 8a–h and Supplementary Figures 8a–h). The photoreceptor and GCLs also had TUNEL-positive cells but in lower numbers. The number of TUNEL-positive cells increased in the ONL of Rho-/- and Rds-/- retinas from p8 and in Tulp1-/- retinas from p14 (Figure 8m); this was mirrored by significantly decreased ONL thickness in the IRD retinas from p14 (Supplementary Figure 1q). Notably, significantly more TUNEL positive cells were found in the INL of Tulp1-/- compared to wt, Rho-/-, and Rds-/- retinas by p14 (Figure 8n), however, this was not reflected in decreased Tulp1-/- INL thickness at either p14 or p30 (Supplementary Figure 1r).
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FIGURE 8. Combined TUNEL stain and CHX10 immunocytochemistry in the ONL – INL region. Retinas from wt, Tulp1-/-, Rho-/-, and Rds-/- mice were taken at p5, p8, and p14 (n = 3). (a–l) Sections were co-labeled with TUNEL stain (purple) and CHX10 (green) immunocytochemistry (overlaid on the right side), and counterstained with DAPI (blue; overlaid on the far right). Quantification of TUNEL-positive cells in the outer nuclear layer (ONL; m), inner nuclear layer (INL; n) and ganglion cell layer (GCL; o) were carried out from microscope images using cellSens software and results are given in bar charts; bars represent mean + SD. NBL, neuroblast layer. Scale bar (l): 50 mm. *p < 0.05; **p < 0.01; ***p < 0.001 (ANOVA). Black stars refer to differences between IRD and wt mice, purple stars refer to differences between Tulp1-/- and the other IRD mice.


The results indicate a large-scale photoreceptor apoptosis in the three IRD models from p8–p14, timeframes that are somewhat earlier than detected previously in Rds-/- retinas from p14 (Portera-Cailliau et al., 1994) and in Tulp1-/- retinas from p18 (Ikeda et al., 2000). Interestingly, by p14, apoptosis is largely over in the INL of wt, Rho-/-, and Rds-/-, but not in Tulp1-/- retinas. As the INL thickness did not decrease significantly in Tulp1-/- compared to the other retinas by p30, the presence of significant apoptosis at p14 may probably be a sign of a delayed developmental process rather than progressive degeneration of the INL in Tulp1-/- retinas at this stage. Lower number of apoptotic cells in Tulp1-/- compared to wt INLs at p5-p8 are also suggestive of delayed developmental apoptosis in Tulp1-/- retinas.



Cell Type Specific TULP1 Interactomes in the Retina

Our analysis indicated that Tulp1 was expressed, apart from photoreceptors, in, bipolar, Muller, ganglion, and RPE cells. Additionally, early changes in the Tulp1-/- retina exhibited specific, Tulp1-linked perturbations in bipolar, Muller, amacrine and ganglion cells. As the function(s) of TULP1 are not clearly established, we aimed to interrogate the potential roles that TULP1 might have in these retinal cell types.

Tubby like protein 1 (TULP1) interactors were predicted with PrePPI (Zhang et al., 2012) and STRING (Szklarczyk et al., 2019) and resulted in 179 and 68 interactors, respectively (Supplementary Table 1); 22 interactors were predicted by both resources (Supplementary Table 1). Eleven validated interactors were taken from the literature (Supplementary Table 1); seven of which were also predicted with PrePPI or SRING. Proteins were merged into a medium confidence list of 229 TULP1 predicted interactors (Supplementary Table 1). A high-confidence list of 33 TULP1 interactors from the above list includes interactors validated or predicted by both PrePPI and STRING. Cell type-specific mRNA expression levels of TULP1 predicted interactor genes were determined in retinal cell types where bioinformatic analysis suggested expression of Tulp1; GEO expression data sets (GSE97534, GSE59201, GSE115404, GSE127771, GSE86199, GSE19304) were used. Expression levels of high-confidence predicted interactor genes are given in heatmaps for p4–p7 and adult cell types (Figures 9A,B), as well as, during postnatal development of cones (Figure 9C). A zoom-enabled pdf version of this figure is given in Supplementary Figure 9). TULP1 predicted interactor genes from the medium-confidence list were ranked by expression level in retinal cell types and expression of the highest expressed 20% predicted interactor genes from each cell type further analyzed by heat maps and Venn diagrams (Supplementary Figure 10).
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FIGURE 9. mRNA expression of a high-confidence TULP1 predicted interactome in various retinal cell types. A list of 33 TULP1 interactors were assembled from predicted (by both PrePPI and STRING) and 11 validated interactors. Expression of their corresponding genes in various retinal cell types was determined from Gene Expression Omnibus data sets; GSE97534, GSE59201, GSE115404, GSE127771, GSE86199, GSE19304, and is given in row-scaled clustered heatmap representation in some p4-p7 (A) and adult (B) retinal cell types and in developing cone cells at p2, p5, p8, p12, and adult (C). Note that in panel (A), rod, cone, and ganglion cells are from p5, bipolar cells are from p7 and Muller cells are from p4 retinas. pr: photoreceptor. A zoom-enabled version of this figure is given as Supplementary Figure 9.


Significant differences in expression of TULP1 predicted interactor genes between rod, cone, ganglion, bipolar, and Muller cells at p4–p7 (Figure 9A and Supplementary Figures 10a–c), and between photoreceptor (∼rod), cone, ganglion, and RPE cells from adult retinas (Figure 9B and Supplementary Figures 10d–f) were determined. During development of cone photoreceptors, few (∼10%) age-specific predicted interactors were found (Supplementary Figures 10g–i), although the expression pattern of the predicted interactor genes varied with age (Figure 9C and Supplementary Figure 10g).

Regarding expression of the high-confidence TULP1 interactor genes (Figure 9) in rods and cones, various functional groups were predicted. Cytoskeletal (including intracellular trafficking) interactor genes included Actb, Actg1, Map1b, Rpgrip1, Dnm1, Bbs2, and Ush2a. Ctbp2 and Cabp4 are proteins linked to synaptic function. Outer segment interactors were found in rods and cones; e.g., Rho, Gnat1, Pde6b, and Cngb1 in rods, and Guca1b and Gucy2d in cones. As the highest concentration of TULP1 is found in photoreceptor inner segments, TULP1 may be implicated in transport of outer segment proteins, similar to rod and cone opsins (Grossman et al., 2011). Alternatively, low levels of TULP1 may be present in the outer segments and could interact with predicted interactors in situ. Other photoreceptor- or retina-specific TULP1 interactor genes expressed in photoreceptors included transcription factors (Nrl, Crx, Nr2e3) and proteins such as Rbp3, Abca4 (retinoid cycle), Crb1 and Aipl1, often exhibiting differential expression between rod and cone photoreceptors (Figure 9).

Of note, expression of two functional groups of TULP1 interactor genes was predicted with high-confidence in retinal ganglion cells (Figure 9); some interactors were linked to signal transduction, for example, Axl, Tyrp3, Grb2, and Nck1, while others, that is, Actb, Actg1, Dnm1, and Map1b represented cytoskeletal interactors. TULP1 predicted interactor genes expressed in bipolar cells at p7, Muller cells at p4 and adult RPE cells (Figure 9) belonged to three functional groups; cytoskeleton (Dnm1 in bipolar, Actg1 in Muller and Actb and Dnm1 in RPE cells), signal transduction (Mertk in bipolar and Muller, Grb2 in Muller, and Axl, Nck1, Tyro3, and Mertk in RPE cells) and retinoid cycle (Rgr in RPE, Muller and bipolar, Rbp3 in Muller and Abca4 in bipolar and RPE cells).



IRD Gene Expression in Early Postnatal Retinal Cell Types

TULP1 is one of more than 300 genes causative of IRDs (RetNet - Retinal Information Network, 2019). In this study, we found that Tulp1 was expressed in both photoreceptor and non-photoreceptor cells, in particular during development of the mouse retina. We queried how common this feature may be among other IRD genes. Using retinal expression data sets (GSE59201, GSE97534, GSE71462, GSE33088, GSE127771, GSE86199, GSE115404), normalized expression levels of 235 mouse orthologs of a panel of 251 human IRD genes (Dockery et al., 2017; Supplementary Table 2) were determined in selected retinal cell types at p4–p7 (Figure 10). The photoreceptor-derived component of the transcriptome was accounted for employing Rho expression in non-photoreceptor samples. The analysis suggests widespread expression of IRD genes in various, often multiple (for example, in photoreceptor, amacrine and ganglion cells), retinal cell types at p4–p7 (Figure 10; a zoom-enabled pdf version of this figure is given in Supplementary Figure 11). Of note, low level of Rds expression was detected in Muller cells; while only in these cells and at a low level, this is worth noting given we used Rds-/- retinas as disease controls.
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FIGURE 10. Cell type-specific expression of IRD genes in mouse retina at p4–p7. Retinal cell type-specific gene expression values of 235 mouse orthologs of a panel of 251 human IRD genes (Dockery et al., 2017) were determined using GSE59201, GSE97534, GSE71462, GSE33088, GSE127771, GSE86199, GSE115404 data sets from Gene Expression Omnibus. Photoreceptor contamination of non-photoreceptor samples was determined utilizing Rho expression and corresponding photoreceptor derived IRD gene expression values deducted from these samples. Expression values are given in a clustered heatmap format; pr, photoreceptor. A zoom-enabled version of this figure is given as Supplementary Figure 11.




DISCUSSION

Tulp1 expression in photoreceptor and non-photoreceptor cells has been explored in the mouse retina and potential TULP1 interactors highlighted. While TULP1 expression has previously only been observed in photoreceptors in mice (Hagstrom et al., 1999; Ikeda et al., 2000; Xi et al., 2005), expression of human TULP1 has been detected in neuroblast, RPE, INL, and ganglion cells (Milam et al., 2000). In the current study, using immunocytochemistry we found evidence of TULP1 expression in the neuroblastic/INL region of the murine retina during the p5–p8 period (Figure 1), which has not been reported previously. Expression of TULP1 was also evident in the ONL at all ages analyzed (p5–p30) confirming prior studies (Hagstrom et al., 1999; Ikeda et al., 2000; Xi et al., 2005), but, moreover, demonstrating a developmental expression profile with Tulp1 expression peaking at ∼p8, again not reported previously (Figure 1). While expression of TULP1 was found in occasional ganglion cells in humans (Milam et al., 2000), we did not detect protein expression in these cells in mice during the analyzed period. However, bioinformatic evaluation based on mRNA expression suggested that Tulp1 was expressed in ganglion cells, as well as in RPE, bipolar and Muller cells in the mouse retina (Figure 2). Possibly, the affinity of the TULP1 antibody used in the study, i.e., M-tulp1N (Hagstrom et al., 1999), was not sufficient to detect the level of TULP1 in ganglion cells. Similarly, Tulp1 expression was also detected in p5 ganglion cells using single cell transcriptome profiling (Rheaume et al., 2018). TULP1 has been implicated in MERTK-dependent phagocytosis in the RPE (Caberoy and Li, 2009), however, TULP1 in the RPE was suggested to originate from shedding of photoreceptor segments (Caberoy et al., 2010). Our bioinformatic analysis indicates that Tulp1 is expressed in adult mouse RPE, in agreement with transcriptome analysis of human RPE/choroid (Whitmore et al., 2014). According to our study, Tulp1 is expressed in p7 but not in p17 bipolar cells; no data were available for Muller cells. Notably, peak expression of Tulp1 overlaps with differentiation, maturation and synaptic development of the mouse retina.

To explore the impact of TULP1 on the inner retina, we analyzed the architecture of the retina in Tulp1-/- mice in the p5–p14 window. This period coincides with a major part of postnatal development and peak expression of Tulp1 in the mouse retina. As comparators we evaluated retinas from Rho-/- (Humphries et al., 1997) and Rds-/- (Sanyal et al., 1980) mice; Rho and Rds are believed to be expressed exclusively in photoreceptors in the retina. As such, in these mice, retinopathy is due to loss of photoreceptor-specific proteins. Therefore, any alterations in the inner retina should be the result of the primary photoreceptor degeneration. Notably, we detected an extremely low level of Rds expression in Muller cells (Figure 10). Most probably this represents photoreceptor contamination of the Muller cells analyzed (Rho expression was used to account for photoreceptor contamination). Alternatively, it could be caused by the close physical and functional contact (Sakami et al., 2019) between photoreceptors and Muller cells. When comparing Tulp1-/-, Rho-/-, and Rds-/- retinas, two main trends were identified.

Common alterations in all IRD retinas were observed including alterations in rod and cone photoreceptors, ectopic sprouting of horizontal cell neurites, distorted Muller glia labeling in the ONL, decreased immunoreactivity of CTBP2 in the OPL, compromised rod bipolar cell dendritic and axon terminal development, decreased bipolar cell numbers (Supplementary Figures 1–5) and a significant increase in TUNEL-positive photoreceptors by p8–p14. Similar features of early degeneration and remodeling have been described in other IRD mouse models (Strettoi and Pignatelli, 2000; Strettoi et al., 2002; Gargini et al., 2007; Grossman et al., 2009; Puthussery et al., 2009; Singh et al., 2014; Soto and Kerschensteiner, 2015; Roche et al., 2016).

Of note, we detected alterations in the architecture and development of the inner retina of Tulp1-/- mice, which differed from the specific, photoreceptor-driven degeneration observed in Rho-/- and Rds-/- retinas and were only characteristic of Tulp1-/- retinas. These included different expression profiles of CHX10 and PKCα in bipolar cells, of PAX6 and CTBP2 in INL and GCL and of MAP2 in IPL (Figures 3–7). Expression of PKCα, CHX10, CTBP2, and MAP2, increased in Tulp1-/- retinas from p8 to p14, while expression was maintained or decreased in Rho-/-, Rds-/-, and wt retinas during the same period. Additionally, there was a significant number of apoptotic cells in Tulp1-/- (but not in Rho-/-, Rds-/-, and wt) INLs at p14 (Figure 8).

Delayed peak expression (from p8 to p14) of the above cellular markers in Tulp1-/- retinas, may be a sign of altered development and maturation of bipolar, amacrine and ganglion cells. For example, MAP2 is a critical component for dendritic extension, branching and remodeling (Johnson and Jope, 1992) (Szebenyi et al., 2005) (Wang and Rubel, 2008). MAP2 upregulation is also a hallmark of activity-dependent stabilization of dendrites in cultured sympathetic neurons (Vaillant et al., 2002). Therefore, delayed MAP2 expression in the Tulp1-/- IPL may possibly indicate delayed development of synaptic connectivity in the Tulp1-/- retina. Delayed apoptosis in the INL also suggests that the normal developmental profile of the inner retina may be compromised in the Tulp1-/- retina. Overall, the data suggest that loss of Tulp1 expression is causative of not only primary photoreceptor degeneration but possibly primary perturbation of inner retinal cells and circuitries.

As noted, the function of TULP1 has not been fully established; most studies have been focused on photoreceptor and RPE cells (see below). Trafficking between inner and outer segments (Hagstrom et al., 2001, 2012; Xi et al., 2005; Grossman et al., 2011), and cytoskeletal functions including vesicular transport in the synaptic region (Xi et al., 2007; Grossman et al., 2009, 2013; Wahl et al., 2016) are known functions in photoreceptor cells. These functions are in line with our analysis of cell type-specific expression of validated (such as Actb, Actg1, Map1b, and Dnm1) and predicted (such as Bbs2, Rpgrip1, and Ush2a) TULP1 interactor genes (Figure 9 and Supplementary Figure 10). Indeed, predicted cytoskeletal TULP1 interactor genes were expressed in all retinal cell types analyzed including bipolar, ganglion, Muller, and RPE cells. While TULP1’s role in the cytoskeleton has been described in the context of photoreceptors (see above), RPE (Caberoy et al., 2010) and DNM1 expression in the inner retina (Grossman et al., 2013), our study predicts TULP1 as a cytoskeletal interactor in all analyzed retinal cell types.

Notably, the data also highlight the retinoid visual cycle as a potential new TULP1-linked retinal function (Figure 9 and Supplementary Figure 10). Various proteins involved in aspects of the retinoid cycle (Rbp3, Rgr, and Abca4, and Rpe65 and Lrat from the high- and medium-confidence predicted TULP1 interactor lists, respectively) were expressed in a number of retinal cell types, including photoreceptor (Rbp3 and Abca4), bipolar (Rgr and Abca4), Muller (Rgr and Rbp3), and RPE cells (Rgr, Abca4, Rpe65, and Lrat). Expression of Rgr is typically linked to RPE and Muller cells, Abca4 to photoreceptors and Rbp3 to photoreceptor and retinoblastoma cells (Entrez). As such, our findings suggest some atypical sites of expression for these genes. However, other studies also detected uncommon expression for some of these genes; Abca4 has been found expressed in RPE cells (Lenis et al., 2018) and Rbp3 in bipolar and ganglion cells (Siegert et al., 2012). Additionally, as some of these cells are in close physical contact to each other in the retina, for example, photoreceptor and RPE, or photoreceptor and Muller cells, contamination between these cell types may happen and ultimately influence cell-specific gene expression data.

Signal transduction was another function newly predicted for TULP1 interactor genes in non-photoreceptor cells (Figure 9 and Supplementary Figure 10), for example, in RPE (Axl, Nck1, Tyro3, and Mertk), ganglion (Axl, Tyro3, Grb2, Nck1), bipolar (Mertk) and Muller (Mertk and Grb2) cells. Additionally, expression of a number of transcription factors that were predicted with high confidence as TULP1 interactors (Nrl, Crx, and Nr2e3) were detected (Figure 9). As these transcription factors were expressed in various retinal cell types, TULP1 may possibly be involved in regulation of development and maturation of the retina as indicated previously (Boggon et al., 1999; Milam et al., 2000; Grossman et al., 2009). In summary, cell type-specific expression of validated and predicted TULP1 interactor genes suggest differential utility of TULP1 in various cell types in mouse retina including bipolar and Muller cells, where expression of Tulp1 was not recognized before. Some predicted TULP1-linked retinal functions, such as the retinoid visual cycle, or non-photoreceptor signal transduction have been highlighted for the first time. These studies were based on bioinformatic analysis of mRNA expression of predicted TULP1 interactor genes and so predicted TULP1 interactors will require validation by proteomic approaches. Nevertheless, our data highlight the potentially diverse roles that TULP1 may play in the retina.

The data suggest that Tulp1 is expressed in various cell types in the retina; this may explain the severe phenotype of TULP1-linked IRD (Jacobson et al., 2014) and may be relevant from a therapeutic perspective. We interrogated how unique this feature might be among IRD genes (RetNet - Retinal Information Network, 2019). Indeed, expression of a significant proportion of ∼180 mouse IRD genes has previously been detected in adult retinal cell types (Siegert et al., 2012). However, to the best of our knowledge, cell type-specific expression of IRD genes has not been evaluated in the early postnatal mouse retina. As such, we analyzed the expression of 235 mouse orthologs of a panel of 251 human IRD genes (Dockery et al., 2017) in p4–p7 mouse retinal expression data sets and found widespread expression of IRD genes in various, often multiple retinal cell types at p4–p7 (Figure 10). Taking Tulp1 as an example, this gene is primarily expressed in photoreceptor cells. However, it also appears to be expressed in a number of non-photoreceptor cell types as observed using both mRNA expression data and immunocytochemistry in this study. It is possible that restoring TULP1 levels solely in photoreceptors may not provide the level of therapeutic benefit expected. Data from Siegert et al. (2012), Jacobson et al. (2014) and the current analysis suggest more extensive expression in both the outer and inner retina for a significant number of IRD genes.

Current interest in ocular gene therapy is enormous with recent approval, by the FDA/EMA, of Luxturna, the first ocular gene therapy. Results from this study provide significant evidence of expression of Tulp1 in murine retinal non-photoreceptor cells, in particular, during early postnatal development. These data correlate with human studies (Milam et al., 2000; Caberoy et al., 2010), additionally, they suggest significant roles for TULP1 in both photoreceptor and non-photoreceptor cells. A bioinformatic analysis of IRD genes suggests widespread expression of many other IRD genes in both inner and outer retinal cell types during early development. These findings raise the possibility that gene therapies targeting TULP1 (Widgren et al., 2016; Chen et al., 2018) (Jacobson et al., 2014; Avela et al., 2019) and other similarly expressed IRD genes, may possibly need to restore expression of these genes in both photoreceptor and non-photoreceptor cells. Furthermore, early postnatal expression of these genes highlights a potential hurdle for future treatments of some IRDs.
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Novel therapeutic approaches for treating inherited retinal degenerations (IRDs) prompt a need to understand which patients with impaired vision have the anatomical potential to gain from participation in a clinical trial. We used supervised machine learning to predict foveal function from foveal structure in blue cone monochromacy (BCM), an X-linked congenital cone photoreceptor dysfunction secondary to mutations in the OPN1LW/OPN1MW gene cluster. BCM patients with either disease-associated large deletion or missense mutations were studied and results compared with those from subjects with other forms of IRD and various degrees of preserved central structure and function. A machine learning technique was used to associate foveal sensitivities and best-corrected visual acuities to foveal structure in IRD patients. Two random forest (RF) models trained on IRD data were applied to predict foveal function in BCM. A curve fitting method was also used and results compared with those of the RF models. The BCM and IRD patients had a comparable range of foveal structure. IRD patients had peak sensitivity at the fovea. Machine learning could successfully predict foveal sensitivity (FS) results from segmented or un-segmented optical coherence tomography (OCT) input. Application of machine learning predictions to BCM at the fovea showed differences between predicted and measured sensitivities, thereby defining treatment potential. The curve fitting method provided similar results. Given a measure of visual acuity (VA) and foveal outer nuclear layer thickness, the question of how many lines of acuity would represent the best efficacious result for each BCM patient could be answered. We propose that foveal vision improvement potential in BCM is predictable from retinal structure using machine learning and curve fitting approaches. This should allow estimates of maximal efficacy in patients being considered for clinical trials and also guide decisions about dosing.
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INTRODUCTION

Gene augmentation therapy clinical trials in inherited retinal degenerations (IRDs) have to date mainly delivered vector-gene product by the subretinal route (reviewed in Garafalo et al., 2019). A preferred surgical location for the induced retinal detachment has been the macular region. Among the many reasons for targeting the macula is the realization that, if proven safe, a therapy that increases or preserves central vision would be noticed and appreciated by patients. Also, monitoring of post-treatment efficacy could occur by common clinical methods such as visual acuity (VA) and central structural parameters using optical coherence tomography (OCT).

Many IRD patients with impaired foveal structure and vision could benefit from gene augmentation delivered to the retina with a less traumatic method than a surgically induced macular detachment which carries the potential risk of further reducing central vision. One potential option is an intravitreal delivery of vector-gene product. Among the caveats associated with intravitreal gene therapy are concerns about potency and inducing uveitis (Miller and Vandenberghe, 2018) and most experimental evidence in non-human primates is that mainly the photoreceptors in the fovea would be able to be targeted with the current viral vectors (Dalkara et al., 2013; Boye et al., 2016; Khabou et al., 2018; Byrne et al., 2020).

A number of IRDs would qualify as diseases in which an improvement in VA, despite foveal photoreceptor abnormalities, would be welcomed by affected patients, even if not accompanied by a gain in expanse of visual field (Garafalo et al., 2019). Among these IRDs is blue cone monochromacy (BCM), the X-linked congenital disorder with loss of red (L, long wavelength sensitive) and green (M, middle wavelength sensitive) cone photoreceptor function secondary to mutations in the OPN1LW/OPN1MW gene cluster on chromosome Xq28. There is evidence of retained L/M cones at and around the fovea in BCM, suggesting that this condition may be a candidate for intravitreal gene therapy (Cideciyan et al., 2013; Carroll et al., 2014; Scoles et al., 2016; Sumaroka et al., 2018; Garafalo et al., 2019). Missing to date, however, have been studies that would determine the level of efficacy that could be expected from such therapy, i.e., what is the degree of improvement in foveal function that could occur in the individual BCM patient.

Machine learning techniques have recently been used to predict treatment potential in two forms of Leber congenital amaurosis (LCA) caused by mutations in CEP290 or IQCB1 (NPHP5), that had little or no measurable vision but some measurable central retinal structure (Sumaroka et al., 2019). The present work uses these methods to try to predict from cross-sectional retinal structure images with OCT in BCM patients of different genotypes the best possible foveal visual outcomes in a clinical trial of intravitreally delivered vector-gene, acknowledging that it would only target foveal cones and not extracentral dysfunctional cones in these retinas.



MATERIALS AND METHODS


Human Subjects

Two groups of patients were included: IRD patients (n = 26; ages 18–72 years; Supplementary Table S1) and BCM patients (n = 16; ages 7–52 years; Supplementary Table S2). IRD patients had retained visual acuities of at least 20/250 and measurable foveal cone function, determined as sensitivity to a 600-nm light stimulus on a white background light. All IRD patients had retained foveal outer nuclear layer thickness (range, 24–150 μm). We assumed that the cones in this cohort of IRD patients were functioning proportional to their remaining quantum catch and there was no additional de-sensitization beyond the partial loss of photoreceptors and shortening of outer segments (OSs) among the surviving cones (Sumaroka et al., 2019). Patients with cystoid macular edema or foveal atrophy were not included. Data from three normal subjects (N1–3, ages 22–32) were also included in this “training set” to cover the full range of foveal photoreceptor layer parameters. BCM patients included two eight-patient cohorts with different genotypes: those with large deletion mutations and those with the C203R missense mutation in a singular resident OPN1LW or OPN1LW/MW hybrid gene or in all genes of the OPN1LW/OPN1MW gene cluster (Sumaroka et al., 2018). All subjects underwent a complete eye examination as well as specialized tests of visual function and structure. Data from one eye were included for each patient. The research was approved by the institutional review board at the University of Pennsylvania. Previous genetic research testing in addition was approved by the institutional review board at the University of Tuebingen. All subjects were treated in accordance with the tenets of the Declaration of Helsinki; informed consent was obtained from adults, and assent with parental permission for all children.



Foveal Structure: Optical Coherence Tomography (OCT), Data Extraction

Cross-sections along the horizontal meridian through the fovea were obtained with OCT (RTVue-100; Optovue Inc., Fremont, CA, United States). The principles of the method and our recording and analysis techniques have been published (e.g., Sumaroka et al., 2016, 2018). Three 15° wide B-scans composed of 4,091 A-scans or longitudinal reflectivity profiles (LRPs) were selected from each subject. Post-acquisition processing of OCT data was performed with custom programs (MATLAB Release, 2018, MathWork, Natick, MA, United States). All scans were aligned by straightening the major hyperreflective signal believed to originate near the interface between the basal aspect of the retinal pigment epithelium and Bruch’s membrane (RPE2/BrM). To increase the signal-to-noise ratio, lateral sampling density of the B-scan was reduced by averaging neighboring LRPs to get 512 A-scans per 15°. All scans were centered at the fovea; the foveola was identified manually as the maximum depression. Six retinal layers were identified and segmented with a computer-assisted algorithm: outer plexiform layer (OPL), external limiting membrane (ELM), inner segment (IS)/OS [also known as ellipsoid zone (EZ)] line, cone OS tips (COST; also known as phagosome zone; Cuenca et al., 2018, 2020), apical aspect of the RPE (RPE1), and RPE2/BrM (Supplementary Figure S1A). From this segmentation, ONL thickness, IS and COS length, and RPE thickness were extracted. Data were extracted at seven eccentricities centered at the fovea with 0.25° increments. In addition, the number of negative and positive peaks (extrema) on the gradient of the LRPs between the ELM and RPE2/BrM layers was automatically counted (Supplementary Figure S1B). The reflectivity values at each depth with respect to RPE2/BrM were extracted at the same eccentricity (Supplementary Figure S1C). The results of data extraction for ONL, IS, COS, and RPE are shown and the range of the values in the training set overlap with those of the BCM patient set (Supplementary Figure S1D).



Foveal Function: Visual Sensitivity and Visual Acuity

Visual sensitivities were measured in the light-adapted state using 600-nm stimuli (size V, 1.7° diameter, 200 ms duration) on a standard 10 cd.m–2 white background (Humphrey Field Analyzer, HFA-750i analyzer, Zeiss-Humphrey, Dublin, CA, United States). The method has been described (for example, Charng et al., 2016; Matsui et al., 2016). Best-corrected VA was measured with the Early Treatment Diabetic Retinopathy Study (ETDRS) methodology.



Data Analysis of the Training Set: Relationship of Structure and Function

We used two techniques of regression analysis to predict the possible outcome of treatment. The first technique, a supervised machine learning approach [random forest (RF)], was used to model the relationship between foveal function [foveal sensitivity (FS); VA] and retinal structure. Following our previous data analyses (Sumaroka et al., 2019), two groups of models based on the form of input variables were constructed. The model in each group was applied to predict FS and VA. Group 1 (Model I-FS and I-VA) used the input features derived from segmentation parameters: thicknesses of ONL, IS, COS, and RPE, and the number of distinct layers between ELM and RPE2/BrM. Additionally, the relationship between ONL and COS, and thickness of these layers and retinal eccentricity were accounted for by directly including interaction terms. For models in Group II (Model II-FS and II-VA), only reflectivity values were used as input features. Performance of each model was evaluated by leave-one-out, 29-fold cross-validation. The predicted value was defined as average of prediction at each eccentricity in all three scans based on the remaining subjects in the training set.

The second technique was based on curve fitting using the established relationship between photopigment (and outer retinal structure) and visual-retinal thresholds, measured by psychophysics or electrophysiology (Ripps et al., 1978; Machida et al., 2000; Jacobson et al., 2005, 2014). To implement fitting, we used the relationship between retinal structural data and functional data derived from our training set (Supplementary Figure S1E). In this technique, the predicted result was defined as the average of three predictions using foveal ONL (0-eccentricity).

Final RF models were trained using data from all 29 subjects (26 IRD and three normals). Root-mean-square error (RMSE) was used as an indicator of model performance for all methods. The difference between the measured target variable (sensitivity) and the predicted value was calculated first. Difference across all patients was squared, averaged, and square root extracted. Range of predictions were estimated as ± 1.96∗RMSE.



RESULTS


Machine Learning to Predict Foveal Function From Foveal Structure in IRDs

We first asked whether the machine learning algorithm can be trained to predict reliably the foveal cone sensitivity based on co-localized foveal retinal structure in a cohort of patients with different forms of IRD. An RF supervised learning algorithm was used with the foveal structure parameters as input and light-adapted 600 nm sensitivity as output (Figure 1). Measured and predicted FSs were compared for all IRD patients. Data from six IRD patients illustrate a range of thicknesses of foveal ONL (Figures 1A,D) along with the corresponding measured FS and VA in comparison with predictions by two models for each parameter (I-FS, II-FS and I-VA, II-VA, respectively) (Figures 1B,C,E,F). S23 and S3 exemplify milder central retinal disease with normal or near-normal FS and retained IS/OS structure, whereas S24 has more severe disease with greater foveal abnormalities in function and structure (Figure 1A). S11, S8, and S20 illustrate abnormal foveae with visible defects of IS/OS (Figure 1D) similar to those in some BCM patients. Measured FSs in these patients (especially S20) are further reduced and there is corresponding loss of VA.
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FIGURE 1. Prediction of foveal sensitivity (FS) and visual acuity (VA) in the IRD training set group. (A) Foveal region OCT scans from 3 IRD subjects (S23, S3, S24) representing different ONL thicknesses. (B) Comparison of measured FS (M, orange bar) and predicted results by Model I-FS (white bar) and Model II-FS (light orange bar). Yellow bar is FS value calculated by formula extracted from curve fitting (CF-FS). (C) Comparison of measured VA (dark blue bar) and predicted by Model I-VA (white bar) and Model II-VA (light blue bar). Light green bar is VA calculated by a formula extracted from curve fitting (CF-VA). (D–F) are the same as (A–C) but the scans are from 3 IRD subjects (S11, S8, S20) who have visible defects of IS/OS similar to those encountered in some BCM patients. Dashed lines in (B,C,E,F) represent lower boundary of normal range.


Measured and predicted FS were compared for the six IRD patients representing a spectrum of disease severities. The predictions of the models appear to approximate well the measured FS and VA values (Figures 1B,C,E,F).

Across all IRD patients, differences between measured and predicted sensitivities were used to calculate RMSE for each model (Figures 2A,B).
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FIGURE 2. Evaluation of the models. (A) Random forest segmentation Model I-FS and I-VA showing predicted versus measured values. (B) Random forest Model II-FS and II-VA showing predicted versus measured values. Equality line (y = x) is superimposed (solid line); RMSE are shown as dashed lines (A,B). (C) Logarithmic curve [y = y0 + a*log(x)] fitted to FS versus ONL, and VA versus ONL (solid lines). (D) Prediction based on curve fitting. Equality line (y = x) is superimposed (solid line). RMSE are shown as dashed lines (C,D).




Curve Fitting to Predict Foveal Function From Foveal Structure in IRDs

Using non-linear regression analysis, we fit a logarithmic curve that assumes the cones were functioning proportional to their remaining quantum catch (following the experimental results in Ripps et al., 1978; Machida et al., 2000; Jacobson et al., 2005, 2014). The function used was y = y0 + a∗log(x), where y was either FS in dB or VA in decimal and x was foveal ONL thickness in microns. Coefficients for FS were y0 = −12.01, (p < 0.01) a = 17.38 (p < 0.01) and for VA were y0 = −1.07, (p < 0.01) a = 0.91 (p < 0.01) (Figure 2C, solid line). Examples of the predicted foveal function by calculating FS (Figures 1B,E) and VA (Figures 1C,F) using only foveal ONL as input are shown. Calculated versus measured FS and VA are plotted across all IRD patients (Figure 2D) and an equality line is superimposed (solid line); RMSE was estimated from the difference between measured and calculated FS and VA (dashed lines, Figures 2C,D).



Predicted and Measured Sensitivities in BCM

Predictions of FS and VA from foveal structure were then tested in patients with BCM. The BCM patients had either disease-associated large deletion mutations or the C203R mutation (Supplementary Tables S1, S2). The two categories of genotypes were recently found to have different phenotypes in terms of persistence of foveal structure; patients with large deletions show on average more severe losses of central structure at earlier ages (Sumaroka et al., 2018). The cohort of eight patients with large deletion mutations tended to be younger in age than those with the C203R mutation.

All of the patients with large deletions had no detectable FS at the foveal location. Predicted FS results by the two RF models and the curve fitting were similar and indicated the potential for at least 1.5 log unit FS increases (Figures 3B,E). As expected, VA was reduced in all patients; the predicted results by both RF models and curve fitting indicated a comparable level of improvement potential (Figures 3C,F). There was no difference between results that explicitly took into consideration cone OS (COS) length (Model I-VA) and the other two approaches (II-VA, CF).
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FIGURE 3. Prediction of FS and VA of BCM patients with large deletion mutations. (A) Foveal region OCT scans from four BCM patients (ages 7–13 years). (B) Non-detectable sensitivity at foveal location (orange bar) and predicted results by Model I-FS (white bar) and Model II-FS (light orange bar) as in Figure 1. Yellow bar is sensitivity value calculated by formula extracted from curve fitting (CF-FS). (C) Comparison of measured VA (dark blue bar) and predicted results by Model I-VA (white bar) and Model II-VA (light blue bar). Light green bar is visual acuity calculated by formula extracted from curve fitting (CF-VA). (D–F) are the same as (A–C) but BCM patients are older (ages 18–35 years); dashed lines in (B,C,E,F) represent lower boundary of normal range. Error bars represent RSME for corresponding model.


The cohort of C203R BCM patients also had no detectable FS (Figures 4B,E) and reduced VA (Figures 4C,F). RF models and curve fitting predicted potential increase in FS but some patients (P12, P13, P14) showed slightly greater increases when COS length was not considered (I-FS). This suggests that these BCM foveae with greater ONL thickness but shorter COS than expected had less potential for improvement. This was even more evident in the VA data; Model I-VA tended to predict less improvement than the other two approaches (II-VA, CF).
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FIGURE 4. Prediction of FS and VA of BCM patients with the C203R mutation. (A) Foveal region OCT scans from four BCM patients (ages 13–35 years). (B) Non-detectable sensitivity at foveal location (orange bar) and predicted results by Model I-FS (white bar), Model II-FS (light orange bar), and CF-FS (yellow bar) as in Figures 1, 3. (C) Comparison of measured VA (dark blue bar) and predicted and predicted by Model I-VA (white bar), Model II-VA (light blue bar), and CF-FS (light green bar). (D–F) are the same as (A–C) but BCM patients are older (ages 35–52 years); dashed lines (in B,C,E,F) represent lower boundary of normal range. Error bars represent RSME for corresponding model.


Comparison of the treatment potential (difference between prediction and measured values) based on data from the three methods is shown for the two BCM genotype groups (Figure 5). For the patients with large deletions, all three approaches were, on average, the same. For C203R mutation patients, there was a statistically significant difference between approaches (Kruskal–Wallis one-way ANOVA on Ranks, P = 0.021); Model I-FS was on average less than II-FS and CF (Student–Newman–Keuls method P < 0.05) (Figure 5A). A similar effect was observed with VA predictions with little or no difference for patients with large deletions but considerable difference in the C203R patients (one-way ANOVA, P < 0.001, Student–Newman–Keuls method P < 0.05 (Figure 5B). Plotting ONL versus COS thicknesses for training and BCM sets indicates there is a difference. For the training set, there was strong correlation between COS length and ONL thickness (r = 0.814, P < 0.001), as has been observed for rod structure by histopathology (Machida et al., 2000). For BCM, there is no correlation of COS and ONL; COS thickness is reduced and independent of genotype. The greater COS thickness for the C203R cohort for the same ONL thickness as in the training set subjects would explain the difference in the prediction between Model I versus Model II as well as CF for the two genotypes (Figure 5C).
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FIGURE 5. Comparison of the treatment potential (difference between prediction and measured values) for the three methods in the two BCM genotypes. (A) Treatment potential for FS in deletion mutations and C203R mutation patients. Model 1, white bar; Model II, light orange bar; CF, light yellow bar. (B) Treatment potential for VA in the two groups. Model 1, white bar; Model II, light blue bar; CF, light green bar. Individual subjects, gray unfilled symbols; error bars, standard deviation. (C) Relation between ONL thickness and COS length for IRD patients used in the training set (gray circles) and those for BCM patients (deletion, dark blue circle; C203R, cyan circle).




DISCUSSION

Current understanding of the X-linked human disease BCM was preceded by a lengthy journey of scientific discovery that included the basics of photoreceptor anatomy, biochemistry, physiology, and molecular genetics (for example, Young, 1802; von Helmholtz, 1866; Osterberg, 1935; Nathans et al., 1986a, b, 1989, 1993; Curcio et al., 1990; Saari, 2000; Neitz and Neitz, 2011; Palczewski, 2012). Recent progress in delivery of genes to the retina has prompted discussion of which disease entities would be promising targets for gene therapies (Garafalo et al., 2019). One of the first questions to ask about BCM as a possible candidate for gene augmentation therapy was whether there were sufficient L/M cone photoreceptors present in the retina of these patients, considering the disease manifests as a congenital visual disorder and there is a macular degenerative component at later stages (Cideciyan et al., 2013). For BCM due to large deletion or C203R mutations included in the current work, the hypotheses have evolved over time. Earlier work based on adaptive optics (AO) images of waveguiding cones in C203R patients suggested that residual cones were all S cones and there were no L/M cones to be treated (Carroll et al., 2012). In contrast, evaluation of the spatial density of dark (non-waveguiding) cones together with OCT measurements in deletion patients was consistent with partially retained L/M cones (Cideciyan et al., 2013). Similarly retained L/M cones were later found in C203R patients with the use of split-detector AO imaging of their ISs (Carroll et al., 2014; Scoles et al., 2016; Patterson et al., 2020). More recently, the question of genetic heterogeneity and possible phenotypic differences within BCM was addressed with studies of cohorts of patients with large deletions versus patients with missense mutation, specifically C203R. An unexpected observation was that foveal cone structure was more persistent in the cohort of patients with the C203R mutation and the difference in natural history of disease progression could be as much as two to three decades (Sumaroka et al., 2018). Examination of further C203R patients in the sixth and seventh decades of life confirmed the original findings (Sumaroka, unpublished observation). Despite these structural differences in foveal photoreceptor integrity between genotypes at different patient ages, there were no significant differences in central visual function, such as VA (Sumaroka et al., 2018).

Is there progress toward therapy for the visual dysfunction in BCM? Recent murine proof-of-concept studies lend support to the concept that a gene augmentation approach to BCM may be feasible (Zhang et al., 2017; Deng et al., 2018, 2019). What is the expectation for therapeutic efficacy in a patient with BCM? We determined that there are sufficient cone photoreceptors to warrant foveal gene therapy in BCM (Cideciyan et al., 2013) but not until the current study were we able to ask about the potential difference to central visual function that efficacious therapy could make. The opportunity to ask such a question is presented by the considerable progress in technology of non-invasive imaging, and understanding of the anatomical basis of the cross-sectional retinal images with OCT (for example, Huang et al., 1998; Podoleanu and Rosen, 2008; Spaide and Curcio, 2011; Muller et al., 2019). Our first such attempt at predicting vision from retinal structure was done in two forms of LCA caused by CEP290 and IQCB1 (NPHP5) mutations that retained foveal and extrafoveal cone islands but no evidence of rods. The supervised machine learning approach used data from patients with retinitis pigmentosa with only cone-mediated macular function remaining. The results in these two forms of severe genetic retinal blindness allowed for prediction of maximal efficacy (Sumaroka et al., 2019).

The present work asked a similar question about prediction of vision from OCT structure but the differences between BCM and the previously studied forms of LCA required changes in strategy. Ideally, any treatment of BCM would target all the L/M cones throughout the retina but that will have to await future advances in gene (or other therapeutic) delivery. There is no evidence that L/M cones in human BCM are structurally intact outside of the fovea; the retinal region feasible to target would be the BCM fovea. BCM gene therapy would preferably be via an intravitreal delivery, and intravitreal gene delivery has been mainly limited to foveal transduction (Dalkara et al., 2013). Therefore, in BCM only the fovea and foveal cone photoreceptor structure would need to be quantified; surrounding extrafoveal retina where rod:cone ratios increase rapidly would not be targeted and, unlike the CEP290 and IQCB1 (NPHP5) forms of LCA previously analyzed, BCM has evidence of normal rod function and structure (Curcio et al., 1990; Cideciyan et al., 2013). Limiting the targeted retinal area to the fovea is useful in the design of a clinical trial because the functional predictions would best include the time-honored measure of central spatial vision (i.e., VA) as well as a measurement of visual sensitivity at fixation that is dramatically reduced in BCM (e.g., longer wavelength stimuli in the light-adapted state).

Two techniques of regression analysis were used to predict the possible outcome of therapy and the results were compared. A supervised machine leaning approach (RF) was taken to model the relationship between retinal structure and both FS and VA. This followed our previous data analyses: two groups of models based on the form of the input variables were constructed (Sumaroka et al., 2018). The second technique used CF to known foveal function and structural data (ONL) and this was based on an established model assuming photoreceptor function proportional to remaining quantum catch (Ripps et al., 1978; Kemp et al., 1988; Machida et al., 2000; Jacobson et al., 2005, 2014; Rangaswamy et al., 2010); parameters of a mathematical equation describing their relationship were extracted. RF models and CF produced comparable predictions of foveal efficacy in the BCM patients.

How would a BCM clinical trial use the data and analyses from the current study? In the present era of novel therapies, we enter early phase trials with the primary goal of evaluating safety; there is usually a qualitative prediction that there may be some efficacy signal at the doses initially used. A pattern has been that if VA improves (to some degree) compared to baseline, success is announced, and the trial may actually move forward to later phases, given regulatory approval of course. For BCM [and CEP290-LCA and IQCB (NPHP5)-LCA; Sumaroka et al., 2019], we can now advance to quantitative prediction of efficacy outcome. Once a patient has a clinical and molecular diagnosis of BCM, relevant parameters of function and structure would be quantified. The most commonly available measure of central visual function in the clinic is best-corrected VA, and retinal structure would be measured using OCT scans through the fovea. The presence of foveal ONL (by observation of the scan) would likely fulfill an entry criterion for enrollment. Yet, there is a need for quantitation of foveal ONL, and OCT machine algorithms are up to this task. VA and ONL at baseline allow us to estimate efficacy using predicted VA (VAp) calculated from the following formula: VAp = −1.07 + 0.91∗log(ONL). From the result, a patient’s predicted efficacy from therapy would be determined as VAp–VA. For example, P13 (C203R mutation, in his fourth decade of life) with a VA of 20/100 (decimal 0.2) and foveal ONL thickness of 90 μm would be predicted to show on average an improvement in VA to 20/25 (decimal 0.71 ± 0.34), equivalent to a six-line positive change (range four to seven lines) on an ETDRS chart. A further example is P5 (deletion mutation, in his second decade of life) with the same VA of 20/100 (decimal 0.2) as P13 but foveal thickness of 59 μm would be predicted to show an improvement in VA to 20/40 (decimal 0.54 ± 0.34), equivalent to a four-line positive change on an ETDRS chart (range zero to six lines). Treatment potential is estimated based on the retinal structure retained by each patient at the time of the intervention. If treatment changed the retinal structure, such as leading to COS lengthening, foveal treatment potential would also be expected to increase accordingly. Results in a recent clinical trial in CEP290-LCA suggested that such positive structural changes in the outer retina are possible (Cideciyan et al., 2019).

Other progress using machine learning to predict measures of visual function or retinal structure from various inputs is published and the topic is now being reviewed frequently (for example, Schmidt-Erfurth et al., 2018; Arcadu et al., 2019; Kihara et al., 2019; Wen et al., 2019; Della Volpe-Waizel et al., 2020). For the field of IRDs, next steps would be to research how artificial intelligence-based modeling could be used to analyze conditions with residual rod-mediated vision and structure. Ongoing and future gene-based trials that involve rod photoreceptors would benefit from such predictions.
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Retinitis pigmentosa (RP) and Leber congenital amaurosis (LCA) are inherited degenerative retinal dystrophies with vision loss that ultimately lead to blindness. Several genes have been shown to be involved in early onset retinal dystrophies, including CRB1 and RPE65. Gene therapy recently became available for young RP patients with variations in the RPE65 gene. Current research programs test adeno-associated viral gene augmentation or editing therapy vectors on various disease models mimicking the disease in patients. These include several animal and emerging human-derived models, such as human-induced pluripotent stem cell (hiPSC)-derived retinal organoids or hiPSC-derived retinal pigment epithelium (RPE), and human donor retinal explants. Variations in the CRB1 gene are a major cause for early onset autosomal recessive RP with patients suffering from visual impairment before their adolescence and for LCA with newborns experiencing severe visual impairment within the first months of life. These patients cannot benefit yet from an available gene therapy treatment. In this review, we will discuss the recent advances, advantages and disadvantages of different CRB1 human and animal retinal degeneration models. In addition, we will describe novel therapeutic tools that have been developed, which could potentially be used for retinal gene augmentation therapy for RP patients with variations in the CRB1 gene.
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CRB FAMILY MEMBERS

Crumbs (Crb) is a large transmembrane protein initially discovered at the apical membrane of Drosophila epithelial cells (Tepass et al., 1990). Several years later, it was found that mutations in a human homolog of the Drosophila melanogaster protein crumbs, denoted as CRB1 (Crumbs homolog 1), was involved in retinal dystrophies in humans (Den Hollander et al., 1999). The human CRB1 gene is mapped to chromosome 1q31.3, and contains 12 exons, has 12 identified transcript variants so far, three CRB family members, and over 210 kb genomic DNA (Den Hollander et al., 1999)1. Canonical CRB1 is, like its Drosophila homolog, a large transmembrane protein consisting of multiple epidermal growth factor (EGF) and laminin-globular like domains in its extracellular N-terminus (Figure 1A). The intracellular C-terminal domain contains a FERM and a conserved glutamic acid-arginine-leucine-isoleucine (ERLI) PDZ binding motives. An alternative transcript of CRB1, CRB1-B, was recently described and suggested to have significant extracellular domain overlap with canonical CRB1 while bearing unique 5′ and 3′ domains (Ray et al., 2020). In mammals, CRB1 is a member of the Crumbs family together with CRB2 and CRB3 (Figure 1A). CRB2 displays almost the same protein structure as CRB1, except a depletion of four EGF domains. CRB3A lacks the entire typical extracellular domain but contains the transmembrane domain juxtaposed to the intracellular part with the FERM-binding motif and a ERLI PDZ sequence. A second protein (isoform CRB3B) arises from the same CRB3 gene due to alternate splicing of the last exon, resulting in a different C-terminus with a cysteine-leucine-proline-isoleucine (CLPI) amino acid sequence, and thus lacks the PDZ domain (Fan et al., 2007; Margolis, 2018). Interestingly, the CRB3B isoform is found in mammals, but not in zebrafish or Drosophila (Fan et al., 2007). Further details about CRB isoform details can be found in Quinn et al. (2017).
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FIGURE 1. Schematic representation of CRB subcellular localization and proposed trafficking mechanism. (A) Schematic overview of full length CRB1 (CRB1-A), CRB1-B, CRB2, CRB3A, and CRB3B proteins. (B) Subcellular localization of CRB1, CRB2, and CRB3A in the retina of mouse, post mortem human donor, macaque, hiPSC, and human fetal retina. (C) Trafficking mechanism in Drosophila suggested to be conserved among species, adapted from Aguilar-Aragon et al. (2020).




CRB LOCALIZATION IN THE RETINA

In mammalian tissue CRB1 and CRB2 are predominantly expressed in the retina, however, CRB2 expression is also found in other tissues such as in kidney podocytes, in the subventricular zone of the brain, and in the spinal cord (Ebarasi et al., 2015; Slavotinek et al., 2015; Dudok et al., 2016; Tait et al., 2020). Within the retina, CRB proteins are localized at the subapical region (SAR) above the adherence junctions between photoreceptor and Müller glial cells (MGCs), multiple photoreceptor cells (PRCs), or between multiple MGCs (Pellikka et al., 2002; van de Pavert et al., 2004). In addition, unlike CRB1, CRB2 also localizes in the retinal pigment epithelium (RPE). Defining the subcellular localization is essential to understand the function of CRB proteins (Figure 1B). Mouse studies have shown that full length Crb1 protein is exclusively present in MGC at the SAR while Crb2 and Crb3 are present in both PRC and MGC (van Rossum et al., 2006). Serial tangential cryosectioning of the retina followed by western blotting displays Crb1-B transcript expression in outer segments of PRCs in mice (Ray et al., 2020). The first ultrastructural data in postmortem human retina revealed a different localization, where CRB2 is located in MGC at the SAR and at vesicles in photoreceptor inner segments, whereas CRB1 is located in both MGC and PRC at the SAR (Pellissier et al., 2014b, 2015). CRB3A was found in microvilli of MGC at the SAR and in inner segments of PRC (Pellissier et al., 2014b, 2015). However, recently, it was shown that CRB1 and CRB2 are located in MGC and PRC at the SAR in the second trimester of human fetal retina and in human iPSC-derived retinal organoids, whereas in the first trimester only CRB2 was detected (Quinn et al., 2019a). Single-cell RNA sequencing data of human fetal retina and RPE confirms that CRB1 is present in retinal progenitor cells and MGC but not in RPE, which is in accordance with mouse versus primate localization studies (Hu et al., 2019). In addition, similar localization for CRB1, CRB2, and CRB3A were detected in rhesus and cynomolgus macaques (Quinn et al., 2019b). CRB3A was also detected in the inner retina and RPE of both rhesus and cynomolgus macaques (Quinn et al., 2019b). These recent data suggest that, in humans, CRB2 might also be present at the SAR membranes in PRC rather than only in vesicles of photoreceptor inner segments. The discrepancies in CRB2 pattern at the SAR observed in postmortem human retinas versus monkeys, fetal and retinal organoids could be explained by the age of the donors studied, the quality of the samples (processed within 48 h after death), or by technical issues. We could speculate that CRB2 may have a different location in human aged retinas, CRB2 at the SAR might have not been detected, or CRB2 might have been endocytosed from the PRC plasma membrane following donor death. Additional experiments with fresh human retina defining the subcellular localization of CRB1 and CRB2 could potentially resolve these differences. In summary, according to all these evidences, we hypothesize that in primates, including humans, CRB1 and CRB2 are located in both cell types at the SAR. Therefore, both MGC and PRC should be targeted to prevent retinal degeneration in RP patients.

Recently, Crb trafficking to the correct apical location in Drosophila epithelium has been further investigated (Figure 1C; Li et al., 2007; Pocha et al., 2011; Kraut and Knust, 2019; Aguilar-Aragon et al., 2020). Crb is correctly localized by Rab11-containing endosomes using motor-driven transport along polarized microtubules and F-actin filaments. Interestingly, upon loss of microtubule minus-end director protein dynein, Rab11 endosomes containing Crb are transported basally rather than apically (Aguilar-Aragon et al., 2020). Once Crb is successfully addressed to the apical membrane, it is delivered at the correct localization on the plasma membrane using exocyst-mediated delivery. Mutant clones for sec15 or sec5, subunits of the exocyst, strongly disrupts the apical localization of Crb, confirming the essential requirement of the exocyst in delivery of Crb to the apical membrane (Aguilar-Aragon et al., 2020). In cultured mammalian cells, the exocyst associates with adherens junctions and PAR3 (Ahmed and Macara, 2017; Polgar and Fogelgren, 2018). Because of the known interaction between CRB, PAR6, and PAR3 in mammals, mentioned below, this trafficking model might be conserved among species. Further investigations are required to test whether the mechanisms of epithelial polarization are conserved in humans.



CRB PROTEIN FUNCTION IN MAMMALIAN TISSUES

Various research studies have shown that CRB1 and CRB2 are apical polarity factors, and apical-basal cell polarity is essential for the formation and function of epithelial tissues (Bazellières et al., 2018). More research is required to define the function of the recently described CRB1-B isoform because of its distinct 5′ and 3′ domain. Below, we will describe the canonical function of CRB in maintaining cell adhesion and morphogenesis, and its role in cell division and development.


Maintaining Cell Adhesion and Morphogenesis

The prototypic ERLI sequence of CRB proteins is important for interaction with key adaptor proteins. The core CRB complex is formed by interaction of CRB and protein associated with Lin Seven 1 (PALS1), also known as membrane-associated guanylate kinase p55 subfamily member 5 (MPP5), where PALS1 binds to the conserved C-terminal PDZ domain of CRB (Roh et al., 2002; van de Pavert et al., 2004; Margolis, 2018). Ablation of Mpp5 in mouse RPE causes early onset retinal degeneration, whereas ablation of Mpp5 in the neural retina does not, suggesting an essential role of PALS1 at the tight junctions of RPE but not in the neural retina (Park et al., 2011). The core CRB complex is evolutionary conserved and regulates apical-basal polarity and maintains cell adhesion (Bulgakova and Knust, 2009). Pals1 can interact with Mpp3 and Mpp4 at the SAR in the mouse retina (Figure 2A; Kantardzhieva et al., 2005, 2006; Dudok et al., 2013). Mpp3 conditional knockout (cKO) mice with Mpp3 specifically ablated in the retina showed disrupted localization and reduced levels of Pals1, indicating that Mpp3 is essential to maintain levels of Pals1 at the SAR near the outer limiting membrane (Dudok et al., 2013).
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FIGURE 2. Schematic representation of CRB interaction partners. (A–D) Proposed interaction partners and formed CRB complexes in mammals involved in cell adhesion and morphogenesis. (E) Proposed interaction partner in Drosophila suggested to be conserved among species. (F) Proposed interaction partners involved in cell proliferation.


Additionally, binding of PALS1 and CRB can lead to the recruitment of PATJ or multiple PDZ domain protein 1 (MUPP1) to the apical membrane (Figure 2B; Roh et al., 2002). PATJ connects and stabilizes apical and lateral components of tight junctions in human intestinal cells (Michel et al., 2005). In some cells, both MUPP1 and PATJ complexes co-exist, and MUPP1 regulates the cellular levels of the PALS1/PATJ polarity complex (Assémat et al., 2013). Co-immunoprecipitation studies showed that Mupp1 interacts in the mouse retina with Crb1 and Pals1, but not or less with Patj (van de Pavert et al., 2004). PATJ preferentially binds with PALS1 and partitioning defective-6 homolog (PAR6; Figure 2B; Adachi et al., 2009; Assémat et al., 2013). PAR6 is a key adaptor protein that interact with the ERLI PDZ domain of CRB in mammalian cells (Hurd et al., 2003; Lemmers et al., 2004). PAR6 leads to recruitment of PAR3, atypical protein kinase C (αPKC) and cell division control 42 (CDC42), known as the PAR complex (Joberty et al., 2000; Lin et al., 2000; Suzuki et al., 2001; Yamanaka et al., 2001; Hurd et al., 2003; Whitney et al., 2016; Pichaud, 2018). This PAR6-CDC42 complex is required for the apical-basal polarity and cell adhesion (Yamanaka et al., 2001).

Alternatively, the importance of a CRB-PALS1-EPB4.1L5 complex in mammals has been described (Laprise et al., 2006, 2009; Gosens et al., 2007). Co-expression and co-localization studies suggested that in several epithelial derived tissues Epb4.1l5 interact with at least one Crumbs homolog and with PALS1 (Figure 2C). In addition, in the adult retina, Epb4.1l5 showed substantial overlap at the outer limiting membrane (OLM) with CRB1 and PALS1 (Gosens et al., 2007). Overexpression of Epb4.1l5 in polarized MDCK cells affects tightness of cell junctions and results in disorganization of the tight junction markers ZO-1 and PATJ (Gosens et al., 2007). However, another group discovered, unlike in the zebrafish and Drosophila orthologs, that mouse Crumbs proteins are localized normally in absence of Epb4.1l5 (Lee et al., 2007). Additional research should be performed to define its precise molecular mechanism in mammalian cells.

The alternative isoform CRB3B contains a distinct carboxy terminal motif namely the CLPI motif, suggesting different binding partners in epithelial cells. CRB3 is widely expressed in epithelial cells. A Crb3 KO mouse demonstrates extensive defects in epithelial morphogenesis, the mice die shortly after birth with cystic kidneys and lung proteinaceous debris throughout the lungs (Whiteman et al., 2014). Interestingly, these defects are also seen in Ezrin knockout mice, which is in line with the detected interaction between CRB3B and Ezrin in mice and mammalian cells (Figure 2D; Whiteman et al., 2014; Tilston-Lünel et al., 2016). This indicates that CRB3B is also crucial for epithelial morphogenesis and plays a role in linking the apical membrane to the underlying cytoskeleton (Whiteman et al., 2014; Gao et al., 2016; Tilston-Lünel et al., 2016). Therefore, the roles of the two CRB3 variants in the mouse lungs remain to be determined.

Drosophila Crb has also been found to inhibit the positive-feedback loop of phosphoinositide 3-kinase (PI-3K) and Rac1, thereby repressing the activation of Rac1 as well as PI-3K and maintaining proper apical domain and epithelial tissue integrity (Figure 2E; Chartier et al., 2011). This process could potentially be conserved in different species, however, more research in mammalian cells is required to support this hypothesis.



CRB Function in Cell Proliferation

In MGCs of Drosophila and Xenopus, yes-associated protein 1 (YAP) an important role in damaged retina (Hamon et al., 2017, 2019; Rueda et al., 2019). YAP is a core member of the Hippo pathway, which regulates several biological processes including cell proliferation, and survival (Yu et al., 2015). The intracellular domain of Drosophila Crb interacts with Expanded and thereby regulates the activity of Hippo pathway kinases (Yu and Guan, 2013; Yu et al., 2015). In mammalian lung epithelial and breast cancer cells, CRB3 expression also correlates with the Hippo pathway (Szymaniak et al., 2015; Mao et al., 2017). More specifically, CRB3 affects the Hippo pathway by interacting with Kibra and/or FRMD6 (FRMD6 is the homolog of Drosophila Expanded; Figure 2F). With low CRB3 expression levels, the Hippo-pathway is inactivated, YAP is not phosphorylated and can move to the nucleus where YAP target genes are expressed leading to increased cell proliferation and decreased apoptosis (Mao et al., 2017). Also in Crb1rd8 versus wild-type mouse retina several Hippo signaling related genes were differentially expressed (Hamon et al., 2017). In addition, CRB1 and CRB2 deletion also lead to YAP signaling dysregulation in developing murine retinas (Pellissier et al., 2013). These data suggest an essential role of the Hippo pathway in the control of cell proliferation.



CRB1 AND CRB2 IN RETINAL DISEASES

Mutations in the CRB1 gene are associated with a wide spectrum of retinal dystrophies, such as retinitis pigmentosa (RP) and Leber congenital amaurosis (LCA). RP is a clinically and genetically heterogeneous disease affecting more than 1.5 million people worldwide, where patients typically experience night blindness followed by progressive visual field loss ultimately leading to complete loss of vision in early or middle-life (Talib et al., 2017; Verbakel et al., 2018). The age at symptom onset for RP patients ranged from 0 to 47 years, with a median onset of 4 years (Talib et al., 2017). Approximately 3–9% of non-syndromic cases of autosomal recessive RP are caused by a mutation in the CRB1 gene (Vallespin et al., 2007; Bujakowska et al., 2012; Corton et al., 2013). LCA is a more severe retinal dystrophy, causing serious visual impairment or blindness in newborns (Den Hollander et al., 2004). Mutations in the CRB1 gene account for approximately 7–17% of all LCA cases (Den Hollander et al., 2004; Vallespin et al., 2007; Bujakowska et al., 2012; Corton et al., 2013). There are more than 200 different mutations described along the CRB1 gene resulting in retinal dystrophies without a clear genotype-phenotype correlation with RP or LCA, CRB1 patients may display unique clinical features such as pigmented paravenous chorioretinal atrophy, macular atrophy alone, retinal degeneration associated with Coats-like exudative vasculopathy, para-arteriolar preservation of the RPE, or nanophthalmia (Henderson et al., 2011; Bujakowska et al., 2012; Corton et al., 2013). The clinical variability of disease onset and severity, even within a patient cohort with the same homozygous mutations, supports the hypothesis that the phenotype of patients with CRB1 mutations is modulated by other factors (Mathijssen et al., 2017). So far, no treatment options exist for patients with mutations in the CRB1 gene. To study CRB1-related retinal dystrophies for treatment options, several models have been used. Below, CRB1-related human- and animal-derived retinal models are described.

Until recently, no RP patients were described with mutations in the CRB2 gene. However, Chen et al. (2019) discovered, using whole exome sequencing (WES), a homozygous CRB2 p.R1249G mutation in a consanguineous Chinese family presenting RP. This mutation disturbs the stability of CRB2 protein and thereby induces RPE degeneration, impairs RPE phagocytosis, and accelerates RPE apoptosis. However, only a limited number of patients with this mutation are described, identification of CRB2 mutations in more RP patients is warranted to better support its pathogenicity.



HUMAN-DERIVED RETINAL MODELS

The use of human-induced pluripotent stem cell (hiPSC) models for research is an emerging strategy to explore patient phenotypes in vitro. These techniques allow access to previously limited or inaccessible material and have been explored in many ophthalmic laboratories worldwide. A commonly used method is the differentiation of hiPSC into retinal organoids. Since the first one, numerous groups have adapted or created their own method to more efficiently generate well laminated retinal organoids (Meyer et al., 2011; Nakano et al., 2012; Zhong et al., 2014; Luo et al., 2018; Ovando-Roche et al., 2018). Nevertheless, a wide variability in differentiation efficiency across hiPSC lines is often reported (Capowski et al., 2019; Cora et al., 2019; Mellough et al., 2019; Chichagova et al., 2020). Chichagova et al. (2020) have shown that the ability of three different hiPSC lines to differentiate into retinal organoids in response to IGF1 or BMP4 activation was line- and method-dependent. Hallam et al. (2018) differentiated five hiPSC lines with a variability in efficiency, but by 5 months of differentiation all the retinal organoids were able to generate light responses and contained a well-formed ONL with PRCs containing inner segments, cilia, and outer-like segments. Attempts have been made to decrease this wide variability, Luo et al. (2018) described that the use of a Wnt signaling pathway antagonist, Dickkopf-related protein 1 (DKK-1), efficiently generated retinal organoids in all six hiPSC lines. Bulk RNA-sequencing profiling of retinal organoids demonstrated that the retinal differentiation in vitro recapitulated the in vivo retinogenesis in temporal expression of cell differentiation markers, retinal disease genes, and mRNA alternative splicing (Kim et al., 2019). These results make the retinal organoids, despite their high variability, of great interest in a wide range of applications including drug discovery, investigating the mechanism of retinal degeneration, developing cell-based therapeutic strategies and many more.

Defining the localization and onset of expression of the CRB complex members has been achieved in healthy hiPSC-derived retinal organoids. Several members of the CRB complex, CRB2, PALS1, PATJ, and MUPP1, were detected at the outer limiting membrane as early as differentiation day 28 (DD28), typical and clear puncta-like staining patterns for CRB1 were found only after DD120. All CRB complex members together with adherence junction markers, p120-catenin and N-cadherin, were still detectable in DD180 retinal organoids (Quinn et al., 2019a). The onset of CRB1 and CRB2 protein expression recapitulates those observed in the human fetal retina, with a clear onset of CRB2 expression before CRB1 expression (Quinn et al., 2019a).

Three CRB1 patient hiPSC lines containing a homozygous missense mutation (c.3122T > C), or heterozygous missense mutations (c.2983G > T and c.1892A > G, or c.2843G > A and c.3122T > C) were successfully differentiated into retinal organoids and analyzed at DD180. Here, all three retinal layers were developed: retinal ganglion cell layer marked by Tuj1 positive dendrites, neuroblast layer marked by SOX9 positive retinal progenitor cells, and an outer nuclear layer marked by recoverin positive PRCs. However, frequently, there were ectopic recoverin positive cells found above the outer limiting membrane and all missense CRB1 organoid lines developed small but frequent disruptions of localization of CRB complex members at the OLM that were not found in control lines (Quinn et al., 2019a). Data from these CRB1 patient hiPSC retinal organoids suggest a retinal degeneration phenotype similar to that previously found in mice lacking CRB1, mice expressing the C249W CRB1 variant, or mouse retina lacking CRB2 (van de Pavert et al., 2004, 2007a; Alves et al., 2013). Another study shortly describes the successful differentiation of hiPSC carrying a compound heterozygous mutation in the CRB1 gene (c.1892A > G and c.2548G > A) to retinal organoids. All three germ layers and expressed markers of retinal progenitor cells, including N-cadherin, rhodopsin, and PAX6, after 35 days of differentiation were present, but no phenotype was described in this paper (Zhang et al., 2018). To our knowledge, only these two papers have reported the generation of CRB1 patient hiPSC-derived retinal organoids. The reproducible phenotype observed in these three CRB1 patient lines (Quinn et al., 2019a) provides a good model for assessing potential gene therapy approaches.

Another frequently used method in the ophthalmic field is the differentiation of hiPSC into RPE monolayers. Efficient protocols for differentiating hiPSC into RPE monolayers using a mixture of growth factors have been established (Zahabi et al., 2012; Buchholz et al., 2013; Shutova et al., 2016). However, attempts are currently made to use non-biological products, such as small molecules, that would limit the risks of infection or immune rejection when transplanted. Maruotti et al. (2015) developed a protocol which uses chemotin (CTM) in combination with a previously known neural inducer nicotinamide (NIC) to efficiently differentiate hiPSC into RPE monolayers. In three independent hiPSC lines, RPE differentiation was efficient, and key RPE markers such as microphthalmia-associated transcription factor (MITF), PMEL17, and tight junction protein zonula occludens 1 (ZO-1) were strongly expressed. When left longer in culture to mature, bestrophin 1 (BEST1) and RPE-specific protein of 65 kDa (RPE65) were also strongly expressed (Maruotti et al., 2015). Using a slightly adapted protocol, Smith et al. (2019) differentiated six more hiPSC lines into hiPSC-RPE monolayers, all six also expressed the key RPE markers ZO-1, BEST-1, and MITF. Another study revealed by RNA sequencing data that hiPSC-RPE grouped with fetal RPE samples, indicating that their gene expression was highly correlated and similar (Smith et al., 2019). In addition, Zahabi et al. (2012) provided proof-of-concept that multiple retinal-disease specific hiPSC lines, including two RP lines, can be differentiated into RPE monolayers. Altogether, this data illustrates the potential of hiPSC-RPE as a model system for retinal diseases with mutations in the RPE. Related to CRB, recent studies have shown that CRB2 but not CRB1 is expressed in the human RPE during the differentiation into retinal organoids (Quinn et al., 2019a). In addition, there are RP patients described with specific CRB2 variations expressed in RPE cells (Chen et al., 2019). Therefore, the method of generating hiPSC-RPE could be used to explore treatment possibilities for patients with specific variations in CRB2.



CRB1-RELATED ANIMAL RETINAL DEGENERATION MODELS

Numerous research groups focus on animal models to gain, understand, and develop gene therapy strategies that potentially can be used to treat retinal degeneration of RP and LCA patients. Over the years there are multiple animal models developed mimicking the CRB1-related phenotype in patients. These models vary from mild to more severe, early- to late-onset, and MGC or photoreceptor specific phenotypes. Double retinal knock-outs of CRB1 and CRB2, have helped to understand the contribution of the two CRB proteins to the retinal disease etiology, and explain the relatively mild phenotype observed in Crb1 variant mouse models (Mehalow et al., 2003; van de Pavert et al., 2004, 2007a,b).


LCA-Like Mouse Models

Four mouse models showing a CRB1 LCA-like phenotype have been reported: Crb1KOCrb2ΔRPC where both Crb1 and Crb2 are ablated in retinal progenitor cells (Pellissier et al., 2013), secondly the Crb1KOCrb2ΔimPRC where Crb1 is ablated in MGC and Crb2 is ablated in immature PRCs with remaining Crb2 levels in MGC and progenitor cells (Quinn et al., 2018), thirdly the Crb1KO/WTCrb2ΔRPC mouse model with reduced levels of Crb1 in MGC and ablation of Crb2 in retinal progenitor cells (Pellissier et al., 2013), and finally Crb1KOCrb2ΔMGC in which both Crb1 and Crb2 are ablated in MGC (Quinn et al., 2019b). All four models exhibit vision loss indicated by a reduced electroretinography (ERG) response. In addition, retinal degeneration was observed by outer limiting membrane disruptions, abnormal retinal lamination, intermingling of nuclei of the ONL and INL, and ectopic localization of retinal cells. These mouse models show an early onset phenotype with distinct severity indicated by the order mentioned above. In short, in the most severe mouse model, Crb1KOCrb2ΔRPC, the phenotype onset was found as early as embryonal day 13 (E13) which was observed throughout the retina (Pellissier et al., 2013). Retinal degeneration in Crb1KOCrb2ΔimPRC was detected at E15 in the whole retina, but in adult mice the superior retina was more affected than the inferior retina (Quinn et al., 2018). Also in Crb1KO/WTCrb2ΔRPC mice retinal degeneration was detected at E15, but was mostly affecting the peripheral retina (Pellissier et al., 2013). Finally, the Crb1KOCrb2ΔMGC mice showed the first signs of degeneration at E17, where mostly the peripheral retina was affected. More subtle differences between these models are described and summarized before (Quinn et al., 2019b). These data show that all four Crb1 mouse models mimic the LCA phenotype in patients and could therefore be used for future therapy development.



RP-Like Mouse Models

Twelve CRB1 RP-like mouse models have been described so far, including (1) Crb1KO/C249W with a missense variation in the Crb1 gene (van de Pavert et al., 2007a), (2) Crb2ΔMGC where only Crb2 is ablated in MGC (Alves et al., 2014), (3) the Crb1rd8 mice with a naturally occurring nonsense mutation in the Crb1 gene (Mehalow et al., 2003), (4) the Crb1KO where the full length Crb1 protein is ablated from retinal radial glial progenitor cells, MGCs, and the rest of the body (van de Pavert et al., 2004), (5) the Crb1del–B were Crb1-B is abolished from photoreceptor and MGCs (Ray et al., 2020), (6) the Crb1null where a deletion of alternate exon 5a up to intron 7 disrupts all Crb1 isoforms (Ray et al., 2020), (7) Crb2Δrods where Crb2 is ablated only in developed rod PRCs (Alves et al., 2019), (8) Crb1KOCrb2Δrods where Crb1 is ablated in MGC and Crb2 in rod PRCs (Alves et al., 2019), (9) Crb1KOCrb2low–imPRC with absence of Crb1 and reduced levels of Crb2 in immature photoreceptors (Quinn et al., 2018), (10) Crb1KOCrb2Δlow–RPC with absence of Crb1 and reduced levels of Crb2 in retinal progenitor cells (Pellissier et al., 2014b), (11) Crb2ΔRPC where Crb2 is ablated in retinal progenitor cells (Alves et al., 2013), and finally, (12) Crb2ΔimPRC with Crb2 ablation in immature PRCs (Alves et al., 2014). The different Cre mouse models show variations in mosaicism (mutant adjacent to wildtype cells), but eleven out of twelve Crb models show disruptions at the outer limiting membrane with rows or single photoreceptor nuclei protruding into the subretinal space or ingressing into the outer plexiform layer leading to a degenerative retinal phenotype (Table 1).


TABLE 1. Schematic overview retinitis pigmentosa (RP) mouse models.

[image: Table 1]The Crb1rd8 mice have a naturally occurring single base deletion in exon 9 of the Crb1 gene causing a frame shift and premature stop codon, thereby truncating the transmembrane and cytoplasmic domain of Crb1. This results in a photoreceptor degeneration mainly observed in the inferior nasal quadrant of the eye, caused by retinal folds and pseudorosettes (Mehalow et al., 2003). In the Crb1KO mouse model the retinal lamination is predominantly maintained, and degeneration is found in the inferior temporal quadrant of the retina. Degeneration is indicated by single or groups of PRCs protruding into the subretinal space, rosette formation, and neovascularization. In 18M-old mice there was no loss of overall retinal function measured by electroretinography, suggesting that a major part of the retina was not affected by loss of Crb1 (van de Pavert et al., 2004, 2007b). Light exposure experiments reveal that light exposure doesn’t initiate but rather enhances the retinal degeneration (van de Pavert et al., 2007b). The mild phenotype observed in these Crb1 mouse models suggests that Crb2 protein may compensate the effect of CRB1 deletion.

In the Crb1del–B the alternative Crb1-B isoform is abolished from PRCs, while the Crb1null disrupts all potential Crb1 isoforms (Ray et al., 2020). The Crb1del–B mouse do not show significant disruptions in the OLM, while the disruptions in the Crb1null mice were comparable with Crb1rd8 (Ray et al., 2020). Although not mentioned by Ray et al. (2020), also the Crb1KO mice shows significant OLM disruptions strongly depending on genetic background as well as exposure to light (van de Pavert et al., 2004, 2007b). As the IrCaptureSeq suggested that Crb1-B is the most abundant transcript in mouse and human retina, a cross-breeding of Crb1null with Crb1del–B mice was performed to define the relevance of Crb1-B in the retina. This heterozygous Crb1null/del–B showed similar OLM disruptions with the homozygous Crb1null mouse (Ray et al., 2020). Similar OLM disruptions were thus found in Crb1rd8, Crb1null, Crb1null/del–B, and Crb1KO mice. It is essential to perform retinal function measurements on the mouse models affecting Crb1-B to understand its function and to compare it with previously described Crb1 mouse models. In addition, the most severe retinal phenotype so far derives from Crb1 mice with concomitant loss of Crb2. Both Crb2ΔRPC and Crb2ΔimPRC show an early onset retinal degeneration at embryonic day 18.5 (E18.5) and E15.5, respectively, the difference is caused by the distinct expression pattern and timing of the Cre recombinase and morphological phenotypes result in differences in the scotopic and photopic ERG conditions already at 1 M of age (Alves et al., 2013, 2014). Interestingly, in contrast to Crb2ΔRPC mice, the lamination of Müller glial, ganglion and amacrine cells were also misplaced in Crb2ΔimPRC mice. These lamination defects were also observed in Crb1KO/WTCrb2ΔRPC mice (Pellissier et al., 2013).

Another mouse model, Crb2Δrods, show a mild and late onset phenotype limited to the superior retina (Alves et al., 2019). In some 3 M and all 6 M old Crb2Δrods mice, disruptions of the outer limiting membrane, a thinned photoreceptor layer at the peripheral superior retina, and PRCs protruding into the subretinal space were observed. A reduction in ERG scotopic a-wave was observed in 9 M old mice, while no difference in optokinetic head tracking response (OKT) spatial frequency or contrast sensitivity was observed. Interestingly, while most PRCs were affected, all the remaining PRCs showed mature inner- and outer-segments. Remaining rods were functional and the cones showed normal morphology. This phenotype is enhanced by a concomitant loss of Crb1 in MGCs (Alves et al., 2019). These mice, Crb1KOCrb2Δrods, show a similar but enhanced phenotype in comparison to Crb2Δrods mice. Here, a reduction in ERG scotopic a-wave was observed at 3 M and became more apparent at 6 M onward. In addition, a significant decrease in OKT contrast sensitivity was found from 3 M of age onward (Alves et al., 2019). The difference in phenotype onset between all these mouse models might be explained by the onset of Cre expression during retinogenesis and by cell-type specific ablation; ablation of Crb2 from a later time point resulted in a milder phenotype. Interestingly, when Crb2 is ablated in MGCs, Crb2ΔMGC, a very mild morphological phenotype with no functional consequences measured using ERG was observed (Alves et al., 2014), but ablation of both Crb1 and Crb2 from MGCs caused a severe LCA phenotype (Quinn et al., 2019b). This data suggests that Crb2 has a redundant function in MGCs, while in PRCs it is essential for proper retinal lamination and function.

Interestingly, the Crb1KO phenotype is located at the inferior temporal quadrant whereas the Crb2Δrods phenotype is mainly observed at the peripheral and central superior retina. These differences might be related to higher levels of Crb2 in the inferior retina while Crb1 is expressed at higher levels in the superior retina (Pellissier et al., 2014b). In addition, there might be modifying factors present which are enriched in either the superior or inferior retina causing the different phenotypes.

In addition to these mouse models, a rat with a spontaneous mutation in Crb1 exon 6 was discovered mimicking human macular telangiectasia type 2 (Zhao et al., 2015). The autosomal recessive indel mutation causes an early onset phenotype with a strongly reduced ERG response in 3-week old rats. These rats showed a focal loss of retinal lamination, OLM disruptions, and PRC, MGC, and RPE alterations (Zhao et al., 2015). Differences between this and the Crb1 mouse models could result from different types of mutations or from different genetic setups displayed by these different animal species.



GENE AUGMENTATION STRATEGIES FOR CRB1 RETINAL DYSTROPHIES

There is an emerging interest in gene augmentation strategies for retinal dystrophies. Recently, gene therapy became available for young RP and LCA patients with biallelic mutations in the RPE65 gene. Voretigene neparvovec-rzyl, or its commercial name: LUXTURNATM, uses the adeno-associated viral vector serotype 2 (AAV2) to deliver by subretinal injection a functional copy of the RPE65 gene into the RPE cells. RPE65 transgene expression results in the production and correct localization of RPE65 protein in RPE cells, thereby compensating for the loss of the protein and restoring the visual cycle in these patients (Maguire et al., 2019). Nowadays, there are numerous clinical studies ongoing which explore the use of AAV as a therapeutic vector for retinal diseases, such as RP, wet age-related macular dystrophy (AMD), LCA, and many more (Wang et al., 2019). However, so far, no treatment options are available for RP and LCA patients with mutations in the CRB1 gene. Below, we will describe novel therapeutic tools which could be promising for CRB1 retinal gene augmentation therapy in RP patients.

Currently, AAVs are the leading platform for gene delivery in the treatment of retinal dystrophies. AAVs are mainly investigated because of their low toxicity, their capability to transduce both dividing and non-dividing cells, they do not integrate into the host genome, and AAV capsid variants display distinct cell tropisms. A complete overview of basic AAV biology, AAV vectorology, and current therapeutic strategies and clinical progress was recently reviewed by Wang et al. (2019) and Buck and Wijnholds (2020). The major disadvantage of AAVs is their limited package capacity, bigger gene expression cassettes than 4.5 kb are not able to fit within a single AAV. Because of this, the development of AAV-mediated CRB1 gene therapy is also challenging. Full-length cytomegalovirus (CMV) ubiquitous promoter and CRB1 cDNA exceeds the AAV package limitation. However, using an engineered minimal CMV promoter and codon optimized CRB1 cDNA allowed sufficient expression levels of full-length CRB1 protein in MGCs in mice (Pellissier et al., 2014a). Pre-clinical studies in mouse using this AAV-CMVmin-hCRB1 have shown that expression of CRB1 was deleterious in CRB1 mouse models but not in wild-type mice (Pellissier et al., 2015). In addition, there are more potential CRB1 transcript variants which could be targeted (Quinn et al., 2017). Interestingly, alternative strategies using the codon-optimized structural and functional family member CRB2 to rescue CRB1-related retinopathies restored retinal function and structure in Crb1 mouse models (Pellissier et al., 2015). In that study, improved photoreceptor layer morphology and ERG response was detected after CRB2 delivery. The combination of AAV9 with a full-length CMV promoter was used to target both photoreceptor and MGCs, whereas no rescue was observed when either photoreceptor or MGCs were targeted with CRB2 (Pellissier et al., 2015). In addition, several groups explored the possibility to overcome the limiting AAV package capacity by dual or triple-AAV approaches (Trapani et al., 2014; Carvalho et al., 2017; Maddalena et al., 2018) or by increasing the package capacity (Ding and Gradinaru, 2020). Yet, the studies performed so far have shown that the dual AAV approaches have lower expression levels compared to a single AAV vector (Trapani et al., 2014; Carvalho et al., 2017).

Several research groups focus on AAV-mediated gene delivery to define the tropism in hiPSC-derived retinal organoids and/or RPE. Out of four different AAV capsids packaged with the CAG promoter and GFP (AAV2, AAV2-7m8, AAV8, AAV9), Garita-Hernandez et al. (2020) showed with AAV2-7m8 infection at day 44 the most efficient transduction of the hiPSC-derived retinal and RPE organoids. Limited transduction of AAV9 was found (Garita-Hernandez et al., 2020). Another study showed, using AAV-CMV-GFP constructs, a more efficient retinal organoid transduction at DD220 especially in MGC with AAV5 or ShH10Y445F capsids in comparison with AAV9 (Quinn et al., 2019a). Recently, Lane et al. (2020) demonstrate efficient PRCs transduction in DD140 retinal organoids using an AAV5 packaged with the CAG promoter. Moreover, AAV5-mediated gene augmentation with human RP2 was able to rescue the degeneration found in RP2 KO retinal organoids by preventing ONL thinning and restoring rhodopsin expression (Lane et al., 2020). Therefore, testing CRB1- or CRB2-expressing vectors in retinal organoids will aid in the discovery of CRB gene therapy treatment for CRB1-related retinal dystrophies in patients.

In addition, there are different non-viral mediated approaches for gene therapy. An example is the use of nanoparticles. Three representative nanoparticles, namely metal-based, polymer-based, and lipid-based nanoparticles, were recently reviewed describing their characteristics and recent application in ocular therapy (Wang et al., 2018). Shortly, the most extensive characterized nanoparticle is the polymer-based CK30-PEG nanoparticle, which contains plasmid DNA compacted with polyethylene glycol-substituted lysine 30-mers (Fink et al., 2006; Han et al., 2012). Theoretically, these approaches have an unlimited gene packaging capacity, which display a big advantage for large genes such as CRB1. These nanoparticles are also able to infect RPE and PRC, and can drive gene expression on a comparable scale and longevity than AAVs in mice (Cai et al., 2009; Han et al., 2012). CK30-PEG nanoparticles have a tolerable safety profile and is non-toxic in mouse and non-human primate eyes (Ding et al., 2009; Akelley et al., 2018). To our knowledge, there is no successful clinical study described using these nanoparticles so far. More research is required to define the clinical relevance of these nanoparticles in retinal gene therapy. Further pre-clinical research and clinical trials will aid in the discovery of new gene therapy approaches for CRB1-related retinal dystrophies in patients. A retrospective CRB1 natural history study (NHS) has been published (Talib et al., 2017), and their prospective NHS with strategies for evaluation of the efficacy of novel clinical therapeutic interventions in the treatment of CRB1-retinal dystrophies will be reported in the end of 2020. Recently, a French biotech company called HORAMA signed an exclusive license agreement with Leiden University Medical Center targeting CRB1 gene mutations to treat inherited retinal dystrophies. Based on current timelines, HORAMA expects initiating a Phase I/II clinical study with the drug candidate in 2023 (HORAMA, 2020).



CONCLUSION

In this review we have discussed (1) CRB protein function in mammalian cells, (2) recent advances and potential tools for CRB1 human and animal retinal degeneration models, and (3) described therapeutic tools which potentially could be used for retinal gene augmentation therapy for RP and LCA patients with mutations in the CRB1 gene.
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Inherited retinal diseases encompass a highly heterogenous group of disorders caused by a wide range of genetic variants and with diverse clinical symptoms that converge in the common trait of retinal degeneration. Indeed, mutations in over 270 genes have been associated with some form of retinal degenerative phenotype. Given the immune privileged status of the eye, cell replacement and gene augmentation therapies have been envisioned. While some of these approaches, such as delivery of genes through recombinant adeno-associated viral vectors, have been successfully tested in clinical trials, not all patients will benefit from current advancements due to their underlying genotype or phenotypic traits. Gene editing arises as an alternative therapeutic strategy seeking to correct mutations at the endogenous locus and rescue normal gene expression. Hence, gene editing technologies can in principle be tailored for treating retinal degeneration. Here we provide an overview of the different gene editing strategies that are being developed to overcome the challenges imposed by the post-mitotic nature of retinal cell types. We further discuss their advantages and drawbacks as well as the hurdles for their implementation in treating retinal diseases, which include the broad range of mutations and, in some instances, the size of the affected genes. Although therapeutic gene editing is at an early stage of development, it has the potential of enriching the portfolio of personalized molecular medicines directed at treating genetic diseases.
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INTRODUCTION

Inherited retinal diseases (IRDs) constitute a heterogenous group of neurodegenerative conditions affecting the retina, a layered structure of neural origin at the back of the eye. Mutations associated with IRDs lead to retinal degeneration resulting in impaired vision and ultimately, irreversible and complete blindness (Berger et al., 2010). Clearly, this outcome negatively impacts patients’ quality of life and currently, there are no specific treatments that halt the degenerative process or, ideally, restore eyesight. Indeed, most treatments only delay the onset of symptoms or slow down the progressive retinal degeneration when applied at the early stages of the disease. Recently, the prevalence of autosomal recessive IRD variants has been analyzed and it is estimated that approximately 36% of the population carries at least one mutation that causes IRD (Hanany et al., 2020). This finding highlights the substantial global burden of blinding diseases and the imperative need for developing novel therapeutic strategies.

More than 270 genes have been identified as the cause of IRD with many disease-causing gene variants having been reported for each disorder.1 These variants include deletions, insertions, missense and frameshifting mutations as well as mutations that create cryptic splice sites and exonization of non-coding sequences. Genes associated with IRDs are mostly involved in photoreceptor and retinal pigment epithelium biology, including the maintenance of the visual cycle. Consequently, defective or absent retinal gene products resulting from pathological mutations invariably lead to photoreceptor death and retinal degeneration. IRDs present also different hereditary patterns (i.e., autosomal dominant, autosomal recessive or X-linked) and, in the case of recessive inheritance, patients harbor homozygous or compound heterozygous mutations (Berger et al., 2010; Khan et al., 2019). Collectively, all these parameters help defining IRDs in clinical categories attending to the genetic defect, the type of inheritance and the affected cell type, complemented with information on symptoms onset age and disease progression. IRDs can be classified in rod-dominant dystrophies (e.g., retinitis pigmentosa), cone-dominant dystrophies and generalized photoreceptor diseases (e.g., Leber congenital amaurosis). In addition, there are non-syndromic and syndromic forms of IRDs, the latter being associated with other organ pathologies. However, there is an overlap in clinical diagnoses and genotype-phenotype correlations are often difficult to establish in IRDs (Berger et al., 2010; Khan et al., 2019). A specific IRD phenotype can be caused by mutations in many different genes, one paradigmatic example being retinitis pigmentosa, associated with mutations in 84 genes. Conversely, a specific gene can be associated with several IRD phenotypes depending on the underlying mutation(s) (Berger et al., 2010; Cremers et al., 2018). Moreover, a particular genetic mutation can cause diverse phenotypes in different individuals, suggesting a role for genetic modifiers, i.e., non-allelic genetic variants, in disease penetrance and progression, which might explain the heterogeneity of certain IRDs (Venturini et al., 2012; Meyer and Anderson, 2017; Li et al., 2020).

As currently there is no standardized therapy available for patients suffering from retinal degeneration, numerous studies are focused on developing new therapeutic approaches to halt or reverse retinal degeneration. These efforts face nonetheless major challenges. Firstly, the broad range of defective genes and mutations makes it difficult to develop a single general therapy applicable to several patient groups. Rather, therapies tend to target a specific genotype. Ideally, genetic therapies for IRDs should correct or complement as many gene mutations as possible to open up the perspective for treating large patient cohorts. For example, by targeting one or more exons found to be mutational hotspots for a particular gene. Secondly, various genes causing IRDs are large genes whose coding sequences cannot be packaged in viral vectors commonly used for gene augmentation therapies (Table 1). A third challenge in the treatment of degenerative diseases, including those affecting the retina, is that the therapy needs to be applied when cells are still alive for them to be rescued from the degenerative process. Indeed, once the retina structure is compromised, and cells start dying, it is difficult to obtain any significant improvement regardless of the applied therapy. Thus, clinical research should also be focused on early diagnostics and close follow-up by the physician.


TABLE 1. List of large-size genes associated with inherited retinal diseases.
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Current experimental strategies for treating retinal degeneration can be divided in genetic therapies (i.e., gene augmentation, involving the transfer of functional wild-type copies of defective genes; and gene editing, comprising the targeted chromosomal insertion of therapeutic genes or the direct in situ repair of defective endogenous genes) and cell therapies (i.e., cell transplantation). In addition, next to these approaches, neurotrophic and neuroprotective factors can be delivered or modulated to prevent or slow down photoreceptor degeneration. For instance, in vitro studies and in vivo experimental therapies are exploring the use of brain-derived neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF) and glial-derived neurotrophic factor (GDNF) as candidate auxiliary therapeutic agents (Sieving et al., 2006; Jung et al., 2013; Labrador-Velandia et al., 2019). However, the benefits of this type of approaches are still limited, with some clinical studies showing no improvements over the untreated eye (Birch et al., 2016). Furthermore, some promising therapies with small molecules are moving from in vitro studies to clinical trials. In the case of IRDs caused by an aberrant splicing process, antisense oligonucleotides can be used to avoid the recognition of cryptic splice sites and the inclusion of pseudoexons (Collin et al., 2012; Huang et al., 2017). For other retinal disorders (e.g., retinitis pigmentosa or Leber congenital amaurosis), a pharmacological approach targeting signaling pathways is being envisioned. For instance, inhibitory analogs of the second messenger cGMP, whose signaling is relevant for the light signal transduction cascade, can inhibit the activation of cGMP effectors preventing excessive photoreceptor cell death (Vighi et al., 2018; Tolone et al., 2019). Other therapies may target the visual cycle by, for instance, assuring adequate levels of 11-cis-retinal, after administering the synthetic cis-retinoid drug QLT019001, or reducing the accumulation of toxic by-products, after applying the visual cycle modulator Emixustat for the treatment of Stargardt disease (NCT03772665) (Sundaramurthi et al., 2019). Moreover, other IRD-associated mutations result in misfolded non-functional proteins that could be rescued using small-molecule drugs or pharmacological chaperones that assure protein stability by preventing protein aggregation, and thus, cell death associated with oxidative stress (Kosmaoglou et al., 2008; Wang et al., 2016; Trachsel-Moncho et al., 2018; Lévy et al., 2019). In cases in which the disease stage is too advanced and the photoreceptor cells are irreversibly lost, optogenetic tools might be exploited to enable other retinal cells to behave as surrogate photoreceptors by endowing them with light signal transduction capabilities (Simunovic et al., 2019). In this regard, optogenetic tools based on light-sensitive proteins are being investigated in different experimental settings, including (i) in vitro 3D retinal organoids differentiated from induced pluripotent stem cells (iPSCs); (ii) ex vivo post-mortem human retinas, (iii) in vivo late-stage retinal degeneration murine models to determine vision restoration upon transplantation of optogenetically modified photoreceptors and (iv) in vivo non-human primate models to assess the safety and efficiency of adeno-associated viral (AAV) vector delivery of optogenetic tools (Chaffiol et al., 2017; Garita-Hernandez et al., 2018, 2019; Kamar et al., 2020). Finally, it is noteworthy mentioning that, beyond these experimental settings, optogenetic tools are also starting to be applied in clinical trials (e.g., NCT03326336, for retinitis pigmentosa patients).

These candidate therapeutic solutions for treating the eye have been recently reviewed from different perspectives (see, e.g., Scholl et al., 2016; Dias et al., 2018; Sanjurjo-Soriano and Kalatzis, 2018; Vázquez-Domínguez et al., 2019). Here, we will focus on covering the equally fast-paced advances in the gene editing field, with an eye for its potential to the management and treatment of congenital ophthalmologic disorders. We start by briefly discussing “classic” gene augmentation approaches and their limitations and, thereafter, move forward by elaborating on key developments that gene editing techniques are currently undergoing. In the context of these genetic interventions, we also discuss the different vectors and delivery options to reach retinal cell types, including the potential of high-capacity adenoviral vectors (HC-AdVs) to deliver large therapeutic transgenes or gene editing tools to retinal cells.



GENETIC THERAPIES FOR TREATING IRDs: FROM GENE AUGMENTATION TO GENE EDITING

Genetic therapies consist of providing new genetic information into cells damaged by trauma, infectious agents or inherited diseases with the goal of attaining a stable therapeutic effect. Monogenic inherited disorders constitute an ideal target for genetic therapies involving either “classical” gene therapy based on gene addition or, more recently, therapeutic gene editing based on site-specific genome modifications. This stems from the fact that the disease-causing gene is known with its mechanistic function being often well understood. Gene therapy encompasses the delivery of “healthy” wild-type versions of mutant alleles; whereas gene editing entails the transfer of molecular tools (e.g., sequence-specific programmable nucleases) needed to inactivate or correct disease-causing mutant alleles (DiCarlo et al., 2018; Takahashi et al., 2018; Gordon et al., 2019).

Depending on the inheritance pattern of the disease, the therapeutic approach varies. Gene therapies involving gene addition or augmentation can be used for the complementation of homozygous recessive loss-of-function mutations through the delivery and expression of a “healthy” functioning copy of the affected gene. The delivery of the genetic material to the retina can be done in different ways and these will be discussed in the next section. Currently, AAV vectors are the predominant candidate therapeutic options for tackling ocular diseases with a gene therapy to treat Leber congenital amaurosis based on the delivery of RPE65 by an AAV serotype 2 (AAV-2) vector having already been approved by the Food and Drug Administration (United States) and the European Medicines Agency (Russell et al., 2017). Long-term efficacy of AAV-based RPE65 gene therapies appeared to be limited to 2 years after treatment (Wang et al., 2020), however, a recent follow-up report on therapeutic outcomes confirmed that 86% of patients receiving this approved RPE65 gene therapy (named voretigene neparvovec) maintained improved visual function 4 years after the treatment (Drack et al., 2019). More results are warranted as the study includes a 15-year follow-up of patients (NCT00999609).

The small cargo capacity of AAV capsids (∼4.7 Kb) makes these viral vectors incompatible with the delivery of large transgenes. Various IRD-associated genes have coding sequences that exceed the maximum packaging capacity of AAV capsids (e.g., ABCA4, CEP290, and USH2A) (Arbabi et al., 2019; Table 1). Thus, other approaches are needed for treating IRDs caused by such genes. Gene editing, while offering the potential for correcting in situ endogenous mutated alleles, can also be applied to diseases caused by gain-of-function allelic mutations that exert dominance over wild-type alleles (e.g., mutations in RHO gene responsible for autosomal dominant retinitis pigmentosa). In these cases of dominant inheritance, gene editing tools can be designed for (i) the specific inactivation of mutant, disease-causing, alleles, (ii) restoring the endogenous allele or (iii) inserting an exogenous “healthy” copy at a specific genomic position, e.g., at “safe harbor” locus “from where transgene overexpression can ensue”.


Genome Editing: Advances in CRISPR/Cas-Based Gene Editing Systems for Non-dividing Cells

In this section, we focus on recent advancements in the conversion of clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated Cas (CRISPR/Cas) nuclease systems into gene editing tools, in particular, for the precise insertion of genetic material in post-mitotic cells. CRISPR/Cas systems provide adaptive immunity in prokaryotes (Barrangou and Marraffini, 2014). In 2012, it was found that CRISPR-derived nucleases cleave DNA in an RNA-programmable manner involving initial protein-DNA and subsequent RNA-DNA interactions (Gasiunas et al., 2012; Jinek et al., 2012). On the basis of these seminal findings, the native CRISPR/Cas9 system from Streptococcus pyogenes was the first to be readily adapted into RNA-guided nucleases (RGNs) for genome engineering in mammalian cells and tissues (Cho et al., 2013; Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013). It consists of an RNA-guided Cas9 enzyme with two separate endonuclease domains (i.e., HNH and RuvC). After Cas9 binding to a so-called protospacer adjacent motif (PAM), hybridization of the 5’ end (spacer) of the single guide RNA (gRNA) to a typically 20-nt complementary sequence (protospacer) activates the nuclease domains leading to the cleavage of the target DNA sequence at both strands (Doudna and Charpentier, 2014). The gRNA consists of a fusion between two key components derived from the native CRISPR locus, i.e., the sequence-specific CRISPR RNA (crRNA) and the Cas9 scaffolding trans-activating crRNA (tracrRNA) (Doudna and Charpentier, 2014). There are different types of CRISPR endonucleases that vary in their PAM sequence and spacer length requirements as well as in their specificity and type of DNA cleavage products, i.e., blunt-ended or staggered double-stranded DNA breaks (DSBs). Currently, the most commonly used RGNs contain the Cas9 proteins from Streptococcus pyogenes (Doudna and Charpentier, 2014) or Staphylococcus aureus (Ran et al., 2015), whose PAMs read NGG or NNGRRT, respectively.

RGN complexes have been used in a great variety of organisms (e.g., zebrafish, insects and mammals). They offer flexibility and are much easier to construct and customize than previous gene editing tools such as transcription activator-like effector nucleases (TALENs) and zinc-finger nucleases (ZFNs) (see, e.g., Chandrasegaran and Carroll, 2016; Yanik et al., 2017). As with TALENs and ZFNs, RGNs can also present off-target activities that constitute a major drawback for their application in the clinic. Thus, variants of Cas nucleases have been engineered to limit these harmful off-target effects and hence improve the specificity while, for the most part, maintaining the efficiency of the corresponding RGNs (Nakade et al., 2017; Chen and Gonçalves, 2018). For example, high-specificity nuclease variants based on amino acid substitutions (Kleinstiver et al., 2016a; Slaymaker et al., 2016) or sequence- and strand-specific nucleases (nickases) that only produce a single-stranded cut in the DNA (Jinek et al., 2012; Cong et al., 2013; Mali et al., 2013).

The catalytic activity of the Cas9 endonuclease produces a DSB in the target DNA region complementary to the gRNA spacer sequence. DSBs are detected by the DNA damage response and repaired by different DNA repair pathways whose selection is, to a great extent, dependent on the cell cycle phase (Ceccaldi et al., 2016; Yeh et al., 2019; Figure 1). The non-homologous end-joining (NHEJ) pathways (canonical and alternative) are active during most phases of the cell cycle and are generally considered more error-prone mechanisms than those underlying homology-directed DNA repair (HDR) pathway. In the process of end-to-end joining of chromosomal termini, NHEJ pathways can introduce small insertions and deletions (indels) especially in the presence of a programmable nuclease that re-cleaves accurately joined termini until an indel disrupts its target sequence. Usually, the activation of NHEJ pathways by programmable nucleases is a key strategy to generate target gene knock-outs upon the incorporation of frameshifting indels within coding sequences (Chandrasegaran and Carroll, 2016). The HDR pathway involving homologous recombination comprises extensive DSB end-processing, single-strand DNA invasion, donor-templated DNA synthesis and Holliday junction resolution. This HDR pathway is only active during the S and late G2 phases of the cell cycle being hence restricted to dividing cells (Iyama and Wilson, 2013; Figure 1), and relies on exogenous donor DNA templates containing regions homologous to sequences surrounding the DSB. The HDR mechanism is harnessed to direct precise genome editing and generate specific targeted knock-ins whose lengths can vary from single base pairs to whole transgenes (Doudna and Charpentier, 2014; Chandrasegaran and Carroll, 2016; Chen and Gonçalves, 2018; Yeh et al., 2019). A third mechanism for DNA repair is microhomology-mediated end-joining (MMEJ) (McVey and Lee, 2008), which is a non-canonical NHEJ pathway that relies on microhomology regions (5–25 base pairs) surrounding the DSB. This DNA repair pathway is usually active in G1/early S phases (Figure 1).


[image: image]

FIGURE 1. Prevalence of DNA repair pathways during the different stages of the cell cycle. A Cas-containing RGN is directed to a target site in the genome consisting of a PAM and a sequence complementary to the spacer portion of the guide RNA. Depending on the RGN type, the produced double-stranded DNA breaks (DSBs) present either blunt or staggered ends. Depending on the phase of the cell cycle (displayed as gray circular arrows), different DNA repair mechanisms, each of which with their own set of factors, will be activated for repairing the site-specific DSB. Non-homologous end joining (NHEJ, in red) is active during the whole cell cycle except in mitosis, and homology-directed repair (HDR, in green) is mainly active during the S/G2 phases. Microhomology-mediated end joining (MMEJ, in blue) is an alternative NHEJ pathway mainly active during the G1/early S phases. This pathway shares some features with canonical NHEJ and HDR but uses a different molecular machinery and short homology sequences to repair the DNA break. In post-mitotic cells, the mostly error-free, HDR pathway is not active. For this reason, there are several innovative CRISPR/Cas-based strategies (boxed acronyms) that rely instead on NHEJ or MMEJ to allow for precise gene knock-in in non-dividing cells.


There are several studies in the field of retinal degeneration that have explored the feasibility of applying CRISPR/Cas9-based gene editing tools in vivo to inactivate dominant alleles through the NHEJ pathway. A first proof-of-concept work, in which expression of the yellow fluorescent protein reporter was reduced in the retina of transgenic mice (Hung et al., 2016), paved the way for other researchers starting to investigate the potential of engineered CRISPR/Cas systems for disrupting or correcting gene variants associated with IRDs. For instance, Bakondi et al. (2016) achieved the disruption of a Rho allele harboring a dominant mutation in a rat model of retinitis pigmentosa. The strategy induced indels in the mutant allele but not in the wild-type allele and, in doing so, prevented retinal degeneration that subsequently led to improved visual function (Bakondi et al., 2016). In another study, a deletion of an intronic fragment of the murine Cep290 gene, homologous to the human region that contains a deep intronic variant causing Leber congenital amaurosis type 10, was achieved in mouse retinas (Ruan et al., 2017). These studies used AAV vectors to deliver RGNs directly to mouse retinas and will be further discussed below.

Importantly, the transcriptional signatures of the DNA repair pathways in the retina have been recently characterized using transcriptomic analyses of in vivo and in vitro models (Pasquini et al., 2020). This study showed that photoreceptors, as post-mitotic cells, display low expression levels of HDR pathway components; whereas NHEJ and MMEJ pathway factors are expressed and active in these cells. Given that precise gene editing has generally relied on HDR, there are continuous efforts aimed at improving the efficiency of seamless DSB-mediated gene editing through the activation and recruitment of alternative DNA repair pathways that remain active in terminally differentiated cells, such as those that constitute the retina in mammals. Crucially, in the past few years, there has been a myriad of novel CRISPR/Cas-based strategies that allow for the precise insertion of genetic material at a specific genomic locus in non-dividing cells and, following from the above, these efforts are particularly relevant for the treatment of retinal disorders (Nami et al., 2018; Broeders et al., 2020). These new strategies are also dependent on the delivery of a donor template that is designed for the site-specific insertion of exogenous genetic material into the genome; yet the insertion process takes place independently of the homologous recombination mechanism. In the next paragraphs, we will describe these new approaches and how they can be exploited to target the retina (Figure 2).
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FIGURE 2. Comparison between CRISPR/Cas-based strategies for targeted gene insertion in non-dividing cells. Schematic representation of several gene editing methodologies developed to direct targeted transgene integration in the genome independently of the HDR pathway, that is not active in non-dividing cells such as photoreceptors. The genomic locus and the donor DNA are cut by Cas effector proteins at gRNA target sites. Typically, the donor DNA contains two gRNA target sites to release the exogenous genetic information from the context of the delivery vector and aid its recombination with the target locus. These two gRNA target sites can have identical or dissimilar sequences and can be incorporated in a direct or inverted orientation. The Cas-induced DSB can generate microhomology regions between target and donor DNA, e.g., in the case of the PITCh and MITI methods. In the case of the HMEJ method, the lengths of the homology regions in the donor DNA are similar to those incorporated in HDR donors (i.e., ∼800 bp), yet they can be shortened to 24–48 bp.




Novel Strategies for Precise Gene Targeting in Non-dividing Cells

A homologous recombination-independent gene editing strategy is named Precise Integration into Target Chromosome (PITCh) and it was initially described as an alternative for the more laborious process of designing and incorporating extensive homology regions required in HDR donor templates. This method was designed to be used with both TALENs and RGNs and it depends on the engagement of the MMEJ pathway in that the programmable nuclease-induced DSBs at donor and target sequences create microhomology regions that allow for site-specific chromosomal integration of the transgene independently of long stretches of homology (Figure 2; Nakade et al., 2014; Sakuma et al., 2016). However, in these proof-of-principle experiments, in which an exogenous reporter cassette was inserted in the last exon of the human fibrillarin (FBL) gene, were only performed in cultures of transformed human embryonic kidney (HEK) 293 cells and no quantitative assessments were made (Nakade et al., 2014). Furthermore, as expected from the MMEJ pathway, indels were found at the junctions between the endogenous DNA and the integrated expression cassette, although the reading frame was not affected and the fluorescent reporter protein was expressed (Nakade et al., 2014).

Suzuki et al. (2016) designed an Homology-Independent Targeted Integration (HITI) strategy to direct the integration of a transgene through the RGN-induced activation of the NHEJ pathway. In this case, the designed donor DNA includes RGN target sites flanking the transgene, which are in the reverse orientation to that found in the genomic locus (Figure 2). Upon RGN-mediated cleavage of both genome and donor sequences, DNA ends are ligated by NHEJ. In instances in which the transgene is integrated in an inverted orientation, the gRNA target sites will be reconstructed, becoming available for further cleavage and excision from the genomic locus, giving another opportunity for correct integration. Once the transgene is inserted in the appropriate orientation, the gRNA target sites are disrupted, preventing further RGN cleavage and unwarranted donor DNA excision (Suzuki et al., 2016, 2018). The HITI process was applied in vitro in non-dividing cells, specifically in cultures of primary murine neurons and human embryonic stem cell-derived neurons, albeit the knock-in efficiency was low (i.e., 0.58% of absolute gene targeting efficiency in primary mouse neurons). Of note, the PITCh approach barely yielded knock-in events in cultured neurons (Suzuki et al., 2016). To increase the in vivo efficiency of HITI, the authors used AAV vectors to deliver RGNs and donor constructs rather than performing electroporation. By injecting AAVs in the visual cortex of the adult mouse brain, they reached an absolute knock-in efficiency of 3.5% compared to the 0.2% achieved by in utero electroporation. Suzuki and colleagues also tested the AAV-HITI method in the Royal College of Surgeons rat model of retinitis pigmentosa, in which a deletion encompassing part of intron 1 and exon 2 sequences of the Mertk gene leads to dysfunctional retinal pigment epithelium and subsequent retinal degeneration. This data is highly relevant for the topic of this review, as the successful integration of the full Mertk exon 2 sequence in the genome via the subretinal delivery of two AAV vectors, one containing the HITI donor construct and the other the RGN expression unit, significantly improved retinal degeneration and eye function (Suzuki et al., 2016). These promising results warrant additional preclinical studies aiming at treating retinitis pigmentosa and other retinal degeneration disorders, especially in models other than rodents which are more representative of human phenotypes. Furthermore, the use of AAV vectors is limited whenever gene editing interventions depend on the knocking-in of large genetic payloads and/or large RGN components, such as, S. pyogenes Cas9 and multiplexing gRNA pairs designed for targeted chromosomal deletions (Cong et al., 2013).

Another genome engineering method, dubbed Homology-Mediated End-Joining (HMEJ), was developed by Yao and colleagues, in which the donor DNA, similarly to HDR constructs, contains homology regions flanking the transgene. In the case of HMEJ donors, however, the homology regions are further flanked by gRNA target sites to allow for the excision of the transgenic sequences (Yao et al., 2017; Figure 2). Repair of the DSBs, induced at the genomic site and the donor DNA, can in principle be achieved via HDR or NHEJ repair pathways, although the authors did not investigate which DNA repair mechanisms underlie the HMEJ methodology. The performance of HMEJ-based gene editing in terms of targeted gene knock-in efficiencies varied depending on the experimental system. When comparing gene knock-in efficiencies, there were no differences between HMEJ- and HDR-based methods in mouse embryonic stem cells and in a murine neuroblastoma cell line (approximately 7% and 30% of absolute knock-in frequencies, respectively) (Yao et al., 2017). However, in the human HEK293T cell line and in murine primary neurons, HMEJ resulted in higher relative gene knock-in frequencies when compared to those resulting from the HDR-dependent strategy (approximately 2.6 to 4 fold increase) (Yao et al., 2017). The HMEJ approach was further tested to modify mouse embryos yielding, in this system, gene knock-in levels that were higher than those achieved by gene editing approaches based on the engagement of the NHEJ, HDR or MMEJ pathways. In addition, similarly to the study by Suzuki and colleagues (Suzuki et al., 2016), AAV vectors were used to deliver S. pyogenes RGNs and, in this case, HMEJ donor constructs to the visual cortex of the adult mouse brain. The authors reported an absolute gene knock-in efficiency of 5.3% (Yao et al., 2017). This innovative strategy holds therapeutic potential as it was also used for in vivo correction of an hereditary tyrosinemia disorder caused by mutations in the Fah gene, coding for fumarylacetoacetate hydrolase, that results in liver failure (Grompe et al., 1993; Yao et al., 2018). The HMEJ-based gene editing method successfully rescued Fah expression with hepatocyte proliferation being higher than that obtained with the MMEJ-based method (Yao et al., 2018). In another study, the HMEJ strategy was compared side-by-side with the HITI- and HDR-based gene editing methods in chicken DF-1 and primordial germ cells. The results from this work showed that HMEJ was the most efficient in mediating precise gene knock-in (Xie et al., 2019). A recent publication introduced another HMEJ-based approach (named GeneWeld) in which shorter homology segments of 24–48 base pairs were sufficient to drive precise reporter gene knock-in in zebrafish and mammalian cells using easily engineered donor DNA constructs in which the reporter transgene was flanked by universal gRNA target sequences (Wierson et al., 2020). Although more mechanistic insights are needed to understand how HMEJ operates, these studies expand nonetheless the range of donor DNA toolboxes and associated CRISPR/Cas-based gene editing strategies. To enrich the options to generate reporter cell lines and animal models, the CRISPaint system was developed to introduce reporter tags at the C-terminal coding portion of any gene of interest using a universal donor plasmid and the NHEJ pathway to repair the RGN-induced DSBs (Schmid-Burgk et al., 2016). More recently, this methodology was applied in human organoids, named CRISPR-HOT for homology-independent organoid transgenesis (Artegiani et al., 2020).

As previously mentioned, Cas9 proteins from the type II CRISPR systems of S. pyogenes and S. aureus are the most commonly used Cas effector proteins. Importantly, Cas orthologs have been identified in many other species of bacteria and have been further adapted for genome engineering of mammalian cells (Nakade et al., 2017; Chen and Gonçalves, 2018; Ishino et al., 2018). For instance, Cas12a from the type V CRISPR system of Acidominococcus sp., formerly known as Cpf1, is an RNA-guided endonuclease that differs from Cas9 in that it naturally has a single guide RNA with a strand polarity opposite to that of the composite single gRNA of Cas9 proteins formed by a fusion between crRNA and tracrRNA moieties. Other differences between RGNs based on Cas12a and Cas9 nucleases include the generation by the former of staggered ends instead of blunt ends and the recognition of T-rich instead of G-rich PAMs (Zetsche et al., 2015). It is also noteworthy mentioning that Cas12a RGNs present higher specificities than their Cas9 counterparts (Kleinstiver et al., 2016b). Moreover, similarly to Cas9, novel Cas12a variants have been engineered through mutagenesis screens to alter PAM preferences and hence enlarge the range of targetable sequences by the corresponding RGNs (Gao et al., 2017). Altogether, these features make Cas12a an appealing alternative for precise gene editing. Indeed, a recent study has reported an innovative Cas12a-based method named microhomology-dependent targeted integration (MITI) that permitted increased gene knock-in efficiency when compared to the Cas9-based HITI method (Li et al., 2019). This methodology is based on the generation of complementary sticky sequences between transgene and target site termini that assist in directing genomic DNA integration (Figure 2). This proof-of-concept study was only performed in cultured cell lines and requires further optimization to assure seamless transgene integration at the intended genomic loci. Indeed, the authors reported that approximately 30% of the integration events were not accurate at the 5’ junction with the precision observed at the 3’ junction being even less accurate (Li et al., 2019). These outcomes were partially improved by incorporating two different Cas12a gRNA cleavage sites flanking the transgene resulting in higher integration accuracy at the 3’ junction, although at the 5’ junction, 36.6% of the integration events were still inaccurate. Notwithstanding the fact that MITI facilitates site-specific knock-ins, the use of several gRNAs complicates somewhat its application, including in the context of candidate genetic therapies. In this regard, a platform for Cas12a-based multiplexed genome editing, named SiT-Cas12a, has been developed based on a single transcript that encodes for Cas12a from Acidominococcus sp. and an array of crRNAs under the control of a single promoter (Campa et al., 2019). This strategy was used to target multiple sites in a gene, resulting in knock-out frequencies higher than those achieved by targeting a single site (37% versus 11% of gene knockouts in cell populations, respectively). This approach might further empower the capabilities of CRISPR/Cas techniques to investigate the underlying mechanisms of multifactorial diseases.

In conclusion, a plethora of innovative tools and strategies are being devised to improve the performance of CRISPR/Cas-based genomic manipulations and, as a result, increase the range and potential of therapeutic gene editing applications. These various reagents and methods are highly relevant for designing new candidate genetic therapies and, as a consequence, increasing the chances of advancing pre-clinical proof-of-concept studies into much-needed effective ophthalmologic treatments. The capacity for achieving targeted integration of transgenes in post-mitotic cells (e.g., photoreceptors), offered by several of the covered gene editing approaches, might also aid in providing mechanistic insights into retinal diseases and hence guide the development of genetic therapies for these conditions.




CONCERNS AND CHALLENGES FOR THE USE OF GENE EDITING IN THE TREATMENT OF RETINAL DISEASES

Before making the transition toward clinical applications, gene editing techniques must reach higher efficiency and safety profiles. These parameters are contingent upon the delivery and specificity of the necessary gene editing reagents as well as on their tight control once inside the cell (Yu and Wu, 2018). As described in the previous section, several innovative strategies have been developed that in principle might allow for precise gene insertion in post-mitotic cells such as those affected by congenital disorders of the retina. However, it is important to highlight that most techniques were developed and tested in in vitro systems with only a few of them having, so far, made the transition to in vivo genome editing testing in physiologically relevant animal models.

A major challenge concerns the need for efficient delivery of gene editing tools into the proper target cells in vivo and subsequently achieve gene modification in a sufficient number of cells for preventing or halting disease progression. The delivery to target cells can, to some extent, be controlled by the choice between subretinal or intravitreal injection. Undertaking multiple injections might increase the percentage of cells that uptake the genetic therapy. However, the evaluation of these parameters is limited to end-point functional readouts as taking retina biopsies from treated patients to quantify the percentage of modified cells is not feasible. Neither is tracking or selecting cells for in vivo assessment of the genetic therapy. In addition, a balance between increased efficacy and adverse side effects must be carefully established. One may argue that the risks associated with multiple injections (e.g., retina detachment or bleeding) are non-negligible. As for other neurodegenerative disorders, it is also crucial to determine the optimal time of intervention or therapeutic window. Early diagnostics and treatment undoubtedly generate better clinical outcomes. Further pre-clinical studies using animal models could shed some light into the genuine efficacy of genetic therapies at later stages of degeneration that resemble the advanced degenerative phenotype of some patient populations.

Moreover, continuous expression of RGNs raises safety issues because it can cause cytotoxicity or trigger immune responses due to their foreign, prokaryotic, origins. In vitro transcribed gRNAs can trigger innate immune responses and anti-Cas9 antibodies (against S. pyogenes and S. aureus) together with Cas9-specific T cells have been detected in the blood of healthy human donors (Crudele and Chamberlain, 2018; Kim et al., 2018; Charlesworth et al., 2019; Mehta and Merkel, 2020). Preexisting adaptive immunity, through cytotoxic T cells, might be responsible for the killing of cells expressing Cas9 antigens. The immune privileged status of the retina at early stages of degeneration and/or the administration of immunosuppression treatments might ameliorate or overcome these adverse reactions. Importantly, the safety, tolerability and efficacy of a CRISPR/Cas9-based therapy will be addressed in a recent, currently recruiting, Phase I/II clinical trial to treat patients with Leber congenital amaurosis type 10 (NCT03872479). In this study, patients will receive the EDIT-101 therapy, an AAV5 vector expressing Cas9 from S. aureus and two gRNAs that target and remove a deep intronic variant in the CEP290 gene, aiming at restoring normal gene expression and ensuing functional rescue (Maeder et al., 2019). In addition, an ideal CRISPR/Cas-based genetic therapy should include a strategy to shut down the machinery once the editing process is over, to decrease the chances for off-target activities. For example, optogenetic-regulated switches could be an interesting approach to regulate transgene expression (Polesskaya et al., 2018). Indeed, viable strategies for spatiotemporal control of the CRISPR/Cas components should ideally be envisioned and tested before applying gene editing as a therapy for retinal degeneration.


Genome Editing Approaches Independent of Double-Stranded DNA Break Formation

Another safety issue arises directly from RGN-induced DSB formation in that DSBs are one of the most severe types of DNA lesions as they can lead to deleterious rearrangements in the genome, e.g., intra- and inter-chromosomal translocations. For this reason, nickases are becoming increasingly investigated for bringing about precise HDR-mediated seamless gene editing as single-stranded DNA breaks are intrinsically less disruptive to the genome when compared to DSBs (Chen et al., 2017, 2020; Nakajima et al., 2018; Hyodo et al., 2020). Furthermore, in order to use CRISPR/Cas-based techniques for genetic therapies, a deep knowledge on how DNA repair pathways operate in retinal cell types is needed. For instance, favoring certain NHEJ pathways (e.g., MMEJ) might lead to an increase in mutagenic events. Pre-clinical studies should aim at carefully understanding which mechanisms are prevalently involved in the repair of RGN-induced DSBs resulting in transgene integration, while minimizing the generation of mutagenic indels at target and off-target sites. The further development of sensitive and unbiased genome-wide DSB detection methods should assist and complement the development of bioinformatic tools that can predict with higher confidence off-target events. Together these technologies should be instrumental for monitoring and validating the specificity of gene editing procedures.

Importantly, alternative CRISPR/Cas-based genome editing strategies that do not require DSB formation or donor DNA templates are being engineered and investigated (Komor et al., 2016; Nishida et al., 2016; Chen et al., 2017, 2020; Gaudelli et al., 2017; Nakajima et al., 2018; Anzalone et al., 2019; Hyodo et al., 2020). One of such alternative strategies is base editing. The basic principle of base editors consists of fusing a Cas9 nickase to a cytosine or adenine deaminase that induces single base pair changes (i.e., C > T or A > G transitions, respectively) within a so-called editing window located in the protospacer bound by the gRNA spacer (Komor et al., 2016; Gaudelli et al., 2017; Rees et al., 2017). The first base editors contained the cytosine deaminases APOBEC1 from rat (Komor et al., 2016) or PmCDA1 from sea lamprey (Nishida et al., 2016). Subsequently, base editors capable of inducing A > G transitions were obtained through directed evolution and selection of a bacterial transfer RNA adenosine deaminase that acts on DNA (Gaudelli et al., 2017). More recently, a dual base editor has been engineered by fusing a Cas9 nickase to both an adenine and cytosine deaminase base editors, allowing simultaneous substitutions in adenine and cytosine bases in the same target sequence (Grünewald et al., 2020). Although base editors can function in non-dividing cells, they have a limited performance in terms of the range of nucleotide conversions that they can implement. Indeed, base editors install neither transversions nor small insertions or deletions. Importantly, recently, prime editing has expanded the repertoire of DSB-free CRISPR/Cas-based systems for gene editing in that it permits installing all possible base-to-base conversions as well as small insertions and deletions (Anzalone et al., 2019). This new methodology is based on a nickase Cas9 fused to an engineered reverse transcriptase (RT). Cas9 is directed to the target sequence with a prime editing guide RNA (pegRNA) consisting of a 3’ end-extended gRNA that acts as a primer for reverse transcription initiation. Upon site-specific nicking of the PAM-containing strand, the released single-stranded DNA hybridizes to a portion of the pegRNA (primer binding site) that provides for a free 3’-OH group for reverse transcription of the desired genetic modifications encoded in another portion of pegRNA (RT template). Ultimately, the synthesized complementary DNA (cDNA) becomes incorporated at the target site after a series of events presumably encompassing genomic DNA-cDNA hybridization and non-hybridizing DNA flap removal. The prime editor is a versatile tool in that it is independent of donor DNA templates and, as aforementioned, allows for the introduction of any base-pair substitution, small deletions (i.e., up to 80-bp) and small insertions, e.g., epitope tags (Anzalone et al., 2019). Interestingly, although the highest efficiencies of prime editing were observed in transformed HEK293T cells, the authors demonstrated that post-mitotic cells, in particular primary cortical murine neurons, can also undergo prime editing (Anzalone et al., 2019). Clearly, further research is warranted to improve the efficiency of prime editing, assess its genome-wide off-targets and its performance in in vivo applications. To this end, delivery systems capable of introducing the large prime editing and pegRNA components into primary cells will become instrumental.




IN VIVO DELIVERY OPTIONS FOR GENE EDITING TOOLS: FROM CLASSICAL AAV VECTORS TO THIRD-GENERATION AdV VECTORS?

There are several methods to deliver a gene therapy to the retina. In general, these can be divided into viral and non-viral categories. Viral vectors consist of non-replicating viruses that carry the therapeutic genetic material that is introduced into target cells through transduction. Viral vectors are often used for CRISPR/Cas-mediated in vivo gene editing, however, delivering gRNAs and Cas nucleases directly as ribonucleoprotein complexes offers the distinct advantage of limiting the exposure of cells to long-lasting RGN activity (Kim et al., 2017; Lino et al., 2018; Yu and Wu, 2018). Non-viral vectors include lipid-based carriers or liposomes with chemical modifications (Chu-Tan et al., 2020), different nanoparticle formulations (Himawan et al., 2019) or salt solutions that enhance cell penetrance (iTOP) (D’Astolfo et al., 2015). For instance, cationic lipids were used to deliver Cas9 and gRNA as a ribonucleoprotein to the mouse retina following subretinal injection (Kim et al., 2017). In addition, synthetic nanoparticles with reduced cytotoxicity have been developed and tested for the in vivo delivery of RGN complexes to murine retinal pigment epithelium (Chen et al., 2019). Each method has its own set of advantages and limitations with regard to the treatment of retinal diseases. In this section, we will briefly discuss the use of AAV vectors, which are currently the gold standard vehicles for targeting the retina. Subsequently, we will focus on the potential use of HC-AdVs, also known as “gutless” or third-generation adenoviral vectors, to circumvent some of the limitations of the AAV-based platform.

AAV vectors are the most widely used tools for delivering genetic material to retinal cell types owing to their low immunogenicity and high transduction efficiencies (Trapani, 2019). They can be tested for gene replacement or gene editing therapies. Once inside the target cell nucleus, AAV vector genomes stay, for the most part, as extrachromosomal episomes that sustain long-term transgene expression in non-dividing cells. For recent reviews on the use of AAV vectors for gene therapy and on their optimization, including serotype selection and expression cassette design (e.g., promoter and transgene codon-optimization, see Wang et al., 2019; Li and Samulski, 2020). The tropism of the different AAV serotypes has been extensively characterized with regard to their capability to transduce different retinal cell types (e.g., photoreceptors, retinal pigment epithelium cells and Müller glial cells, amongst others). The different routes of AAV vector administration (e.g., intravitreal or subretinal) have equally been extensively characterized (e.g., Moore et al., 2018). Building upon these research efforts, AAV vectors are currently being tested in clinical trials for the treatment of several IRDs. These ongoing clinical developments have been recently summarized (i.e., Moore et al., 2018; Arbabi et al., 2019; Trapani, 2019; Vázquez-Domínguez et al., 2019).

As aforementioned, a major drawback of AAV vectors is their limited packaging capacity of ∼4.7 kb, that includes the two inverted terminal repeats. This limitation has been somewhat ameliorated with the development of so-called dual AAV vectors. The dual AAV vector strategy consists in splitting the sequence of a large transgene through two AAV vector genomes that, once inside the cell, can become concatemerized through recombination involving ITR sequences or shared homologous regions (McClements and Maclaren, 2017; Trapani, 2019). After this end-to-end recombination between the two AAV vector genomes, judiciously placed splice donor and splice acceptor motifs guarantee the assembly of full-length mRNA transcripts and ensuing expression of full-length gene products (McClements and Maclaren, 2017; Trapani, 2019). In the case of gene editing, different AAV vectors can be assembled for transferring expressing units encoding RGN components (i.e., Cas9 nucleases and gRNAs) or donor templates containing the exogenous DNA of interest (see, e.g., Chen and Gonçalves, 2016; Suzuki et al., 2016). However, the need for two or more AAV vectors increases the AAV product production burden, reduces the overall efficiency of the therapeutic approach and is expected to render regulatory approvals substantially more complex.

Still concerning the testing of AAV vectors for therapeutic gene editing, it is noteworthy mentioning recent data demonstrating prevalent integration of Cas9-encoding AAV DNA at RGN target sequences in animal models (Hanlon et al., 2019; Nelson et al., 2019). Thorough deep sequencing assays revealed that fragments of AAV ITRs, joined to full-length or truncated transgene sequences, were consistently found at RGN target sites in various mouse tissues, i.e., muscle, brain and cochlea (Hanlon et al., 2019). In addition to raising concerns linked to the chromosomal integration of RGN-coding sequences in transduced cells, these data extend previous and recent studies reporting that AAV vector DNA can become “captured” through homology-independent recombination processes at ZFN- and RGN-induced DSBs in the liver and eye, respectively, of mouse models (Anguela et al., 2013; Maeder et al., 2019). Collectively, these findings highlight the need to carefully monitor the accuracy of AAV-based gene editing procedures and stress the importance of expanding the range of gene editing vehicles, especially those that, similarly to AAV vectors, do not carry viral genes.

Albeit less often than AAV vectors, other viral vectors, such as lentiviral (LV) vectors and adenoviral (AdV) vectors, have also been tested for gene replacement in retinal degeneration. Gene therapy clinical trials using LV vectors have been initiated to deliver large transgenes encoding ABCA4 and MYO7A (NCT01367444 and NCT01505062, respectively). However, the long-term outcome of these clinical trials is still pending. Prototypic AdV vectors based on the human adenovirus serotype 5 use the Coxsackie B and adenovirus receptor (CAR) to enter cells (Bergelson, 1997). This receptor is not detected in the outer segments of photoreceptors in mouse and human retina, while being detected in other retinal cells including retinal pigmented epithelium and Müller glial cells (Mallam et al., 2004). In this regard, ongoing research efforts are directed at modifying the tropism of AdV vectors by designing variants of the viral capsid or of the receptor-interacting fiber motifs (Gao et al., 2019; Tasca et al., 2020). Although still controversial, studies indicate that photoreceptor transduction in mouse retina can be achieved by deleting the RGD domain from the penton base capsomer of AdV serotype 5 (Mallam et al., 2004; Sweigard et al., 2010). In addition, AdV vector genomes are maintained as extrachromosomal elements in post-mitotic cells, offering the potential for stable and long-term transgene expression (Rauschhuber et al., 2012; Ricobaraza et al., 2020; Tasca et al., 2020). Moreover, when compared to free-ended viral and non-viral vector DNA, protein-capped AdV genomes have been shown to be refractory to chromosomal DNA integration in transduction experiments comprising the delivery of TALENs and RGNs (Holkers et al., 2014).

These findings on the amenability of AdV systems to tropism modifications and prevalent episomal nature, make investigating HC-AdV vector delivery of RGN machineries in vitro and in vivo appealing. In contrast to their first- and second-generation counterparts, these third-generation AdV vectors are devoid of all viral genes which expands their cargo capacity to 36 kb while reducing cytotoxicity and immune responses in transduced cells and animal models, respectively (Gonçalves and de Vries, 2006; Ricobaraza et al., 2020; Tasca et al., 2020). Their large cargo capacity has in fact permitted the delivery of all RGN components, including gRNA multiplexing formats, in single HC-AdV vector particles (Ehrke-Schulz et al., 2017; Brescia et al., 2020; Tasca et al., 2020). The capability of HC-AdV vectors to achieve long-term transgene expression in vivo has been demonstrated in the retina (Kreppel et al., 2002; Chen et al., 2008) and in other organs of small and large animal models (for a recent review, see Ricobaraza et al., 2020). Assessment of the potential of HC-AdV vectors for gene editing therapies is at early stages. For instance, HC-AdV-mediated delivery of high-specificity RGN pairs targeting a mutational hotspot in the dystrophin-encoding DMD gene, whose mutations underlie Duchenne muscular dystrophy, permitted restoring the DMD reading frame in muscle progenitor cells (Brescia et al., 2020). Upon triggering myogenic differentiation of the resulting DMD-edited cell populations, shorter yet partially functional, dystrophin molecules (i.e., Becker-like dystrophins) were readily detected (Brescia et al., 2020). In another study, Xia and colleagues investigated the use of HC-AdV vectors for the treatment of cystic fibrosis, a monogenic disease caused by mutations in the CFTR gene. They reported the seamless integration of the CFTR-encoding transgene at a predefined genomic locus in airway epithelial cells (Xia et al., 2018). For a recent review on the application of AdV systems for gene editing purposes; see Tasca et al., 2020.



COMBINING GENE EDITING WITH CELL-BASED APPROACHES TO TREAT RETINAL DEGENERATION

In this last section, we discuss cell-based approaches for the treatment of retinal degeneration. As neurodegenerative conditions, IRDs lead to a progressive loss of functional cell populations that cannot be replenished due to a lack of progenitors. Cell therapies for treating IRDs, are still highly experimental. These cell therapies are based on the transplantation into the retina of photoreceptor progenitors or retinal pigmented epithelium derived from either embryonic stem cells (ESCs) (Lamba et al., 2009; Shirai et al., 2016; Da Cruz et al., 2018) or induced pluripotent stem cells (iPSCs) (Reichman et al., 2017; Gagliardi et al., 2018). Cell therapies can be broadly divided in allogeneic and autologous. The former relies on the transplantation of cells from a healthy donor with HLA matching alleles; the latter involves the transplantation of patient-own cells previously genetically corrected ex vivo. Hence, transplantation of genetically corrected autologous cells integrates genetic and cell-based therapies. A recent study showed the feasibility in combining ex vivo correction of isolated photoreceptors with their subsequent transplantation into the retina in a murine model of retinitis pigmentosa (Barnea-Cramer et al., 2020). Recipient mice harbored a homozygous null mutation in the rhodopsin gene (Rho) that was corrected in isolated photoreceptor precursor cells through gene replacement using minicircle DNA delivery (Barnea-Cramer et al., 2020). Subsequently, these photoreceptor precursors were transplanted into the retina of mutant mice where they expressed maturation markers (e.g., Pde6b coding for phosphodiesterase 6 beta) at 3 months post-transplantation and, importantly, formed synaptic networks within the host retina (Barnea-Cramer et al., 2020). In fact, with the exception of electro retinal function, visual function and behavioral light responses were improved in recipient mutant mice, as measured by optomotor responses, behavioral light avoidance and pupil light reflex (Barnea-Cramer et al., 2020). In an in vitro study, the most prevalent mutations in the USH2A gene, responsible for Usher syndrome, characterized by retinitis pigmentosa and hearing loss, were corrected in patient-derived iPSCs by using enhanced specificity Cas9 from S. pyogenes (Sanjurjo-Soriano et al., 2020). Using whole-exome sequencing, no off-target events were detected after RGN-mediated USH2A correction. Moreover, the gene-edited iPSC lines retained their pluripotency as demonstrated by the expression of pluripotency markers SOX2, NANOG and OCT3/4, as well the ability to differentiate into the three germ layers, i.e., ectoderm, mesoderm and endoderm (Sanjurjo-Soriano et al., 2020).

Although far from its implementation in clinical trials, these reports highlight the possibility to integrate gene and cell therapy concepts and hence broaden the range of therapeutic options to halt retinal degeneration. There are nonetheless safety and efficacy concerns related to the source and differentiation capabilities of the transplanted cells. Most preeminent among these concerns is whether uncontrolled proliferation of iPSC-derived cells can occur and whether the graft will properly integrate in the host retina as to provide for functional rescue of the pathologic phenotype. Finally, in addition to the aforementioned assessments of the specificity and accuracy of gene editing procedures, much more research is warranted to (i) assure good manufacturing practices during the generation of retinal progenitors and (ii) implement exhaustive quality control protocols that minimize contaminants in cell products that may otherwise trigger adverse reactions.



CONCLUSION

Many patients suffering from IRDs are still lacking therapeutic options that tackle the underlying cause of their blindness. There are many challenges on the path to the development of such therapies given the fact that, amongst the scientific and technological bottlenecks described herein, IRDs present considerable clinical and genotypic heterogeneity. In this review, we have presented some of the milestones and advances in gene editing strategies that are offering novel paths for treating IRDs. We have highlighted innovative gene editing concepts directed at achieving efficient and targeted chromosomal integration of therapeutic genes or precise in situ correction of genetic mutations in post-mitotic cells, such as those found in the retina. Therefore, it is plausible to consider that these novel gene editing strategies will start to be increasingly tested in in vivo models of retinal degeneration (e.g., mouse models) or in in vitro 3D human retinal organoids. Furthermore, although AAV vectors have demonstrated to be safe, well tolerated and efficient in delivering genetic material to the retina, they might not be the most suitable vehicle for transferring gene editing tools based on various CRISPR/Cas systems due to their limited packaging capacity and significant chromosomal integration potential. In conclusion, assisted by the implementation of delivery systems, future research avenues will undoubtedly focus on developing and optimizing gene editing components and procedures aiming at significantly improving the quality of life of patients afflicted by IRDs.
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Background: Macular degeneration (MD) is one of the most frequent causes of visual deficit, resulting in alterations affecting not only the retina but also the entire visual pathway up to the brain areas. This would seem related not just to signal deprivation but also to a compensatory neuronal reorganization, having significant implications in terms of potential rehabilitation of the patient and therapeutic perspectives.

Objective: This paper aimed to outline, by analyzing the existing literature, the current understanding of brain structural and functional changes detected with neuroimaging techniques in subjects affected by juvenile and age-related maculopathy.

Methods: Articles using various typologies of central nervous system (CNS) imaging in at least six patients affected by juvenile or age-related maculopathy were considered. A total of 142 were initially screened. Non-pertinent articles and duplicates were rejected. Finally, 19 articles, including 649 patients, were identified.

Results: In these sources, both structural and functional modifications were found in MD subjects’ CNS. Changes in visual cortex gray matter volume were observed in both age-related MD (AMD) and juvenile MD (JMD); in particular, an involvement of not only its posterior part but also the anterior one suggests further causes besides an input-deprivation mechanism only. White matter degeneration was also found, more severe in JMD than in AMD. Moreover, functional analysis revealed differences in cortical activation patterns between MD and controls, suggesting neuronal circuit reorganization. Interestingly, attention and oculomotor training allowed better visual performances and correlated to a stronger cortical activation, even of the area normally receiving inputs from lesioned macula.

Conclusion: In MD, structural and functional changes in cerebral circuits and visual pathway can happen, involving both cerebral volume and activation patterns. These modifications, possibly due to neuronal plasticity (already observed and described for several brain areas), can allow patients to compensate for macular damage and gives therapeutic perspectives which could be achievable through an association between oculomotor training and biochemical stimulation of neuronal plasticity.

Keywords: maculopathy, age-related macular degeneration, juvenile macular degeneration, neurodegeneration, neuroplasticity, systematic review


INTRODUCTION


Rationale

Macular degeneration (MD) is one of the most common causes of visual deficit (Pascolini and Mariotti, 2012). In 2010, there were 32.4 million blind people and 191 million vision-impaired people, of which 2.1 and 6.0 million, respectively, were due to macular diseases (Jonas et al., 2014), and the number is expected to increase as a consequence of the increase in life expectancy (Wong et al., 2014). Prevalence of juvenile MD (JMD) is around 0.03% (Pi et al., 2012), but it implies higher clinical and socioeconomic consequences than age-related MD (AMD) (North et al., 2014).

Although AMD (Buschini et al., 2011) and JMD (Altschwager et al., 2017) have different pathogenesis, they share central visual loss due to photoreceptor cell death (Zarbin, 2004). The damage in visual function due to MD can be very debilitating for daily activities (Scilley et al., 2002; Knudtson et al., 2005) and thus has a significant social impact. It is remarkable how some patients, in order to overcome losing central visual acuity as the result of MD, develop eccentric vision using a different point in the more peripheral retina, the so-called “preferred retinal locus” (PRL) (Vingolo et al., 2007; Verdina et al., 2013). This kind of behavior may imply a certain degree of neural reorganization (Andrade et al., 2001) and could be used and strengthened through rehabilitative exercises to improve patients’ quality of life. Moreover, new potential treatments such as pharmacological therapy, prosthesis implants, stem cell transplantation, and gene therapy could be developed on the basis of an existent potential neural plasticity or not (Gehrs et al., 2006; Bowes Rickman et al., 2013; Van Lookeren Campagne et al., 2014). The ability of the neural visual pathway to reorganize itself, even though adult cerebral plasticity remains elusive, has indeed already been highlighted in other studies (Nuzzi et al., 2017); moreover, a further evidence in favor of this possibility seems to come from studies conducted on animal models, as discussed below. It could also be assumed that some form of plastic reorganization might also happen in case of MD, through a modification of neuronal circuits. It is therefore interesting to look for evidences in the current literature regarding modifications that have occurred in the cerebral volume and cortical activation in patients suffering from these conditions: this review aims to summarize current findings in patients suffering from maculopathy in terms of structural and functional brain changes, detected with the modern techniques of neuroimaging, wondering whether such modifications may imply neuronal plasticity and whether this could have implications in current therapeutic practice.

Over the last two decades, different methods became available to investigate the central nervous system (CNS), both structurally and functionally. Functional magnetic resonance imaging (fMRI) is a neuroimaging procedure capable of detecting functional brain activities by analyzing changes in blood flow (Miki et al., 2001, 2002; Kollias, 2004). Structural brain characteristics could instead be studied using voxel-based morphometry (VBM) analysis which is computed on MRI and quantifies the gray and white matter volume (Ashburner and Friston, 2000). Moreover, surface-based morphometry (SBM), through T1-weighted morphometric analysis, can provide additional information about the brain structure (i.e., cortical thickness, curvature, and surface area) (Clarkson et al., 2011).



METHODS

In this research, we adhered to the Preferred Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.


Search Strategy

We searched MEDLINE Daily and MEDLINE (Ovid), MEDLINE In-Process and Other Non-Indexed Citations, CENTRAL (which contains the Cochrane Eyes and Vision Group Trials Register), EMBASE (Ovid), Latin American and Caribbean Literature on Health Sciences (LILACS), CINAHL (EBSCO), Trip Database, and the National Institute for Health and Care Excellence (NICE).

We used the following search string: [(“Functional magnetic resonance” OR “Functional magnetic resonance imaging” OR fMRI) OR (SBM OR “surface-based morphometry” OR “surface-based analysis”) OR (VMB OR “Voxel based morphometry” OR “Voxel based analysis”)] AND [“gray matter” OR “cerebr∗ OR cortex OR (visual AND (pathways OR cortex OR cortic∗ OR cerbr∗)) AND (Maculopathy OR (Macular AND disease) OR (macula∗ AND dystrophy) OR “macular degeneration” AMD OR JMD OR (Juvenile AND macula∗)].

These searches were supplemented by hand-searching the bibliographies of all the included studies. Gray literature was not considered due to excessive lack of essential information that usually affects this type of research. We did not use any data or language restrictions in the electronic searches. Articles published until March 2020 were included.



Study Design

Study typologies included in this review were randomized controlled trials (RCTs), clinical trials, non-randomized comparative studies, cohort studies, and case series (CS).

Exclusion criteria for eligibility were case report, case series with less than six patients, and absence of outcome data.



Participants and Interventions

We included studies on patients affected by AMD, both the exudative and the dry forms, and JMD. JMD includes a group of disease causing a loss of photoreceptor usually inherited starting early in childhood, such as Stargardt’s disease (Tanna et al., 2017), Best vitelliform retinal dystrophy (Blodi and Stone, 1990), cone-rod dystrophy, and central areolar choroidal dystrophy (Xiao et al., 2010; Bondarenko et al., 2014; Molday, 2015; Palejwala et al., 2016; Hohman, 2017). Patient characteristics are reported in Table 1. The following techniques were used for investigating brain changes:


TABLE 1. Demographic and clinical characteristics.

[image: Table 1][image: Table 1a]
– fMRI

– VBM

– SBM



Data Sources, Study Sections, and Data Extraction

The data were collected independently by two reviewers.

The research resulted in 142 articles (37 from PubMed; 39 from EBSCO; 52 from Embase; 11 from Trip Database; and 3 from free search). Thirty duplicate results were removed using the EPPI reviewer (by EPPI-Center, Social Science Research Unit, the Institute of Education, the University of London, United Kingdom). Screening of titles and abstracts was then carried out, and no pertinent articles were rejected: after this selection, 22 articles were assessed for eligibility. Three articles were later rejected due to exclusion criteria, with a final number of 19 articles.

Full texts of these articles were evaluated independently.

The entire process was carried out according to the PRISMA flow diagram: details on screening process are given in Figure 1.


[image: image]

FIGURE 1. PRISMA flow diagram.




Data Analysis

Analyzed parameters are listed below:

– VBM: gray and white matter volume.

– SBM: morphologic characteristic of the brain cortex such as thickness, curvature, and surface area.

– fMRI: blood oxygenation level-dependent (BOLD) evaluation. Changes in hemoglobin oxygenation in focal blood flow are used to detect neuronal activity fluctuation.



RESULTS


Study Characteristics

Five out of 19 (26%) studies examined brain changes in terms of structural parameters (one study used SBM and four used VBM). The remaining 14 studies (74%) used fMRI to evaluate cortical response changes following MD.

All included studies were case series with a sample ranging from 6 to 58 patients; patient characteristics are reported in Table 1. Subjects showed high heterogeneity in mean age, disease duration, and disease stage.

Six studies (31.5%) included only AMD patients, seven studies included only JMD patients, and the remaining six studies included both AMD and JMD patients.



Outcomes of Structural Analysis (Table 2)

Four studies (Boucard et al., 2009; Plank et al., 2011; Hernowo et al., 2014; Olivo et al., 2015) investigated brain changes using VBM in 33 patients with AMD and 78 with JMD: two of them (Hernowo et al., 2014; Olivo et al., 2015) reported results on both gray and white matter, while the other two studies (Boucard et al., 2009; Plank et al., 2011) showed results on gray matter only.


TABLE 2. Outcomes of structural analysis.

[image: Table 2]Boucard et al. (2009) compared gray matter density in 9 AMD, 8 primary open angle glaucoma (POAG), and 12 healthy subjects. In particular, VBM was used to assess local changes in gray matter density in the whole brain and in specific volumes of interest (VOIs): 21-mm-diameter spheres in each hemisphere posterior and anterior to the calcarine cortex, corresponding to the foveal and the peripheral visual field projection zones, respectively. In the AMD subjects, gray matter density was reduced mainly in the posterior part; POAG patients showed instead a more anterior reduction in the occipital cortex. These data demonstrated a retinotopically gray matter damage caused by late-onset acquired visual field defect.

Plank et al. (2011) used VBM to analyze structural brain changes in 26 patients with central scotoma due to hereditary retinal dystrophies. Patients with JMD showed a significant reduction of gray matter volume in the posterior part of calcarine sulcus in both hemispheres. Gray matter density analysis produced results comparable to those about gray matter volume. Correlation analysis showed a negative correlation between scotoma size and gray matter volume in central VOI along the calcarine sulcus. Reading speed positively correlated to gray matter volume in the more anterior part of the calcarine sulcus in the left hemisphere, while eccentric fixation stability positively correlated with gray matter volume of a cluster in the right superior frontal gyrus.

Similar results came from Olivo et al. (2015) who used VBM to analyze gray and white matter volume in Stargardt’s disease. A gray matter loss was demonstrated bilaterally in the occipital cortex and in the adjacent parietal lobe. Moreover, gray matter volume correlated inversely with retinal thickness in the left supramarginal gyrus: since, among other tasks, this part controls oculomotor mechanisms, it is possible to assume a compensatory role for this occurrence, in terms of adaptive oculomotor learning.

Hernowo et al. (2014) investigated changes in both white and gray matter of 24 AMD and 34 JMD patients: whole-brain analysis showed a reduction of gray and white matter located in the visual cortex and optic radiations. Volumetric reduction was demonstrated throughout all the retrobulbar afferent structures, with some differences: JMD patients showed a reduction all along the visual pathway; on the other hand, in AMD patients, only the lateral geniculate bodies and the optic radiations were affected. Also, volumetric reduction in JMD was greater than that in AMD, maybe because of the larger functional damage that JMD subjects had. Moreover, in the AMD group, volumetric reduction of white matter was also demonstrated in the frontal lobe, but it might be related to the different ages of AMD and JMD patients.

Only one study (Prins et al., 2016) analyzed cortical changes using SBM. This study was conducted on the same patients analyzed with VBM by Hernowo et al. (2014): volumetric changes, detected in MD patient’s visual cortex using VBM, were further characterized by a more accurate representation of structural differences. The surface area in the anterior region of the visual cortex was found to be reduced. Another result was the more widespread structural damage in terms of cortical thinning and the greater reduction of surface area and volume in JMD than in AMD patients; this result could be, however, biased by the larger visual field defect and poorer visual acuity in JMD patients, resulting in greater visual deprivation. No structural changes outside the visual cortex were found, nor was there a significant correlation between disease duration and structural parameters.



Outcomes of Functional MRI (Table 3)

Fourteen studies used fMRI in order to investigate functional changes in brains of patients suffering from AMD or JMD.


TABLE 3. Outcomes of functional analysis.

[image: Table 3][image: Table 3a][image: Table 3b][image: Table 3c]Little et al. (2008), analyzed several region-of-interest (ROI) activation patterns during standardized eye movements (saccade and smooth pursuit) in patients suffering from AMD. ROIs included frontal and supplementary eye fields (FEFs and SMA/SEFs), prefrontal cortex (PFC), intraparietal sulci (IPS), and visual cortex areas (V1/V2/V3 and MT/V5). Results showed a marked reduction of activity in the visual cortex but an increased activity in FEFs, PFC, IPS, and SMA/SEFs, if compared with those of control subjects. Patients with AMD can try to overcome the impaired visual function using paracentral PRLs: the incongruence between gaze direction and visual input elaboration, normally closely associated, results mostly in difficult performance of oculomotor tasks, with a high impact on everyday activities such as reading; the attempt to overcome this incongruity, including through a learning path and involving other areas of visual control, can justify the detected pattern of activation.

Szlyk and Little (2009) studied cortical activation in patients suffering from AMD who learned to use a PRL to overcome central vision loss, during a visual task of three-letter and six-letter word recognition: if compared with controls, patients showed an increased brain activation in many areas such as the frontal eye fields, parietal lobules, and prefrontal cortex. As a possible explanation of these findings, it was assumed that not only the decreased sensory input but, rather, also the continuous research for the visual target required in a situation of central visual field deficit was causing an increased involvement of cognitive resources, among which attention has a great importance, justifying the higher activation of these superior cortical areas in these patients.

Plank et al. (2013) studied visual cortex activation (V1, V2, and V3) in JMD patients using fMRI, during retinotopic mapping and visual tasks. Patients with an established PRL exhibited significantly higher activation in the primary visual cortex during the visual search task, especially when the target stimuli fell near the PRL. Compared with those with less stable fixation, patients with firm eccentric fixation at the PRL exhibited greater performance levels and higher brain activation. Plank et al. (2014) an fMRI study in 8 AMD, 5 JMD, and 12 controls from the same group showed that visual exercise [in this case, a texture discrimination task (TDT)] focused on PRL can enhance eccentric vision in patients with central vision loss. Both patients and control subjects exhibited a learning effect on the TDT, enhancing eccentric vision ability and so allowing better performances. This enhancement was also accompanied by an increased response in the PRL projection zone of the visual cortex.

Plank et al. (2017) used fMRI on JMD patients and controls to examine whether a visual stimulation of PRL would have caused a greater activation of the visual cortex in comparison with stimulating an equivalent peripheral area in the opposite hemifield (oppPRL). Retinal loci were stimulated using a flickering checkerboard and real-object pictures during fMRI measurement. Stimulation of PRL produced coactivation of the central representation area in the early visual cortex in patients, but not in controls. Moreover, especially in patients with highly stable eccentric fixation, it caused a stronger activation of the early visual cortex and also a response by higher visual areas beyond the retinotopic cortex. In addition, cortical response given by PRL was more intense than the one triggered by stimulating the oppPRL. Lastly, stimulation with everyday objects led to overall larger responses than those evoked by flickering checkerboards.

Rosengarth et al. (2013) observed changes in gray and white matter density due to fixation training in nine cases of AMD and seven controls. They also found a positive correlation between the increasing fixation stability and cortical response in the PRL projection zone. Structural changes were also found in the cerebellum of patients following oculomotor training: increments in gray and white matter density in the cerebellum might be the consequence of the learning effect achieved by performing visual tasks using eccentric viewing. Thus, this study showed how patients with AMD can actually benefit from specific oculomotor training procedures and how these improvements correspond to functional and structural changes in the CNS.

Lešták et al. (2013) found that patients with a wet form of AMD showed, during retinal light stimulation, a lower fMRI activity of the visual cortex compared with the control group of healthy subjects. However, the dependence of the neurological activity on visual acuity was not statistically significant.

Liu et al. (2010) studied cortical activation in four cases of AMD, four cases of JMD, and two controls using fMRI. Six ROIs were chosen along the calcarine sulcus, extending from the posterior pole of the occipital cortex to the anterior part of the calcarine sulcus in each hemisphere. The results of this study demonstrated that a stimulation of PRL generated more extensive cortical activation than non-PRL, but no activation in the foveal cortical projection was detected. Both passive and active viewing of full-field stimuli left a silent zone at the posterior pole of the occipital cortex, even if smaller in case of active viewing during a visual task, especially in subjects suffering from JMD. Since activity in cortical areas corresponding to central scotoma projection is considered an evidence of functional reorganization, these results suggested a certain degree of remodeling in the early visual cortex in both JMD and AMD, even if not complete and apparently more prominent in JMD.

Baseler et al. (2011), studied 8 AMD cases, 8 JMD cases, and 12 control subjects with fMRI and structural MRI, recording cortical activity in early visual areas (V1–V3) of occipital pole during visual stimulation. All affected subjects had developed a stable PRL that allowed good eccentric fixation. Stimulation was based on passive viewing, without any active visual tasks requested. Their results ran contrary to the belief that the visual cortex could reorganize itself after retinal damage and input deprivation to respond to peripheral retinal stimulation: the cortical area corresponding to the lesion projection zone (LPZ) gave activity signals in the patient group in a different way than in the control group in whom a central scotoma was simulated. Furthermore, these findings were not dependent on the age at which the individuals acquired retinal lesions.

Moreover, areas with “ectopic” receptive fields were detected throughout the LPZ, equally representing the same regions of visual field in both patients and controls and questioning if the existence of ectopic receptive fields can continue to be considered as an evidence of remapping that occurred or, instead, a simple effect given by neuronal feedback and lateral connections.

It is worth noting that this study used a passive visual stimulation, and not a visual task, that has already been proven in others to be an important factor for the response of the LPZ in the early visual cortex (Masuda et al., 2008; Plank et al., 2013, 2014). Baseler hypothesized however, that these findings could be justified by the existence of feedback from the extrastriate cortex and/or the absence of feedforward signals from the visual cortex, rather than by a remapping that has occurred. He concluded there was no need to invoke remapping as an explanation of responses in V1 of individuals with MD.

Masuda et al. (2008) studied LPZ responses to different visual stimuli (checkerboards, drifting contrast patterns, scrambled, and intact faces) in four cases of Stargardt’s disease and cone-rod dystrophy with central–bilateral scotoma and three controls, using fMRI. JMD subjects viewed a fixation point at the center of the stimulus using their PRL, while in controls, the fixation point fell in a retinal locus corresponding to patients’ PRL. LPZ activation was indeed observed, but only as a consequence of stimulus-related tasks: any activity was recorded during passive viewing or visual tasks unrelated to stimulus. In control subjects, in which visual stimulus was presented only within the peripheral visual field, there was no response in the foveal projection zone in any condition. The study concluded that LPZ responses are not simply stimulus driven but rather are resulting from stimulus-related tasks: these findings may depend on new cortical pathways carrying task-dependent signals (neural reorganization) or the unmasking of preexisting task-dependent cortical signals that ordinarily are suppressed by the retinal visual input (no reorganization).

Baker et al. (2008) conducted a study in which seven subjects affected by JMD or AMD and seven healthy controls viewed blocks of images, recording activation of the occipital cortex using fMRI. In two of the affected subjects, MD preserved foveal function, while the other ones used a PRL. Images were presented at either a foveal or a peripheral retinal location (PRL or a matched location in controls). After PRL stimulation, patients with foveal damage elicited strong responses of cortical regions corresponding to the foveal representation, while stimuli presented at the fovea evoked little or no response. On the other hand, subjects with still foveal residual function produced a response after its stimulation, even if weak, while stimulation of a corresponding PRL produced no activation of these areas. In controls, stimuli presented to the corresponding PRL retinal point did not produce any response in the analyzed areas; on the contrary, stimuli presented at the fovea produced a strong response. The conclusion was that large-scale reorganization of visual processing occurs only in the complete absence of functional foveal vision.

Whitson et al. (2015) examined the relationship between vision impairment caused by AMD and poor performance on phonemic fluency tests, using fMRI in seven subjects with long-standing bilateral AMD. In particular, activation of several ROIs was investigated: left opercular portion of inferior frontal gyrus (which includes Broca’s area), left superior temporal gyrus (which includes part of Wernicke’s area), inferior parietal lobe, right superior parietal lobe, right supramarginal gyrus, right supplementary motor area, and right precentral gyrus. All these areas are involved in networks that support executive function, language, and vision during a phonemic fluency test. In AMD subjects, phonemic fluency was inversely related to the existing connectivity among these areas, since patients with stronger connections exhibited worse fluency; meanwhile, in controls, there was no correlation between connectivity and fluency. So compared with controls, patients showed stronger connectivity within these areas, but these findings were not an unequivocal explanation: it was not clear if they simply reflected the increased cognitive effort required to support this kind of task in the context of non-specific age-related brain changes or, rather, some compensatory changes to support cortical elaboration in a setting of reduced vision.

Schumacher et al. (2008) evaluated calcarine sulcus activity during visual stimulation in AMD and JMD patients compared with controls using fMRI. Cortical response was recorded during stimulation of both PRL and non-PRL retinal areas in patients, and peripheral retinal loci in controls, by using a checkerboard pattern. Cortical activity of the posterior calcarine sulcus in response to visual stimulation of PRL was higher than that of non-PRL in patients and than that of PRL-corresponding regions in a group of age-matched controls, possibly implying that a large-scale cortical reorganization of visual processing occurred in response to MD.

Haak et al. (2016) studied 8 patients with Stargardt’s disease and 12 healthy controls, using fMRI and connective field modeling, to establish whether connectivity between input-deprived portions of the primary visual cortex (V1) and early extrastriate areas (V2/V3) was still retinotopically organized. The study showed that functional connectivity between V1 and V2/V3 was still largely retinotopically organized, although less than that in controls, concluding that despite the prolonged lack of visual input due to MD, corticocortical connections of the primary visual cortex remained largely intact.



DISCUSSION

Hereditary and age-related macular dystrophies, diseases with great epidemiological and social weight, lead to a loss of photoreceptors in the macular area (Holz et al., 2004; Takahashi et al., 2016; Chirco et al., 2017), resulting in central visual field defect (Scullica and Falsini, 2001; Gehrs et al., 2006; Cassels et al., 2017) and implying an inadequate input from this part of the retina to the visual cortex. It has been largely debated whether this could lead to a change and to a reorganization of the retinotopic maps in the visual cortex, thanks to neuronal plasticity (Kitajima et al., 1997; Dreher et al., 2001; Sunness et al., 2004; Baker et al., 2005; Baseler et al., 2009; Dilks et al., 2009, 2014; Masuda et al., 2010; Chung, 2013; Barton and Brewer, 2015). Actually, the ability to adapt to lesions by a mechanism of neuronal plasticity has already been demonstrated in the CNS of both young subjects and, although to a lesser degree, adult subjects (Rosa et al., 2013). So there are reasons to question whether such an eventuality can also occur in cerebral visual areas. A clue in favor of such a thesis could come from studies conducted on animal models: experiments concerning reorganization of the primary visual cortex following retinal lesions has been performed by several authors.

Kaas et al. (1990) analyzed cortical modifications in adult cats after iatrogenic lesion of the central retinal area of one eye and enucleation of the other eye, recording single-neuron responses from the primary visual cortex: it was detected that neurons originally receiving inputs from the central retina became responsive to stimuli presented to intact peripheral retinal locations surrounding the destroyed area. This result can suggest a reorganization of the visual cortex: neurons in the deprived zone of the cortex acquired new receptive fields representing inputs originating from retinal locations around the margins of the lesion.

Similarly, Heinen and Skavenski (1991) described that in adult monkeys, after bilateral macular lesions, cortical neurons in foveal representation became responsive to visual stimuli presented to intact peripheral retina 2.5 months after lesions.

Again, Botelho et al. (2014) observed how monocular lesions in monkeys caused a significant reorganization of the topographic map in the visual area, both inside and outside the cortical LPZ, starting immediately after the retinal lesion. The short time frame observed in this case between macular lesion and cortical reorganization allowed us to assume the preexistence of intracortical connections in V1 unmasked by cortical deafferentation.

Lastly, mouse visual cortex structural modifications, represented by a rapid and lasting reduction in the number of cell spines of inhibitory neurons after removal of visual input, were described by Keck et al. (2011).


Analysis of Structural Results

All reviewed studies found cerebral structural changes in terms of reduced volume following MD, suggesting how a central scotoma, even if acquired later in life, can lead to transsynaptic degeneration. These modifications involved both gray and white matter, eventually all along the entire visual pathway from the optic nerve to the cortex. These results are consistent with the current knowledge that gives to the neuronal afferents not only a task of transmission of information but also a trophic effect toward target cells. A structural consequence is therefore undoubted, but with the volumetric analysis alone, it is difficult to understand if, along with a variation due to the ceased trophic effect by afferent innervation, there is also a variation related to a reshaping/reorganization. Some structural results are worthy of attention:

– Regarding visual cortex volume, a reduction in both anterior and posterior thickness was recorded in AMD as well as JMD patients. So, as central vision is represented in the posterior region of the visual cortex, not only could cortical damage be related to a degeneration due to retinotopic-specific deprivation, but further explanations of the anterior modifications could also be given by an effect of spontaneous oscillatory spike bursts that retinal ganglion cells were demonstrated to produce after retinal degenerations, as well as by a changed function that the more peripheral retina acquires in MD patients due to the selection of a new PRL to obtain an eccentric fixation (Prins et al., 2016).

– Moreover, in the comparison of the results between AMD and JMD groups, some differences emerged (Hernowo et al., 2014; Prins et al., 2016): in JMD, a more extensive damage was identified in terms of both involved structure amount (the whole optical pathway, from the optic nerve to the cortex, while only from lateral genicolate bodies in AMD) and volumetric reduction. In the two reference studies, however, this outcome was considered, rather than as a marker of reshaping, as the effect of JMD patients having more severe retinal alterations and greater visual deficits if compared to AMD patients.

– Potential structural indicators of remodeling that occurred come from Plank et al. (2011) and Boucard et al. (2009): an increased volume at the level of supramarginal gyrus, involved in oculomotor coordination, and a positive correlation between gray matter in right superior and middle frontal gyri and fixation stability were findings that could be the consequence of oculomotor learning in patients with central scotoma, forced to use their own peripheral visual field to obtain an eccentric fixation.



Analysis of Functional Results

Studies using functional imaging to analyze cortical activity in MD patients produced variable results, generating some controversy:

– All studies have shown changes in cortical activity; in particular, the visual cortex activation pattern was different and less intense if compared to healthy controls (Lešták et al., 2013). It should be noted, however, that in addition to the expected changes in the occipital lobe, there was also an increase in activity of frontal brain areas (frontal eye fields, supplementary eye fields, prefrontal cortex, and intraparietal sulci), classically associated with attention (Little et al., 2008; Szlyk and Little, 2009): this suggests that an adaptation of the brain occurred, although not clearly indicative of remodeling. It can be assumed that, in patients trying to overcome the impaired visual function using paracentral PRL, the incongruence between gaze direction and visual input elaboration, normally closely associated, results in an increased activation of attentional networks as a compensatory behavior and, thus, that integrity of these cerebral areas is necessary for the use of PRL as a new main point of visual processing outside the diseased fovea.

– Oculomotor training, mainly aimed at the use of a PRL to obtain stability in eccentric fixation, has a positive effect on the performances obtained in the visual task (Plank et al., 2014). These effects are accompanied both by structural changes in the cerebellum (Rosengarth et al., 2013) and by interesting functional changes, where PRL stimulation generates a response of the LPZ, and greater fixation stability corresponds to a greater consequent activation (Plank et al., 2017).

– In multiple occasions, PRL stimulation was investigated: in patients using PRL for visual elaboration, its stimulation has proven to trigger a more extensive visual cortical activation than in patients not using it (Plank et al., 2013); in particular, stimulation of the PRL was able in some studies to activate that very cortical area normally receiving input from the lesioned macula (Baker et al., 2008; Masuda et al., 2008; Schumacher et al., 2008; Plank et al., 2017) but not in all of them (Liu et al., 2010). However, in another one, PRL stimulation did not give any significant difference in response to the control group in whom a central scotoma was simulated.

– Even attention was found to influence cortical activation in the LPZ. In some JMD patients (Masuda et al., 2008; Liu et al., 2010), this area was activated during visual tasks, in contrast with passive viewing stimulation. It is not certain whether this finding can simply be justified by the unmasking of preexisting feedback signals from higher visual areas and by the upregulation of existing synaptic connections or instead if it can be a signal of a large-scale reorganization that occurred. It should be noted that there is one study that did not detect the activation of LPZ by the PRL by using only passive visual stimuli, without visual task.

– The nature of the stimulus seems also to influence brain response (Plank et al., 2017): object pictures were found to elicit stronger responses of the central representation area in the visual cortex than did the flickering checkerboard, probably due to feedback projections from higher visual areas.

– Finally, against the hypothesis of remodeling, it was pointed out by Haak et al. (2016) that a retinotopic organization of the visual cortex has proven to persist although long after the deafferentation generated by AMD, even if decreased in comparison to healthy controls.



Possible Causes of Cerebral Changes in MD Patients

Causes of cerebral changes in MD patients appear therefore to be multifarious and not completely understood. Retinal degeneration in MD subjects led to a reduction of neuronal volume along specific parts of the visual pathway: as already mentioned above, functional deprivation is presumably responsible for a part of the structural changes, as also suggested by animal experimental models (Vercelli and Cracco, 1994; Palanza et al., 2002), maybe by anterograde transsynaptic degeneration (Medeiros and Curcio, 2001; Kim et al., 2002). However, it is not clear yet whether this could be the only explanation; other reasons might be its weight and whether the CNS changes in volume and density could also be associated with a plastic remodeling, for example, as a consequence of oculomotor training. In the analysis of functional studies, it has been reported that there is a variation not only in occipital cortical activation, as could be expected, but interestingly also in other areas not immediately related with the visual elaboration, suggesting that, if not a remodeling, at least an adaptation to the new situation with the involvement of other cortical functions had occurred in order to compensate for the pathological condition, for example, to support a more complex activity of fixation. Oculomotor training has proven to be able both to improve the patient’s performance and to cause functional and structural changes in the brain and cerebellum.

Extremely interesting was the analysis of cortical activity in relation to PRL: in patients able to use a PRL, its stimulation increased the occipital cortical activity and even caused the activation of LPZ, the cortical area normally activated by stimulation of the fovea being now damaged. This result strongly suggests the idea of a successful remodeling occurring in terms of receptive fields, but as rightly pointed out by some authors (Masuda et al., 2008), functional analysis does not allow us to discern whether this is related to a true neuronal plasticity or simply to preexisting conditions (feedback from extrastriate cortex, unmasking of preexisting task-dependent cortical signals that ordinarily are suppressed by the retinal visual input, and lateral connections). Even the results (Masuda et al., 2008) regarding how attention (visual task) affects the activation of visual cortex and LPZ do not clearly clarify whether such observations are related to a remodeling or an unmasking of preexisting synaptic connections.

It is, however, very important to emphasize as some results go in an opposite sense: Liu et al. (2010) and Baseler did not find any evidence of an increased activation of the visual cortex part normally receiving input from the lesioned retina, and Haak et al. (2016) showed that functional connectivity between V1 and V2–V3 was still largely retinotopically organized despite a prolonged lack of visual input due to MD. Is it therefore really possible that in an adult SNC a plastic remodeling can take place? Even though cerebral plasticity during childhood is a well-established phenomenon, adult plasticity remains actually elusive. The ability of the cerebral cortex to adapt to changes in visual experience and the mechanisms underlying this process are still highly debated (Wandell and Smirnakis, 2009). Nevertheless, many human studies have suggested that, during the life span, the visual cortex maintains the ability to structurally and functionally reorganize itself; two types of neuroplasticity are involved, although their borders are not well defined: structural and synaptic/functional plasticity. Structural plasticity refers to changes in axons, dendrites, and dendritic spines; synaptic plasticity refers to changes in synaptic activity (Rosa et al., 2013). Visual cortical plasticity was also proven in healthy subjects in the absence of visual loss as consequence of training (Berry and Nedivi, 2016).

We are therefore justified in assuming that cerebral remodeling, based on neuronal plasticity, could probably also take place in conditions of MD.



Limits

It has been impossible to standardize the results available in literature due to the low sample size of the existing studies and the variability of intersubject anatomy, demographic characteristics, cortical reconstruction, and ROI identification. The extension and severity of maculopathy, the duration of the disease, and the type of lesions were also heterogeneous.

Moreover, as regards the fMRI studies, there was also a great variability in the kind of stimuli used, and the use of the task-related fMRI is another potential source of variability, if compared for example to the resting-state fMRI.



Therapeutic Perspectives

Neuronal reorganization is undoubtedly useful in compensating for the deficit caused by MD and above all in being able to take full advantage of the rehabilitation possibilities, such as through oculomotor training aimed at using PRL, as described above. But would remodeling always be considered a positive occurrence? It is interesting to observe how the stability of visual neuronal organization may be beneficial: many of the most promising treatments aimed at restoring vision at a retinal level, such as antiangiogenic injections or more pioneering ones such as retinal prostheses, stem cell therapy, or even genetic therapy, rely on the assumption that cortical circuitry remains largely unchanged.

So such changes would first need to be reversed before the restored inputs could be normally processed. Structural changes also, especially in terms of volume reduction caused by the ceased trophic effect, could be a tough challenge, and we do not know at this time if it could be possible to bypass this obstacle or whether the visual brain would no longer be able to process retinal inputs appropriately.

That said, worthy of research is the possibility of stimulating neuronal plasticity to our advantage: perineuronal nets were found to control and contrast plasticity in the adult CNS (Sorg et al., 2016), as demonstrated by studies about neuronal axon regeneration. An eligible candidate to fight this effect seems to come from digestion of their glycosaminoglycan chains, thanks to the enzyme chondroitinase ABC (ChABC): interestingly, administration of ChABC after spinal cord injury permits some axon regeneration and greatly increases plasticity, and when combined with appropriate rehabilitation, ChABC treatment can lead to a considerable restoration of function, even in patients with neurodegenerative diseases (Fawcett, 2015). Since rehabilitation attempts through exercises and oculomotor training (Rosengarth et al., 2013; Plank et al., 2014, 2017) can be a worthwhile option but can achieve results only if these structural and functional modifications in the visual system occur, we can imagine, as a possible future therapeutic perspective, a combination of specific oculomotor and visual training and pharmacological stimulation of neuroplasticity aimed at obtaining a percentage of improvement in both AMD and JMD patients (Kwok et al., 2008; Fawcett, 2009; Yang et al., 2015; de Winter et al., 2016; Restani and Caleo, 2016; Foscarin et al., 2017).



CONCLUSION

Through this systematic review, we highlighted how several brain modifications, both structural and functional ones, have been recorded in both AMD and JMD. Results were, however, heterogeneous and not always with unequivocal interpretations, not clearly demonstrating the existence of neuronal remodeling following macular damage, although it would seem that there exist more data in favor of this hypothesis than against it. It is quite possible that, after a retinal damage, both plastic remodeling and reorganization based on the unmasking of preexisting circuits may occur in these patients.

In subjects who have carried out ocular training exercises, for example, aimed at using a PRL as the new main area of light elaboration or obtaining stable eccentric fixation, the greatest cortical activities were recorded and achieved best performances in visual tasks. Although the possibility of a brain circuit remodeling would not be beneficial for all possible future therapeutic strategies, as it could hinder the correct processing of light signal once retinal function would be restored, it would support this kind of rehabilitation therapy which, as demonstrated, requires structural and functional modifications, as well as the involvement of upper cortical areas.

Further studies are therefore needed, preferably with greater sample size and more standardized in patient characteristics, disease entity, stimulus type, and analysis, in order to obtain more evidence of remodeling occurrence and how to use it in a therapeutic key, but we can imagine, as a possible future, a combination of specific oculomotor training and biochemical stimulation of neuroplasticity aimed at obtaining a percentage of improvement in both AMD and JMD patients.
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Gene therapy is proving to be an effective approach to treat or prevent ocular diseases ensuring a targeted, stable, and regulated introduction of exogenous genetic material with therapeutic action. Retinal diseases can be broadly categorized into two groups, namely monogenic and complex (multifactorial) forms. The high genetic heterogeneity of monogenic forms represents a significant limitation to the application of gene-specific therapeutic strategies for a significant fraction of patients. Therefore, mutation-independent therapeutic strategies, acting on common pathways that underly retinal damage, are gaining interest as complementary/alternative approaches for retinal diseases. This review will provide an overview of mutation-independent strategies that rely on the modulation in the retina of key genes regulating such crucial degenerative pathways. In particular, we will describe how gene-based approaches explore the use of neurotrophic factors, microRNAs (miRNAs), genome editing and optogenetics in order to restore/prolong visual function in both outer and inner retinal diseases. We predict that the exploitation of gene delivery procedures applied to mutation/gene independent approaches may provide the answer to the unmet therapeutic need of a large fraction of patients with genetically heterogeneous and complex retinal diseases.
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INTRODUCTION

The retina is the neuronal tissue in charge of visual function. It comprises five main neuronal types that form morphologically and functionally distinct circuits working, in parallel and in combination, to produce a complex visual output (Hoon et al., 2014; Figure 1A). The outer retina (OR) is composed of the Retinal Pigment Epithelium (RPE) and of photoreceptors. The RPE is a monolayer of pigmented cells that contribute to the visual cycle and provide metabolic support to photoreceptors. The latter, subdivided into rods and cones, are the neurons in charge to convert light energy into membrane potential changes in the phototransduction cascade. Rod and cone photoreceptors synapse with neurons of the inner retina (IR), namely bipolar cells, which in turn contact retinal ganglion cells (RGCs) and amacrine cells. The sole output neurons of the retina are RGCs, which project axons, forming the optic nerve, to higher visual centers in the brain (Hoon et al., 2014). Besides neurons, the retina contains a glial component, represented by Müller cells, astrocytes, and the microglia. Müller cells account for about 90% of the retinal glia and, together with astrocytes, provide neurotrophic, metabolic and mechanical support to neurons. Microglia constitute the resident immune cell population in the retina and orchestrate neuroinflammatory response, recovery from injury and progression of disease (Rashid et al., 2019).
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FIGURE 1. Progression of outer retinal degenerative disease and gene-based mutation-independent therapy options. Schematic representation of either retinas in healthy conditions (A) or undergoing different stages of degeneration progression (B–D). The ongoing photoreceptor degeneration (B) and before the progressive cone degeneration (C) stages can benefit from the use of neurotrophic factors, miRNA modulation and CRISPR/Cas9 genome editing. In the final stage, i.e., when all photoreceptors are lost (D), optogenetics seems to be the only suitable gene-based mutation-independent therapy option.


Most retinal diseases can be categorized into those involving death of photoreceptors in the OR, and those directly affecting neurons of the IR, usually RGCs. Retinal diseases affecting the OR are the most important causes of vision impairment in the working-age population and include: (a) inherited disorders, e.g., retinitis pigmentosa (RP), Leber congenital amaurosis, and macular dystrophies, which display high genetic heterogeneity with more than 250 causative genes1 and (b) multifactorial conditions, e.g., AMD. Degeneration of RPE and/or photoreceptor cells are the common landmarks of these diseases, although the underlying molecular and cellular events are still poorly understood. Mitochondrial dysfunction, neuroinflammation and microglia activation, among others, have been shown to exacerbate disease progression (Ambati et al., 2013; Cuenca et al., 2014; Zhao et al., 2015; Lefevere et al., 2017). Schematically, the disease proceeds through three different stages (Figures 1B–D): (a) functional impairment, in which photoreceptors are intact but start to lose their functionality; (b) ongoing photoreceptors degeneration; (c) complete loss of photoreceptors. The choice of the appropriate therapy may depend on the specific timing of intervention (Figures 1B–D).

Inner retina diseases are mostly represented by optic neuropathies (ONs), that comprise a group of monogenic and complex disorders mainly affecting RGCs (Carelli et al., 2017). The mechanisms underlying RGC degeneration are still unknown, but axonal injury has been proposed as the earliest event that eventually leads to RGC death (Dratviman-Storobinsky et al., 2008). Among the possible mechanisms, mitochondrial dysfunction, has been correlated, directly or indirectly, to the majority of ONs, likely due to the particular vulnerability of RGCs to mitochondrial impairment (Carelli et al., 2017). A tight connection between ON and mitochondrial dysfunction has been extensively described (Gueven et al., 2017). Several mitochondrial diseases are associated with vision impairment. Among them, Leber Hereditary Optic Neuropathy (LHON) and Autosomal Dominant Optic Atrophy represent the most frequent genetic form of ONs (Carelli et al., 2004; Yu-Wai-Man et al., 2011). Interestingly, also the most common and multifactorial forms of ONs, such as glaucoma and diabetic retinopathy, show signs of mitochondrial dysfunction and share clinical similarities with mitochondrial ONs (Jarrett et al., 2008; Yu-Wai-Man et al., 2011; Chhetri and Gueven, 2016; Gueven et al., 2017). Despite the efforts employed, ONs are still only symptomatically treated. In this respect, mitochondria could represent the common denominator and hence a promising common therapeutic target (Figure 2).


[image: image]

FIGURE 2. Main mutation-independent therapies applicable to RGC neuroprotection. Schematic representation of an RGC. Damaged mitochondria are depicted in the soma and along the axon. Therapies aimed to block RGCs death and to induce axon regeneration are indicated.



Mutation-Independent Strategies Based on Gene-Therapy Approaches

Gene-based therapy consists in the delivery of exogenous genetic material in order to modulate the expression of specific genes to treat pathological conditions. This approach ensures a targeted, stable and spatially regulated modulation of gene expression, either through overexpression or silencing, with a final therapeutic outcome and was initially devised for gene-specific applications. Adeno-associated viruses (AAV) represent the vectors of choice for gene therapy in the retina, due to the limitation of lentiviruses and adenoviruses in transducing the mature retina. AAVs have an excellent safety profile (lack of pathogenicity and low immunogenicity) and provide long-lasting transgene expression (Colella and Auricchio, 2010; Trapani, 2019). Diseases caused by loss-of-function mutations can be treated by gene-replacement therapy. Indeed, the success of clinical trials and the recent approval of Luxturna (Ledford, 2017; Apte, 2018) are laying the bases for a more widespread use of gene replacement strategies for the treatment of retinal diseases. However, the extensive genetic heterogeneity of both OR and IR diseases poses a significant limitation to the development and application of gene-specific strategies to the majority of patients. Another problem is that AAV particles can package only up to about 4.7 kilobases of DNA, which represent a serious obstacle to the delivery of larger genes (Trapani, 2018, 2019). Moreover, gene replacement is not effective, by itself, in diseases caused by gain-of-function mutations, which primarily require silencing of mutant alleles. Finally, gene replacement therapies at present cannot be applied to complex multifactorial retinal diseases, including age-related macular degeneration (AMD), glaucoma, and diabetic retinopathy which are characterized by a polygenic, not fully elucidated, pathogenicity, with the contribution of environmental factors.

For the above-mentioned reasons, mutation-independent therapeutic strategies, represent valid alternatives and/or complementary approaches to gene-replacement strategies. They aim at minimizing and/or delaying cell loss in the diseased retina regardless of the primary genetic defect, targeting common dysregulated pathways that play a key effector role in retinal damage (e.g., oxidative stress, inflammation, neovascularization, pyroptosis, etc.).

It is becoming clear that gene-based strategies can considerably enhance the efficacy and safety of mutation-independent therapies for retinal diseases that, to date, are mainly based on the use of therapeutic active compounds. Indeed, their systemic administration may not be always efficient considering that many molecules cannot pass the blood–retinal barrier (Almasieh and Levin, 2017). Moreover, compounds intraocular administration can be deleterious because requires repeated local injections that may cause endophthalmitis and retinal detachment. In this respect, the exploitation of viral vector-mediated intraocular delivery is raising considerable interest for the devise of mutation-independent therapies because it ensures a more stable expression and efficacy of the therapeutic agent and usually requires a single administration, safeguarding patients’ welfare. Finally, the appropriate combination of specific vector serotypes and cell type−specific promoters would limit transgene expression to the desired cells.

In this review, we will discuss the technical and conceptual reasons underlying the advantages of AAV delivery- and more in general, of gene-based therapies applied to mutation-independent strategies for the treatment of OR and IR diseases and the most promising applications reported to date.



Neuroprotection Approaches

Neuroprotective strategies are the ideal mutation-independent approach to treat diseases with initial and/or ongoing photoreceptor degeneration (Figures 1B,C). However, the half-life of neurotrophic factors is in general short thus requiring frequent administrations to maintain appropriate therapeutic levels (Poduslo and Curran, 1996). On the contrary, AAV-mediated expression of neurotrophic factors can ensure stable transgene expression and therapeutic efficacy. Glial cell–derived neurotrophic factor, ciliary neurotrophic factor (CNTF), brain-derived neurotrophic factor (BDNF), basic fibroblast growth factor, and pigment epithelium–derived factor (PEDF) were shown to have beneficial effects in preventing photoreceptor death in several mouse models of retinal degeneration (Unsicker, 2013; Paulus and Campbell, 2016; Pardue and Allen, 2018). Numerous studies have suggested that CNTF and the activation of IL-6 signaling, also through overexpression of STAT3 (Jiang et al., 2014), are important in the response to retinal degeneration although treatment with CNTF has shown limited efficacy in RP patients (Birch et al., 2016).

Neurotrophic agents have also been tested in ONs (Boia et al., 2020; Figure 2). AAV-mediated delivery of Fibroblast growth factor-2, or delivery of the BDNF gene leads to significant increase in RGC survival and reduced RGC axons loss after optic nerve injury or induction of intraocular pressure (IOP) (Martin et al., 2003; Sapieha et al., 2006).

More recently, a single AAV vector expressing both BDNF and its receptor, the tropomyosin-related receptor kinase-B (TrkB), was tested in vivo in a model of optic nerve crush and in a model of high tension glaucoma (HTG) obtained by trabecular laser-induced IOP elevation (Osborne et al., 2018). This strategy promoted significant long-term RGCs survival and improved positive scotopic threshold responses (measuring RGCs activity) after optic nerve crush or laser-induced IOP elevation (Osborne et al., 2018).

Similarly, the effect of an AAV-mediated CNTF gene therapy was tested in different models of RGC degeneration, such as optic nerve crush and laser-induced HTG with promising results (Leaver et al., 2006; Pease et al., 2009). Interestingly, co-administration of CNTF and BDNF vectors did not improve RGC survival, possibly because this combination reduced the efficiency of AAV-CNTF compared to a single vector administration (Pease et al., 2009).

Conversely, combined overexpression of CNTF and Bcl-2, or CNTF and RhoA-shRNA were tested in models of optic nerve injury (Leaver et al., 2006; Cen et al., 2017). Inhibition of the Rho GTPase signaling pathway by RhoA downregulation led to enhancement of axon regrowth (Fujita and Yamashita, 2014). Interestingly, both strategies demonstrated additive effects on increased survival and axonal regeneration of RGCs highlighting the importance of a therapeutic approach enhancing simultaneously neuroprotection and regeneration in ON (Leaver et al., 2006; Cen et al., 2017).

Within neuroprotection, a special place is occupied by the rod-derived cone viability factor (RdCVF) whose discovery and characterization uncovered an entirely novel mechanism of neuroprotection. Most forms of RP are due to primary damage of rod cells, which is followed by a secondary loss of cones (Figure 1C; Sancho-Pelluz et al., 2008). RdCVF is a retina-specific trophic factor that induces cone survival and functional rescue in RP animal models (Leveillard et al., 2004; Yang et al., 2009) by modulating energy metabolism, accelerating glucose entry and enhancing aerobic glycolysis, thus holding good promises as an effective AAV-mediated mutation-independent therapy (Leveillard and Sahel, 2010; Ait-Ali et al., 2015; Byrne et al., 2015; Clerin et al., 2020).

Neurotrophic factors have also been tested in combination with other mutation-independent therapeutic agents. PEDF displays antiangiogenic and anti-inflammatory properties and was tested in combination with the microRNA-mediated inhibition of the vascular endothelial growth factor-A (VEGF-A) to prevent choroidal neovascularization in vasoproliferative retinal diseases, such as AMD. The dual-acting vector showed enhanced therapeutic efficacy with respect to the delivery of a single antiangiogenic factor (Askou et al., 2019).

Despite the known role of VEGF in neovascularization (Folk and Stone, 2010), it has been shown that VEGF treatment reduces apoptosis in models of glaucoma whereas anti-VEGF therapies exacerbate neuronal cell death (Boia et al., 2020). Engineered zinc finger proteins (ZFPs) that upregulate multiple forms of VEGF in their natural, endogenous, ratios were generated to avoid vascular permeability, edema, and inflammation due to VEGF overexpression. AAV-VEGF-ZFPs significantly increased RGCs survival after optic nerve transection or ophthalmic artery ligation without affecting retinal vasculature (D’Onofrio et al., 2011).

Within IR diseases, mutation-independent strategies acting on mitochondrial dysfunction, oxidative stress and mitochondrial-mediated cell death have been proposed to protect RGCs and restore visual function (Figure 2). Delivery of the caspase inhibitor BIRC4 (also known as XIAP), of the antiapoptotic member of the Bcl-2 protein family Bcl-XL, and of the mitochondrial superoxide dismutase (SOD2), a ROS-detoxifying enzyme, have been tested in in vivo models of RGC degeneration with promising results (McKinnon et al., 2002; Malik et al., 2005; Qi et al., 2007).

Interestingly, Xiong et al. (2015) created several AAV vectors to deliver antioxidant genes to the retina. These vectors encode the main mitochondrial ROS scavenger enzymes SOD2 and catalase, and the master transcription factors NRF2 and PGC1a, which globally regulate antioxidant defense responses (St-Pierre et al., 2006). Moreover, PGC1a also regulates mitochondrial biogenesis and respiration (Wu et al., 1999). Notably, AAV-mediated delivery of NRF2 was more effective than SOD2 and catalase in the protection of both photoreceptor and RGC degenerative models, while surprisingly, expression of PGC1a accelerated photoreceptor death (Xiong et al., 2015). These results suggested that the pleiotropic effect of NRF2 may be broadly applicable to many ocular diseases characterized by oxidative damage.



MicroRNA-Based Approaches

Several microRNAs (miRNAs) have been associated with retinal development and function as well as with disease pathogenesis (Karali and Banfi, 2019). As an example, a dominant mutation in the mature sequence of miR-204 was linked to a form of RP associated with ocular coloboma (Conte et al., 2015). Recently, it was reported that AAV-mediated subretinal administration of miR-204 preserved retinal function in mouse models of inherited retinal diseases by slowing down photoreceptor degeneration and dampening microglia activation (Karali et al., 2020). MiR-204 represents a paradigmatic example of a promising mutation-independent approach due to miRNA capability to simultaneously modulate multiple molecular pathways involved in disease pathogenesis and progression.

MicroRNAs represent attractive therapeutic targets for complex retinal disorders as well. A growing number of miRNAs were found to be essential in normal and pathological retinal angiogenesis and were reported to be dysregulated in AMD (Wang et al., 2012; Berber et al., 2017; Askou et al., 2018). Indeed, modulations of miR-184, miR-21, miR-31, miR-150 or miR-23/27 were highlighted as a potential therapeutic approach for AMD (Shen et al., 2008; Sabatel et al., 2011; Zhou et al., 2011; Murad et al., 2014).

Due to their pleiotropic effect, miRNA-based therapeutic strategies have also been tested in ONs with promising results. The effect of miR-124 in axon growth of RGCs derived from Müller cells was tested both in vitro and in vivo in a model of HTG (He et al., 2018). Isolated rat Müller cells were dedifferentiated into retinal stem cells, induced to differentiate into RGCs and then transfected with miR-124 or anti-miR-124. Interestingly, miR-124 promoted axon growth of RGCs differentiated from retinal stem cells. In a rat HTG model, the extent of axon growth was the longest in the miR-124 group and the shortest in the anti-miR-124 group indicating that miR-124 has translational potential for gene therapy of glaucoma (He et al., 2018).

Finally, the potential therapeutic effect of miR-181a and b downregulation was tested in different models of LHON (Indrieri et al., 2019). The miR-181 family, composed of four members, is highly expressed in different regions of the CNS, including retina, where they regulate neurotrophic signaling, axon guidance, immunity and mitochondrial-related pathways (Indrieri et al., 2020). Genetic inactivation of miR-181a/b protects RGCs and ameliorates visual function in different in vivo LHON models strongly suggesting that these miRNAs may represent effective mutation-independent therapeutic targets for this disease (Indrieri et al., 2019).

The therapeutic potential of miRNAs for retinal diseases is also demonstrated by the promising results obtained using Extracellular Vesicles (EV). EV is the collective term for secreted vesicles (exosomes, microvesicles, and apoptotic bodies). They are considered signaling mediators between cells due to their capability of transporting and delivering proteins, mRNA, miRNA, and lipids. EV are gaining attraction as a candidate treatment for ocular diseases and have already been tested in many retinal damage models, such as glaucoma, retinal ischemia, autoimmune uveitis, and diabetic retinopathy, with promising results (Mead and Tomarev, 2020). Interestingly, it is becoming evident that the miRNA component of EV plays a relevant contribution to the protective action of EV. It was recently demonstrated that neural stem/progenitor cells (NPCs)-derived exosomes administration delayed photoreceptor degeneration and preserved visual function mainly through the action of a set of 17 miRNAs that suppressed microglial activation and inflammation in retinal degeneration rodent models (Bian et al., 2020).



CRISPR/Cas9 Approaches

Therapeutic genome editing is considered an ideal strategy for permanent correction of genetic defects and, since the advent of CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9-mediated genome editing, these strategies are advancing rapidly (Cox et al., 2015). Therapeutic application of CRISPR/Cas9 has shown promising outcomes in animal models of retinal diseases (Benati et al., 2020). In particular, an AAV-CRISPR/Cas9 approach was recently used, in a mutation-independent manner, to inactivate VEGF-A and vascular endothelial growth factor receptor-2 in RPE cells, thus abrogating angiogenesis (Huang et al., 2017; Kim et al., 2017a,b). In three different mouse models of OR degeneration, an AAV-CRISPR/Cas9 was used to target the Neural retina-specific leucine zipper (Nrl) gene, which acts in concert with Nr2e3 in determining rod fate. Loss of Nrl in rods causes them to acquire cone-like features. The preservation of cone function is a major therapeutic goal to preserve daylight and color vision and ameliorate RP patients’ quality of life. CRISPR/Cas9-mediated Nrl loss showed an improvement of photoreceptors survival and function (Yu et al., 2017). Moreover, double CRISPR/Cas9-mediated targeted inactivation of Nrl and Nr2e3 led to a much more significant rescue of photoreceptor degeneration and restoration of visual function over either single gene targeting (Zhu et al., 2017).



Optogenetic Approaches

When OR degeneration is at the end stage of disease progression and all photoreceptors are lost (Figure 1D), patients will have little chance to benefit from the previously described approaches and the only mutation-independent strategy available based on gene-delivery is represented by optogenetic therapy. Compared to other therapeutic approaches available at this disease stage, i.e., retinal prostheses and stem cells (Dalkara et al., 2016), optogenetics has the advantage of using pre-existing retinal neural synapses. This approach relies on the creation of newly generated photosensors by transferring photosensitive genes to the residual retinal circuitry. Critical points are represented by the types of light sensors to be used and the retinal cells to target (i.e., RGCs, bipolar, and amacrine cells). The possibility of expressing photosensitive molecules in RGCs represents a promising strategy to treat the most advanced stages of disease, when the retinal circuitry is heavily compromised. Optogenetics mostly uses the light-sensitive proteins channelrhodopsin (ChRs), halorhodopsin (NpHR), and melanopsin (Busskamp et al., 2012; Dalkara et al., 2016; Klapper et al., 2016). ChRs2 and melanopsin expression in bipolar cells restored visual function in murine RP models (Lagali et al., 2008; Doroudchi et al., 2011; Mace et al., 2015), while NpHR could be especially helpful to reactivate the inhibitory modulation of RGCs through expression in bipolar cells (Zhang et al., 2007). Several pre-clinical trials have been conducted in murine, canine, and simian models. These trials include different type of optogenetic molecules expressed alone or in combination and present different targeted cell population (Simunovic et al., 2019). Currently, two Phase I/II clinical trial of optogenetics for vision restoration are registered and underway (NCT02556736) or in the patient recruiting status (NCT03326336).



CONCLUSION

Gene delivery approaches have an enormous application potential in retinal disorders not only for gene-specific therapeutic strategies (see the recent approval of the clinical use of the Luxturna drug) but also, for mutation-independent strategies. It is obvious that the use of gene-specific approaches is always the first choice of treatment for a genetic retinal disease, whenever possible. However, as discussed above, mutation-independent therapies constitute a valid alternative/complementary approach to overcome some of the main obstacles related to gene-specific ones, starting from the high genetic heterogeneity of these conditions. Gene-based approaches are predicted to considerably expand the successful application of mutation-independent therapies, for inherited and multifactorial forms of retinal disorders thanks to several advantages summarized as follows:


a)a more stable and long-term expression of the therapeutic gene/product, with significant advantages in safeguarding patients’ welfare over approaches requiring repeated intraocular injections/administrations;

b)the possibility to better target, down to specific cell types, the administration of therapeutic products thus minimizing undesired effects, which is particularly relevant when a combined administration of multiple agents is required;

c)the possibility to apply mutation-independent therapies, e.g., those based on genome editing and optogenetics, for which a different delivery route is either less effective or even impossible.



Based on the above considerations, we believe that gene-based mutation-independent strategies will lead in the near future to the expansion of therapeutic avenues for retinal diseases.
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Amyotrophic Lateral Sclerosis: A Neurodegenerative Motor Neuron Disease With Ocular Involvement
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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that causes degeneration of the lower and upper motor neurons and is the most prevalent motor neuron disease. This disease is characterized by muscle weakness, stiffness, and hyperreflexia. Patients survive for a short period from the onset of the disease. Most cases are sporadic, with only 10% of the cases being genetic. Many genes are now known to be involved in familial ALS cases, including some of the sporadic cases. It has also been observed that, in addition to genetic factors, there are numerous molecular mechanisms involved in these pathologies, such as excitotoxicity, mitochondrial disorders, alterations in axonal transport, oxidative stress, accumulation of misfolded proteins, and neuroinflammation. This pathology affects the motor neurons, the spinal cord, the cerebellum, and the brain, but recently, it has been shown that it also affects the visual system. This impact occurs not only at the level of the oculomotor system but also at the retinal level, which is why the retina is being proposed as a possible biomarker of this pathology. The current review discusses the main aspects mentioned above related to ALS, such as the main genes involved, the most important molecular mechanisms that affect this pathology, its ocular involvement, and the possible usefulness of the retina as a biomarker.
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INTRODUCTION: OVERVIEW OF AMYOTROPHIC LATERAL SCLEROSIS DISEASE

Motor neuron diseases (MNDs) have a high morbidity and mortality and cause a gradual deterioration of voluntary muscle function due to progressive neuronal damage (Rowland and Shneider, 2001; Turner et al., 2009; Yedavalli et al., 2018; Pinto et al., 2019). MND has a global incidence of one to three cases per 100,000, while its prevalence ranges from one to nine cases per 100,000. Within the group of these diseases, amyotrophic lateral sclerosis (ALS) is the most common, accounting for 80–90% of all MND cases (Román, 1996) and having an incidence per 100,000 people of 0.3–2.5 cases per year (Rowland and Shneider, 2001; Sathasivam, 2010; Kiernan et al., 2011; Pratt et al., 2012). Of all ALS cases, 10% are familial (FALS) (Byrne et al., 2011) ranging from 2% to 15% depending on the population (Conwit, 2006). Overall, both the incidence (Haberlandt, 1959) and the prevalence (Williams et al., 1988) of this pathology can be variable depending on the region and ethnicity.

In ALS, a combination of the symptoms of both upper motor neurons (UMNs) and lower motor neurons (LMNs) occurs (Rowland and Shneider, 2001; Kiernan et al., 2011; Yedavalli et al., 2018). This condition involves muscle weakness and stiffness, overactive reflexes, and sometimes changes in emotions (Carra et al., 2012; Zarei et al., 2015; Yedavalli et al., 2018). ALS involves the swallowing, speech, and respiratory muscles (Carra et al., 2012; Zarei et al., 2015; Yedavalli et al., 2018). The disease usually begins in the extremities (spinal onset), although 25% of patients have a bulbar onset, which has a worse prognosis (Kiernan et al., 2011). ALS is a disease that is asymmetrical with respect to the onset and spread of UMN and LMN dysfunction and constitutes a heterogeneous disease, because not all forms behave in the same way, which makes its classification complex (Zhang et al., 2014).

Although ALS has only been considered a motor disease, neuroimaging tests have recently shown the involvement of non-motor areas such as cerebral global atrophy, decrease in gray matter density, and regional white matter alterations (Ellis et al., 2001; Abrahams et al., 2005; Kassubek et al., 2005; Ringholz et al., 2005; Mezzapesa et al., 2007; Zhang et al., 2014). The alteration of these areas leads to cognitive and behavioral changes (Abrahams et al., 2005; Mezzapesa et al., 2007). Cognitive impairment, mainly featuring executive dysfunction and mild memory loss during the course of the disease, has been found in 50% of ALS patients (Ringholz et al., 2005; Meier et al., 2010).


Mechanisms and Risk Factors Involved in the Pathogenesis of Motor Neuron Diseases

There are different risk factors involved in ALS (Yu et al., 2014; Zarei et al., 2015), which include smoking (Weisskopf et al., 2009; Wang et al., 2014), agricultural chemicals (Ward et al., 2014; Seals et al., 2017), heavy metals (Simons, 1986; Mcguire et al., 1997; Savolainen et al., 1998; Kamel et al., 2002), and low-frequency electromagnetic waves (Zhou et al., 2012). In addition, athletes (Chiò et al., 2004; Turner et al., 2012; Zarei et al., 2015) and hypermetabolic phenotype (Desport et al., 2001; Bouteloup et al., 2009; Vaisman et al., 2009; Dupuis et al., 2011; Ferri and Coccurello, 2017; Steyn et al., 2018; Pape and Grose, 2020) have a higher risk for ALS. A low body mass index can induce disease progression and reduced survival time (Jawaid et al., 2010; Park et al., 2015). Other factors that may affect ALS patients are hyperlipidemia (Palamiuc et al., 2015) and glutamate-rich and fat-rich diets (Iwasaki et al., 2005; Veldink et al., 2007; Morozova et al., 2008; Fitzgerald et al., 2014). However, progesterone and estrogen provide protection against ALS (Gargiulo Monachelli et al., 2011; De Jong et al., 2013; Pape and Grose, 2020).

Several molecular mechanisms can cause neurodegeneration in ALS (De Vos et al., 2000; Magrané and Manfredi, 2009; Shi et al., 2010; Forsberg et al., 2011; Zhu and Sheng, 2011; Donnelly et al., 2013; Jaiswal, 2014; Mitsumoto et al., 2014; Wang et al., 2014), and others can be considered secondary in the development of ALS (Vucic and Kiernan, 2007).


Glutamate Excitotoxicity

Glutamate has a neurotoxic effect when it accumulates at the synapses (Gazulla and Cavero-Nagore, 2006). In patients with ALS (both spinal cord and motor cortex involvement), and in the superoxide dismutase 1 (SOD1) transgenic mouse model, a decrease in glutamate receptors (GluRs) was found in astrocytes. This decrease induces extracellular glutamate accumulation, which causes overstimulation of GluRs and neuronal death via excitotoxicity (Lin et al., 1998; Trotti et al., 1999; Barbeito et al., 2004; Pratt et al., 2012). In ALS patients, a decrease in glutamate transporters is mainly due to an alteration in messenger RNA (Lin et al., 1998; Honig et al., 2000).



Structural and Functional Abnormalities of the Mitochondria

Mitochondrial function disturbances, such as fragmentation and aggregation, are frequently found in ALS patients (Vielhaber et al., 2000; Chung and Suh, 2002; Krasnianski et al., 2005; Echaniz-Laguna et al., 2006; Crugnola et al., 2010; Cozzolino and Carrì, 2012). Increased crests, swelling, and fragmentation have been observed in the mitochondria of the spinal motor neurons and proximal axons of skeletal muscle in ALS-related tissues (Chung and Suh, 2002; Echaniz-Laguna et al., 2002; Boillée et al., 2006a). The increase in the misfolded SOD1 enzyme in the mitochondria of the spinal cord of mice is considered to be the main cause of mitochondrial dysfunction. In addition, aggregates of the enzyme SOD1 may also interact with the apoptosis regulator protein Bcl-2, inducing an apoptotic cascade and contributing to the deterioration of neurons and neuro-muscular degeneration (Boillée et al., 2006a).



Impaired Axonal Structure and Transport Defects

Axonal transport (retrograde and anterograde) is impaired in ALS patients and in mutant SOD1 mice, as evidenced by the accumulation of altered structures, such as mitochondria, neurofilaments, and autophagosomes, in the spinal motor neuron axons (Ikenaka et al., 2012; Zarei et al., 2015). Mutations in the dynein genes have been seen in models of ALS mice. Dyneins are responsible for the transport of mitochondria and autophagosomes, causing both to accumulate in the axon (Ikenaka et al., 2012). Autophagosomes are necessary for the elimination of altered mitochondria and dilated endoplasmic reticules, which accumulate in the axons of motor neurons and cause them to malfunction (Zarei et al., 2015). All of the above suggest that an alteration in axonal transport could be fundamental for the development of ALS.



Free Radical-Mediated Oxidative Stress

Increased free radical and oxidative damage has been found in biopsies from ALS patients, as well as in cerebrospinal fluid, serum, and urine samples (Simpson et al., 2004; Shin Hee and Lee Keun, 2013). This oxidative damage also affects RNA, which has been shown in both human central nervous system (CNS) biopsies and in mouse ALS models of SOD1 (Chang et al., 2008). The enzyme SOD1 is an important anti-oxidant. The alterations in the redox reactions are one of the first theories of how mutations in SOD1 can cause cytotoxicity (Carrì et al., 2015). In addition, it has been observed in the motor cortex, using positron emission tomography (PET), that increased oxidative stress is related to the severity of the disease in ALS patients (Tsujikawa et al., 2015).



Protein Aggregates

It has been shown that in ALS, abnormal protein accumulations are produced that aid in the pathogenesis of the disease (Blokhuis et al., 2013). The ubiquitin–proteasome (UP) system, which repairs and removes proteins, plays an important role in ALS, with ubiquitin-reactive inclusions being characteristic of this pathology (Han-Xiang et al., 2011; Pratt et al., 2012). Among these, the inclusions of proteins TDP-43 and p62 are indicative of this pathology (Al-Sarraj et al., 2011; Williams et al., 2016). Some ALS patients present numerous inclusions positive for p62 but negative for TDP-43 in the hippocampus and cerebellum (Al-Sarraj et al., 2011). These p62-positive and TDP-43-negative inclusions have also been observed in other CNS areas including the retina (Brettchneider et al., 2013; Fawzi et al., 2014).



Neuroinflammation

Neuroinflammation occurs in many neurodegenerative diseases, such as Parkinson’s, Alzheimer’s, and ALS, resulting in the activation of astroglial and microglial cells (Ramírez et al., 2017). Specifically, in ALS, it has been observed that reactive glia (microglia and astrocytes) can influence the damage and subsequent death of motor neurons (Vargas and Johnson, 2010; Philips and Robberecht, 2011; Liao et al., 2012). In the ALS, the presence of mutant proteins (SOD1 and TDP-43), oxidative stress, mitochondrial damage, etc., produces continuous damage, which can trigger a chronic activation of glial cells and, therefore, a sustained inflammatory process that could exacerbate neuronal damage (Philips and Robberecht, 2011). It has been observed that the mutant SOD1 protein can have a toxic function on motor neurons only when the activated microglia is present through a mechanism involving a toll receptor (CD14-TLR) that causes an increase in free radicals (Zhao et al., 2010). Astrocyte activation (Vargas and Johnson, 2010), microglial activation (Alexianu et al., 2001), and lymphocyte appearance (Engelhardt et al., 1993) have been found in animal models of ALS (mutants of SOD1) (Alexianu et al., 2001; Boillée et al., 2006b) and in ALS patients (Kushner et al., 1991; Kawamata et al., 1992; Nagy et al., 1994; Schiffer et al., 1996; Turner et al., 2004). In both cases, the mutant SOD1 causes the microglia to increase the expression of pro-inflammatory cytokines, such as IL-1β and TNF-α (Weydt et al., 2004), and inflammatory mediators, such as cyclooxygenase 2 (COX-2) (Almer et al., 2001) and nitric oxide (NO). The NO released by the microglia could induce apoptosis in motor neurons through the activation of Fas via (Raoul et al., 2002).

Mutant protein TDP-43 can produce microglial activation through the surface receptor CD14, which stimulates the NF-κB and AP-1 pathways and the inflammasome. This can cause a neurotoxic cascade leading to motor neuron death (Zhao et al., 2015). In the ALS SOD1 model, the microglia isolated at the onset of the disease has an M2 or anti-inflammatory phenotype; however, the microglia isolated at the end of the disease has a neurotoxic M1 phenotype. This demonstrates a dual role of microglial cells during the disease process in this ALS model (Liao et al., 2012).

Astrogliosis has been observed in ALS models with mutations in C9orf72, FUS, SOD1, and TARDBP genes (Wong et al., 1995; Liu et al., 2016; Sharma et al., 2016). In the last model, the death of the motor neurons could be due, in part, to a loss of the function of the TDP-43 protein in the astrocytes (Yang et al., 2014). In ALS SOD1 models, astrocytes can release ATP, causing the activation of microglial cells via purinergic receptors (P2X7) (Gandelman et al., 2010). They can also release transforming growth factor-β1 (TGF-β1), which can induce microglial inactivation, thereby eliminating the possible beneficial effects of the microglia and, thus, accelerating the progression of the pathology (Endo et al., 2015). Moreover, the microglia in ALS can affect astrocytes by favoring the appearance of a neurotoxic subtype (Liddelow et al., 2017).

Considering all of the above, both the microglia and reactive astrocytes can affect neural function in ALS by playing an important role in the progression of the disease.



Genetics

Although most cases (90–95%) of ALS are sporadic (SALS) and not inherited, 10% of cases are of genetic origin (Byrne et al., 2011). Specific genetic locus mutations have been found to constitute the cases of FALS (Deivasigamani et al., 2014). The pattern of inheritance depends on the genes involved. Most cases are inherited in an autosomal dominant pattern (He et al., 2015). Men show more intense symptoms of the disease than women. There are many genes involved in the development of this disease. In FALS, mutations in the C9orf72 gene represent 30–40% of cases, those in the SOD1 gene make up 15–20%, those in the FUS and TARDBP genes each represent approximately 5% of cases, and the remaining genes that have been associated with FALS each represent a small proportion of cases (Pratt et al., 2012; Blokhuis et al., 2013). We next describe some of these genes.


C9orf72 Gene

This gene is located at the locus 9p21 of chromosome 9. It has been proposed that the C9orf72 mutation can decrease the C9orf72 protein, thus causing less endocytosis, which is necessary for autophagy (Mathis et al., 2019). Moreover, the massive accumulation of the expanded hexanucleotide GGGGCC could be neurotoxic and sequester proteins that bind to RNA, thereby causing the disruption of the machinery that processes RNA (Mathis et al., 2019). This mutation could also lead to increased vulnerability to excitotoxicity due to increased calcium permeability mediated by AMPA type receptors (Selvaraj et al., 2018). The form of inheritance is autosomal dominant, although some carriers do not develop the disease, so it has an incomplete penetrance (Renton et al., 2011). This variant represents the most frequent cause of SALS (7%) and FALS (30–40%) (Majounie et al., 2012). The manifestations at the onset of the disease are typical of ALS and have a bulbar onset. This variant is often associated with an earlier age of onset, a faster clinical course, and shorter survival (Schymick and Traynor, 2010).



FUS Gene

The FUS gene, located on the short arm of chromosome 16 (16p11.2), encodes a protein called sarcoma fusion protein (FUS) (Hübers et al., 2015; Scekic-Zahirovic et al., 2017). In ALS, mutations in the FUS gene have been observed, most of which can produce changes in amino acids in the region of the protein related to DNA binding and mRNA processing. These mutations may interfere with the importation of FUS into the cell nucleus, which will cause an accumulation of FUS in the cytoplasm. This has been observed particularly in the nerve cells that control muscle movement (Scekic-Zahirovic et al., 2017). This mutation occurs in 3–5% of FALS and in 1% of SALS cases (Deng et al., 2010; Mackenzie et al., 2010). In addition, patients with FUS mutations tend to develop the disease earlier and have a shorter life expectancy than those observed with mutations in other genes. Patients with ALS and FUS mutations may also develop frontotemporal dementia (FTD) (Kwiatkowski et al., 2009; Vance et al., 2009).



OPTN Gene

The optineurin gene (OPTN) is located on chromosome 10 and encodes a protein called optineurin, which is a multifunctional ubiquitin-binding phosphoprotein found in the cytoplasm. Changes of this protein can cause alterations in intracellular traffic and lead to inclusions in ALS. In addition, this protein is also involved in the signaling of the tumor necrosis factor α/NF-κB pathway (Zhu et al., 2007) and the mGluR (Ying et al., 2010). In 2010, Maruyama et al. (2010) and Schymick and Traynor (2010) found mutations in the OPTN gene in ALS patients. These mutations are present in 1.2% of patients with FALS (Del Bo et al., 2011). ALS patients with OPTN mutations presented typical spinal-onset disease (Weishaupt et al., 2013). Mutations in this gene were previously shown to be involved in primary open-angle glaucoma (Maruyama et al., 2010). This gene has also been linked to normotensional glaucoma in ALS patients (Weishaupt et al., 2013). In cells from patients with SALS and FALS, optineurin can be placed in inclusion bodies with TDP-43 (Maruyama et al., 2010), FUS (Ito et al., 2011), and SOD1 (Maruyama et al., 2010). Both retinal ganglion cells (RGCs) and motor neurons share common susceptibility factors (Weishaupt et al., 2013).



SOD1 Gene

The SOD1 gene is located on the long arm of chromosome 21 (21q22.11). This gene encodes a cytosolic enzyme called copper zinc (Cu/Zn) SOD1 (Gatchel and Zoghbi, 2005; Valentine et al., 2005) that plays a very important role in the elimination of superoxide radicals, thereby protecting against free radicals (Azadmanesh and Borgstahl, 2018). Around 2.5–23% of patients with FALS and 0.44–7% of those with SALS have mutations in SOD1 (Andersen, 2006; Van Es et al., 2010). Most of the inherited forms of SOD1 gene mutations are dominant (Hayward et al., 1998; Marucci et al., 2007). Mutations in the SOD1 enzyme can induce configurational changes in the SOD1 protein leading to motor neuron toxicity (Mathis et al., 2019). ALS patients who present mutations in SOD1 show an earlier time of onset and a longer duration of disease. In addition, they usually do not present cognitive disorders, and their motor symptoms usually begin in the lower extremities (Mathis et al., 2019).



TARDBP Gene

The Tar DNA binding protein (TARDBP) gene is located on the short arm of chromosome 1 (1p36.22) and encodes the TDP-43 protein. More than 40 mutations have been identified in the TARDBP gene and result in 6.5% of FALS cases. The form of inheritance is dominant (Kühnlein et al., 2008; Van Deerlin et al., 2008) and represents 0–5% of SALS cases (Kühnlein et al., 2008; Rutherford et al., 2008; Sreedharan et al., 2008). Most of the mutations cause changes in the amino acids in the TDP-43 protein and affect the region of the protein involved in the processing of RNA (Neumann et al., 2006; Da Cruz and Cleveland, 2011). Cytoplasmic inclusions of ubiquitin-reactive hyperphosphorylated TDP-43 proteins have been found in tissues of patients with FTD (Arai et al., 2006; Neumann et al., 2006). These inclusions have also been seen in the glial tissue and neurons of patients with SALS (Maekawa et al., 2009). These inclusions can often be placed with p62 and ubiquitin but are not found in FALS with FUS mutation (Vance et al., 2009) or SOD1 mutation (Mackenzie et al., 2007). Some patients with FALS and TARDBP mutation may also develop FTD (Arai et al., 2006; Neumann et al., 2006).



MATERIALS AND METHODS

A literature search was performed up to May 2020 using the “MESH” terms in PubMed with the following keywords and word combinations: “Amyotrophic Lateral Sclerosis,” AND “Environmental Exposure,” “Nerve Degeneration,” “mitochondria,” “oxidative stress,” “Protein Aggregates,” “Microglia,” “Genetics,” “Oculomotor Muscles,” “Visual Pathways,” “Evoked Potentials, Visual,” “Contrast Sensitivity,” “Visual Fields,” “Visual Field Tests,” “Visual Acuity,” “Retina,” OR “Optical Coherence Tomography.” After filtering by author criteria (articles published in the last 10 years), English or Spanish language, and the condition that all address the relationship between ALS and visual pathway as the main subject, 196 articles were considered, and 304 articles did not satisfy the selection criteria (Figure 1).


[image: image]

FIGURE 1. Flow chart materials and methods.


Inclusion criteria: Articles were selected according to the following criteria: (i) articles focused on general features of ALS pathology, (ii) research that related the ALS with visual system alterations, (iii) retinal research developed in both ALS patients and animal experimental models of ALS, and (iv) articles based on human clinical trials with optical coherence tomography (OCT) analysis.

Exclusion criteria: Articles were excluded with the following characteristics: (i) research not carried out in mammalian experimental models of ALS and (ii) articles that did not have the sufficient outcomes associated with the objective of this review or did not meet the selection criteria of the authors.



AMYOTROPHIC LATERAL SCLEROSIS AND THE EYE

As discussed above, ALS affects not only motor neurons, the spinal cord, the cerebellum, and large areas of the brain but also the visual system, including the oculomotor and visual pathways. However, patients usually do not have visual complaints. For this reason, studies focusing on the visual pathway are not common. Most previous studies were related to the oculomotor function and the study of visual evoked potentials (VEPs) that analyze the visual pathway. However, some studies of ALS have subsequently emerged that are more related to visual function, using tests such as visual acuity, contrast sensitivity, and visual field (VF). In addition, the retina has now been described as a “window to the brain,” and the changes that the brain suffers in neurodegenerative diseases can also appear in the retinal tissue (MacCormick et al., 2015). Changes in retinal tissue can be detected using OCT, which is a diagnostic technique widely used in ophthalmology and has recently been used for the analysis of retinal and optic nerve changes in neurodegenerative diseases such as ALS disease. This technique can help in the diagnosis and follow-up of these pathologies (Salobrar-García et al., 2015a,b, 2016).

The following is a description of the main alterations found in this visual system using the aforementioned techniques and tests (Figure 2).


[image: image]

FIGURE 2. Visual and retinal features in amyotrophic lateral sclerosis (ALS). The retinal scheme represents the main histological findings found in retinas with ALS.



Oculomotor Function Alterations

Amyotrophic lateral sclerosis is a condition that affects motor neurons and large areas of the brain, so ocular movements may be affected. Thus, numerous studies on oculomotor function have appeared since the 1980s and continue to appear today (Table 1 and Figure 2). Although oculomotor function is generally retained in ALS patients, they may manifest various oculomotor dysfunctions both at a relative early stage and in advanced stages of the disease. These include (i) a worsening of saccadic and pursuit eye movements (Leveille et al., 1982; Cohen and Caroscio, 1983; Saito and Yamamoto, 1989; Gizzi et al., 1992; Marti-Fàbregas and Roig, 1993; Ohki et al., 1994; Abel et al., 1995; Shaunak et al., 1995; Okuda et al., 2009; Donaghy et al., 2010; Moss et al., 2012; Kang et al., 2018); (ii) a lack of suppression of the vestibulo-ocular reflex (Ohki et al., 1994); (iii) a significant increase in error rates (distraction) and latency in anti-saccadic movements (Shaunak et al., 1995; Donaghy et al., 2010) that may evoke saccadic paradigms, head shaking (Kang et al., 2018), and positional nystagmus of central origin (Saito and Yamamoto, 1989; Marti-Fàbregas and Roig, 1993; Ohki et al., 1994; Kang et al., 2018); (iv) gaze fixation instability (Saito and Yamamoto, 1989; Palmowski et al., 1995; Shaunak et al., 1995; Donaghy et al., 2009; Moss et al., 2012; Kang et al., 2018); (v) eyelid opening apraxia (Averbuch-Heller et al., 1998; Moss et al., 2012); and (vi) square wave jerks (Gizzi et al., 1992; Shaunak et al., 1995; Kang et al., 2018), which may reflect the incidence of secondary abnormalities, such as parkinsonism (Gizzi et al., 1992), and facilitate prefrontal dysfunction in these patients (Shaunak et al., 1995). In bulbar onset compared with spinal onset, saccadic dysmetria and abnormal cogwheeling smooth pursuits are increased, which suggests neurodegeneration in ALS involving more than motor neurons (dysfunction of vestibule cerebellar connections), especially in bulbar-onset disease (Kang et al., 2018). In a longitudinal study (Proudfoot et al., 2016), ALS patients, even those with normal saccadic function, were shown to have problems with executive and visual search tasks. These impairments were often more severe than expected in ALS patients. However, no significant progression was observed in the longitudinal study, nor were changes found in the connectivity of the R-FMRI network (Proudfoot et al., 2016). In the postmortem histopathological examination of ALS patients, cell loss was found in the substantia nigra and the rostral interstitial nucleus of the medial longitudinal fasciculus, suggesting that the early involvement of vertical saccades might correspond to a different clinical–pathological type (Averbuch-Heller et al., 1998). Therefore, as suggested by Sharma et al. (2011), changes in the oculomotor function of ALS patients could be promising biomarkers for the mechanical diagnosis, prognosis, and follow-up of ALS.


TABLE 1. Previous studies of extraocular movements in ALS patients.

[image: Table 1]The extraocular muscles (EOMs) and their motor neurons are retained in ALS. However, from the onset of this disease, the muscles of the limbs show axon retraction at the neuromuscular junctions. Wnt is a preserved family of secreted signaling molecules that are primarily involved in the formation of neuromuscular junctions. This signaling pathway was analyzed both in ALS patients and in a SOD1G93A mouse model for its possible implications in the preservation of normal morphology and the function in EOMs in this disease (McLoon et al., 2014). The authors found differential patterns of expression for Wnt1 and Wnt3a isoforms in the EOMs for limb muscles, especially at the neuromuscular junction level. This suggests that in ALS patients, this signaling pathway is preserved in the EOMs and dysregulated in the muscles of the limbs that subsequently develop a pathology (McLoon et al., 2014).



Visual Pathway Alterations

The alteration of the visual pathway can be analyzed using VEPs, contrast sensitivity, and VF. Next, we describe the different alterations found in the visual pathway of each.


Visual Evoked Potentials

Few studies have analyzed the VEPs in ALS patients (Table 2 and Figure 2). It was not until 1986 that alterations in VEPs were found in patients with ALS, with abnormal relative difference in latencies between each eye. In this study of 32 patients analyzed, only four had VEP abnormalities (increased latency time); however, these alterations were mild (Matheson et al., 1986). In other studies, while wave latency and amplitudes were within normal limits in all ALS patients (Ghezzi et al., 1989; Palma et al., 1993), somatosensory evoked potentials were abnormally delayed (N9–N13 and N13–N19 latencies), but no correlation was found among these abnormalities and the duration and severity of the disease (Ghezzi et al., 1989).


TABLE 2. Psychophysics visual test studies in ALS patients.

[image: Table 2]In addition, in ALS patients the P1 component was also found to be absent, and the P300 component was delayed and attenuated (Münte et al., 1998). In a study of six ALS patients, only one patient with a 9-month disease evolution had abnormal P100 bilateral extension VEPs and a significant interocular difference of P100. In addition, none of the patients presented alterations in their electroretinogram (González Díaz et al., 2004). Subsequently, electrophysiological studies of ALS patients showed new evidence of cortical participation involving visual areas, with alterations in the early sensory components of VEPs (Münte et al., 1998).



Contrast Sensitivity

While one study revealed impaired contrast sensitivity during an eye examination in two ALS patients with C9orf72 mutation (Fawzi et al., 2014), another study concluded that this function is not affected in ALS patients (Volpe et al., 2015; Table 2 and Figure 2).



Visual Acuity

Visual acuity in ALS patients is controversial. While a study found a lower visual acuity in ALS patients in both high-contrast and low-contrast (2.5% and 1.5%) visual acuity with Sloan charts (Moss et al., 2012), in others, the visual acuity exam revealed no differences in monocular high-contrast visual acuity (Volpe et al., 2015; Moss et al., 2016; Rojas et al., 2019) or low-contrast visual acuity (Moss et al., 2016).



Visual Field

Only two studies describe VF in early ALS spinal onset patients. With a decrease of mean sensitivity and an increase of the square of loss variance (Liu et al., 2018), ALS patients presented a worse reliability index (fixation losses, false positives, and negatives) due to motor difficulties. For this reason, the authors suggested that VF is not a suitable test to assess ALS patients (Rojas et al., 2019; Table 2 and Figure 2).



Retinal Abnormalities in Amyotrophic Lateral Sclerosis

Retinal tissue can be analyzed using histological techniques on postmortem tissues or using the OCT technique mentioned above. This technique is an optical analog of ultrasonic imaging using low-coherence interferometry to produce cross-sectional images of the retina and allows in vivo observation of retinal tissue alterations (Bhende et al., 2018).


Retinal Histopathological Studies in Amyotrophic Lateral Sclerosis Patients and Amyotrophic Lateral Sclerosis Experimental Models of Mammals

Few studies have focused on the histopathology of retinal tissue in both ALS patients and animal models of mammals with this condition. Histopathological studies in ALS patients demonstrated intraretinal protein inclusions. The first histopathological analysis of the retinas of patients with ALS was performed in 2014 on a patient with the C9orf72 mutation. In this study, the authors found p62-positive and pTDP43-negative intracytoplasmic perinuclear inclusions in the inner nuclear layer (INL). These deposits were similar to those observed in the dentate gyrus of ALS patients with the C9orf72 mutation. The p62-positive staining was colocalized for both the poly-(GA)n dipeptide repeat and ubiquitin in the retina, which is similar to the perinuclear inclusions located in the brains of patients with this mutation. The p62-positive inclusions found were likely located in specific cone bipolar cells and within the amacrine and horizontal cells, as they were also marked with GLT-1 and recoverin. The authors suggested that these deposits may be related to the affectation of contrast sensitivity (Fawzi et al., 2014). In addition, in other ALS patients with C9orf72 mutations, specific p62 inclusions were observed in the retinal ganglion cell layer (GCL) in a far smaller proportion than in INL (94.9% in INL vs. 5.1% in GCL). Numerous positive ubiquitin2 + aggregates were also observed in a mutant UBQLN2 transgenic mice experimental model, mainly in the INL, with fewer in the outer plexiform layer (OPL) and some in the GCL (Volpe et al., 2015). The accumulation of ubiquitin2 aggregates in the layers of the retina with more synapses is related to the accumulation of these aggregates in the dendritic spines of the hippocampus. The location of the aggregates at the synapses, and their spines, may be associated with the dementia observed in this experimental model of ALS. In addition, few ubiquitin2 positive aggregates were detected in the subretinal space of the retinal pigment epithelium, which sometimes elevated these levels in the same way as druses (Volpe et al., 2015). Furthermore, lipofuscin deposits sometimes related to subretinal drusen-like aggregates were found in progranulin-deficient FTD patients (Ward et al., 2017). Retinal thinning in these patients was detected by OCT before symptoms, suggesting that the eye is affected in progranulin-deficient FTD disease (Ward et al., 2014).

As noted previously, microglial and astroglial cell activation occurs in ALS. However, to our knowledge, there are only two works that analyzed the glial cells of the retina in relation to ALS. hSOD1 + vacuoles located in the dendrites of excitatory retinal neurons were observed in a mouse model of ALS SOD1 (SOD1G93A), mainly in the inner plexiform layer (IPL) and rarely in the GCL and INL. However, there were no signs of activation of either the astroglia or the microglia of the retina compared with those of wild-type mice (Ringer et al., 2017). In contrast, microglial activation was demonstrated in a mouse model of ALS [devoid of ran-binding protein2 (Ranbp2)]. Ranbp2 is a protein involved in nucleo-cytoplasmic transport whose regulation is impaired in both SALS and FALS (Ferreira, 2019). In ALS mice without this protein (with respect to wild-type controls), there was an increase in the number of CD45 +, CD11b +, and F4/80 + microglial cells surrounding the RGCs, in addition to a notable increase in amoeboid forms. An increase of metalloproteinase 28, which is an immune regulator, was also observed in the RGCs, suggesting that Ranbp2 may be involved in the signaling between the microglia and the RGCs in the immune response of ALS disease (Cho et al., 2019; Figure 2).



Optical Coherence Tomography

Although the first study performed in 75 ALS patients with Cirrus OCT showed no changes in the peripapillary and macular areas (Roth et al., 2013), further studies have shown that there are changes in the retina of ALS patients (Ringelstein et al., 2014; Volpe et al., 2015; Hübers et al., 2016; Simonett et al., 2016; Mukherjee et al., 2017; Abdelhak et al., 2018; Liu et al., 2018; Rohani et al., 2018; Rojas et al., 2019; Table 3).


TABLE 3. OCT studies in ALS patients.

[image: Table 3]In the retina of ALS patients, high-resolution SD-OCT revealed reduction in the mean total macular thickness, in the peripapillary retinal nerve fiber layer (pRNFL), the INL (Ringelstein et al., 2014; Hübers et al., 2016), and the outer nuclear layer (ONL) (Abdelhak et al., 2018), suggesting neurodegeneration of the retina in ALS patients.

Volpe et al. studied whether clinical and histopathological findings were present in the eyes of ALS patients and explored their correlation with an animal model (ALS/dementia transgenic mice with dysfunctional ubiquilin2, UBQLN2P497H) (Volpe et al., 2015). Using SD-OCT, the authors observed that (i) in ALS patients compared with the controls, there was a decrease in total macular volume; (ii) 37.5% of ALS patients showed an average pRNFL below the first percentile, and temporal and papillomacular bundle were more affected; and (iii) in ALS patients, the total macular thickness and pRNFL thickness correlated inversely with the time of evolution of ALS (Volpe et al., 2015).

Recently, in a study performed in early ALS patients with spinal onset and without ocular diseases, a significant macular thickness increase was found in the temporal and inferior areas of the inner macular ring in comparison with that in a healthy control, suggesting that this retinal thickening in early ALS patients could be due a microglial activation in the neuroinflammatory process (Ringelstein et al., 2014; Rojas et al., 2019). In contrast, in another study in ALS patients, only the macular retinal nerve fiber layer (mRNFL) showed a significant thickness decrease by OCT, which correlated positively with pulmonary function tests (Simonett et al., 2016). However, neither total macular thickness nor macular thickness showed changes (Simonett et al., 2016).

Only one study exists that detected a thinning in the ONL (Abdelhak et al., 2018), suggesting a possible impact on the photoreceptors and linking this finding with this subclinical visual acuity impairment (Moss et al., 2012; Abdelhak et al., 2018). Using SD-OCT, this work analyzed the retinal vessels, finding that in ALS patients compared with the control, the outer wall thickness of the retinal vessels was higher than in the control group (Abdelhak et al., 2018). Similar microvascular alterations in the brain and spinal cord of ALS model mice were found to precede the degeneration of motor neurons (Zhong et al., 2008).

In ALS patients, an analysis of the relationship of clinical features and retinal changes using SD-OCT and diffusion tensor imaging (DTI) found no significant correlation between clinical features and retinal thickness; however, there was a direct correlation between retinal thickness and fractional anisotropy of the corticospinal tract (Hübers et al., 2016). On the basis of these observations, it was suggested that retinal changes could be related to damage of white matter in the corticospinal tract and may be a possible biomarker in ALS (Hübers et al., 2016).

Although several papers have demonstrated the pRNFL decrease in ALS patients without ocular pathology (Mukherjee et al., 2017; Rohani et al., 2018; Rojas et al., 2019), there is controversy about its correlation with ALSFRS-R values. While one study did not demonstrate a correlation between RNFL thickness and the ALSFRS-R score and their progression rates (Mukherjee et al., 2017), other authors found a correlation with some OCT parameters (Abdelhak et al., 2018; Liu et al., 2018; Rohani et al., 2018; Rojas et al., 2019; Salobrar-García et al., 2019). In a study of the pRNFL thickness in four quadrants, the average pRNFL thickness showed a significant positive correlation with the ALSFRS-R score (Rohani et al., 2018), and the pRNFL thickness in the inferior sector was negative (Rojas et al., 2019). When the analysis was more detailed, dividing the papilla into 12 hourly sectors, sectors H5 and H6 had a positive direct significant correlation, and H8 had an inverse significant correlation of pRNFL with the ALSFRS-R values (Rojas et al., 2019). In addition, the entire retinal thickness correlated negatively with the ALSFRS-R score (Abdelhak et al., 2018).

Follow-up OCT studies of ALS patients are very rare. In the only one performed of early ALS patients with spinal onset (basal patients) who were examined 6 months after the basal scan (follow-up patients), the SD-OCT follow-up analysis of ALS patients showed a significant macular thickness decrease in the inferior areas of the inner and outer macular ring and a significant pRNFL thickness decrease in the superior and inferior quadrants, compared with the baseline (Rojas et al., 2019).

Asymmetry is a typical hallmark of ALS, as mentioned above. In the left eye (LE) of ALS patients, after adjustment for multiplicity, there was a significant decrease in pRNFL thickness in the nasal quadrant compared with the corresponding quadrant thickness in the right eye (RE) (Rohani et al., 2018). In the follow-up study mentioned above (Rojas et al., 2019), there were significant interocular asymmetries in some areas between the LE, which were always thinner, and the RE were observed. In the baseline ALS group, in the LE, the inferior-nasal quadrant of the macular ganglion cell complex (GCC), and the H7 and H9 hourly-sectors of the pRNFL were significantly thinner than those in the RE, while in the follow-up ALS group, both the supero-nasal quadrant of macular GCC and the temporal quadrant, and the H8 and H9 hourly sectors of the pRNFL, were significantly thinner in the LE than those in the RE. Therefore, the asymmetric participation of the CNS in this disease is not exclusive to the motor system (Rohani et al., 2018).

Thinning of the inner retina was also observed by SD-OCT in other neurodegenerative diseases, including Alzheimer’s disease and Parkinson’s disease, in which both RNFL and GCL thinning were detected (Moreno-Ramos et al., 2013; Coppola et al., 2015; Salobrar-García et al., 2015b; Garcia-Martin et al., 2016). However, in FTD, OCT identified ONL thinning, specifically in the ellipsoid zone, and this thinning of the outer retina correlated with cognitive changes (Kim et al., 2017). Moreover, the relationship between ONL thinning and FTD was especially apparent in the subgroup of patients considered to have “likely tauopathy” based on their symptoms or their genetics (Kim et al., 2017).

The differences observed in retinal thickness measurements using OCT may be due to the following: (i) the different disease stages of ALS patients included in the studies; (ii) the heterogeneous nature of this pathology (Hübers et al., 2016); and (iii) the small number of participants in these studies, since most ALS patients do not manifest visual problems.

Many authors observed changes in retinal thickness, as shown in this section. Therefore, retinal changes constitute a biomarker of neurodegeneration and progression of ALS disease (Hübers et al., 2016; Rohani et al., 2018), and OCT analysis is a useful tool for the study of this pathology (Rojas et al., 2019).



CONCLUSION

In view of the above, changes in visual function are moderate in ALS. The main changes occur at the oculomotor level, but with no great affect. Functional tests such as VA, contrast sensitivity, VF, and VEPs show mild alterations in ALS. However, the low rate of functional impairment does not mean that there are no structural changes in the visual pathway in ALS patients. New techniques such as OCT have made it possible to detect structural changes in the retina (due to retrograde or anterograde involvement), but which ultimately reflect changes in the visual pathway. These changes monitored with OCT could help to follow up this pathology. However, these studies are recent and are not homogeneous due to differences in the patients’ degree of disease, time of evolution, age group, or ALS scores. In addition, differences in the OCT technology make it difficult to compare between the different studies. Thus, it is necessary to perform more studies to analyze the retinal changes that occur in ALS disease. In addition, there are also many unanswered questions, including when and where the changes in the retina first occur, which subgroups of patients exhibit retinal phenotypes, and whether these phenotypes change over time. Longer studies are needed to determine whether retinal thickness might be a useful way to measure disease progression and whether patients with different genetic mutations that cause ALS experience more severe retinal involvement.

We conclude that, in addition to CNS disorders, there are also peripheral neurological diseases that can affect the retina. We have shown that the retina has great sensitivity as a biomarker for susceptibility/risk in MND, despite the fact that the retinal changes do not produce clinical visual symptoms. Therefore, the use of OCT in ALS patients could be a recommended test within the diagnostic techniques of this pathology.
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Age-related macular degeneration (AMD) is the leading cause of blindness in industrialized countries among people over 60 years. It has multiple triggers and risk factors, but despite intense research efforts, its pathomechanisms are currently not completely understood. AMD pathogenesis is characterized by soft drusen in Bruch’s membrane and involves the retinal pigment epithelium–Bruch’s membrane-choroid complex and adjacent structures, like photoreceptors. This study explores the potential of novel cultivation techniques to preserve photoreceptors in retinal explants to gain better insights in AMD pathology. The porcine retina explants were cultured for 4 and 8 days using three different explantation techniques, namely, control (photoreceptors facing down, touching the filter), filter (photoreceptors facing up, turned sample using a filter), and tweezers (photoreceptors facing up, turned sample using tweezers). Optical coherence tomography revealed that the tweezers method had the best capacity to limit thinning of the retinal explants. Both novel methods displayed advantages in maintaining outer segment thickness. Additionally, immunofluorescence evaluation revealed a better preservation of opsin+ cells and rhodopsin signal intensity in both novel methods, especially the tweezers method. Furthermore, RT-qPCR analysis demonstrated an upregulation of OPSIN and RHODOPSIN mRNA expression in tweezers samples at 8 days. Amacrine and bipolar cell numbers were not altered at day 4 of cultivation, while cultivation until 8 days led to reduced bipolar cell numbers. At 4 days, CALRETININ mRNA was upregulated in filter samples, but protein kinase C alpha expression was downregulated. Retinal ganglion cells were diminished in both novel techniques due to a direct physical contact with the insert. Remarkably, no difference in TUBB3 mRNA expression was detected among the techniques. Nevertheless, both novel methods exhibited an improved retention of photoreceptor cells. In conclusion, the tweezers technique was the most promising one. Due to the high homology of the porcine to the human retina, it provides a reasonable alternative to in vivo rodent models. Consequently, an adapted coculture system based on the current findings may serve as an ex vivo model suitable to analyze AMD pathomechanisms and novel therapeutic approaches.

Keywords: age-related macular degeneration, porcine, photoreceptor, optical coherence tomography, organotypic retina culture, opsin, rhodopsin


INTRODUCTION

Vision loss is one of the most dreaded constraints together with cancer and Morbus Alzheimer (Scott et al., 2016). One of the leading causes of blindness in industrialized countries, among people over the age of 60, is age-related macular degeneration (AMD) (Klein et al., 1992, 2004; Nowak, 2006; Wong et al., 2014). The early form of AMD is characterized by the presence of lipid-rich deposits, e.g. drusen, and retinal pigment epithelium (RPE) hypopigmentation and hyperpigmentation (Curcio et al., 2013; Klettner et al., 2013). Drusen are located beneath the RPE and consist of many components, such as lipids, amyloid proteins, immune complexes, and complement proteins (Mullins et al., 2000; Crabb et al., 2002). The atrophic (dry) late form is characterized by areas of RPE and photoreceptor degeneration, so-called geographic atrophy. The exudative (wet) form has choroidal neovascularization, resulting in edema and photoreceptor degeneration (Ferris et al., 2013). Several risk factors, such as advanced age, genetic disposition, family history of AMD, race, smoking, obesity, or hypertension, are known to be involved in this multifactorial disease (Mares et al., 2011; Grassmann et al., 2015; Merle et al., 2019). In AMD, characteristic extracellular lipid-rich deposits between outer retinal cells are formed (Buitendijk et al., 2013). RPE cells accumulate lipofuscin, which is a remnant of retinoid metabolites from shed photoreceptor outer-segment membranes (Eldred et al., 1982). The precise role of lipofuscin in AMD is currently under investigation (Fritsche et al., 2014; Gambril et al., 2019; Bermond et al., 2020). Overall, the exact AMD pathogenesis is still not fully understood.

Appropriate in vivo models for this retinal disease are limited. In most animal models, the disease induced is acute and the animals are specially bred and killed for the experiment. There is a need for reliable, reproducible, and close-to-human ex vivo models, which could be an alternative to animal, especially rodent, models (Dithmar et al., 2000; Shah et al., 2015; Carver et al., 2017; Park et al., 2017; Tode et al., 2018). These rodent models are either based on laser-induced injuries to the RPE and Bruch’s membrane or AMD-like defects, which are caused by genetic knockouts. Additionally, like most animals, rodents lack a macula (Huber et al., 2010). Moreover, they have different photoreceptor types. In particular, they only have two types of cones, while humans have three types enabling red light vision (Jacobs et al., 2001). The porcine eye resembles the human eye much closer in regard to anatomy and morphology. Hence, they are often used as ex vivo animal models in ophthalmologic research (Schnichels et al., 2020). Especially, the structure of the retinal layers is quite comparable to the human one due to similar development (Gu et al., 2007). However, porcine eyes do not have a macula with a fovea but a comparable central zone called visual streak (Chandler et al., 1999; Hendrickson and Hicks, 2002; Kiilgaard et al., 2007; Bertschinger et al., 2008). The broad horizontal visual streak is located in the tapetal region slightly superior and temporal to the optic nerve and contains the greatest density of photoreceptors and retinal ganglion cells (RGCs) (Maggs et al., 2008). For example, cones can be found in a density of about 15,000 to 40,000 cells/mm2 (Nicoli et al., 2009), similar to the human macula (Bertschinger et al., 2008). Besides that, porcine eyes can be easily obtained from abattoirs, as a side product of the food industry. Hence, these animals are not solely bred and killed for research experiments.

Our study aimed to investigate a novel ex vivo porcine organ culture model where photoreceptors are well preserved. The analysis of photoreceptor degeneration processes is of crucial importance when composing an ex vivo AMD model. Our novel tweezers method provides a good preservation of photoreceptor outer segments; thus, it could be used in future studies as part of an ex vivo AMD model.



MATERIALS AND METHODS


Preparation and Cultivation of Porcine Neuroretina Explants

Porcine eyes were obtained from the local abattoir and immediately transported to the laboratory, while stored on ice. The eyes were processed within 3 h after animals were sacrificed. First, eyes were cleaned by removing excessive tissue with scissors and immersed in 70% ethanol. Subsequently, they were dissected with a scalpel under a laminar flow hood, and an incision in the cornea was made. Then, cornea, lens, and vitreous were discarded, and the eye cup was washed in sterile phosphate buffered saline (PBS) to eliminate vitreous body residues. To protect the photosensitive retina, the posterior eyeball was rinsed with medium (Neurobasal-A medium, Life Technologies, Carlsbad, CA, United States) supplemented with 0.8 mM L-glutamine (Life Technologies), 2% B27 (Life Technologies), 1% N2 (Life Technologies), and 2% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, United States). A cloverleaf-like structure was generated to gain retinal explant from the visual streak. Next, three different techniques, named control, filter, and tweezers method, were performed to obtain retina explants using a dermal punch (∅ = 6 mm, Pmf medical AG, Cologne, Germany). In the control method, explants were obtained by punching out retinal samples. Then, the RPE was removed by washing retinal explants in Neurobasal-A medium. Finally, retinal samples were placed on a Millicell culture insert (Millipore, Burlington, VT, United States) with the ganglion cell layer (GCL) facing up (Kuehn et al., 2016, 2017; Figure 1A). The filter technique was adapted from Wang et al. (2011) (Figure 1A). Here, a punch was made through the retina, and then a sterile filter paper was carefully applied onto the stamped-out retina sample (Wang et al., 2011). Following, the explant was slowly lifted, the GCL attached to the filter, and placed in a six-well plate (Millipore). The third technique was also performed using a dermal punch. However, much more pressure was exerted to gain an explant from the neuroretina and the underlying structures including the sclera. Subsequently, the sample was lifted with tweezers and rotated 180 degrees. Afterward, the explant was placed on a cell culture insert. After this step, the sclera and underlying structures, like choroid and RPE, were removed with tweezers, pinching the sclera, to leave the neuroretina explant on the insert (Figure 1A). To have an adequate uncultivated control, samples of the three different methods at day 0 were used as native controls. Finally, retinal samples were cultured in 1 ml medium at 37°C and 5% CO2 for 4 and 8 days. The medium was completely replaced on days 0, 1, 2, and 3. At days 5 and 7, only 50% of the medium was exchanged. At days 4 and 8, the retinal samples were obtained for spectral domain optical coherence tomography (SD-OCT, n = 5/group), quantitative real-time PCR (RT-qPCR, n = 5/group), and histological or immunofluorescence (IF) analysis (n = 9–10/group; Figure 1B).
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FIGURE 1. Scheme of the used explant methods and study design. (A) Scheme of the three different explantation techniques, named control, filter, and tweezers method. The fourth group was a native one consisting of samples gained via the three different methods, which were analyzed at day 0. (B) Timeline of the study to investigate which explantation method best preserves the photoreceptor morphology ex vivo. Three techniques were compared during the cultivation periods of 4 and 8 days using spectral domain optical coherence tomography (SD-OCT), immunofluorescence (IF), and quantitative real-time PCR (RT-qPCR). Native samples were also included in the analysis.


In total, four different groups were compared. Samples that were obtained at day 0 using control, filter, and tweezers technique comprised the native group (Supplementary Figure S1). The second group of retinas with GCL facing up was the control technique. The third group consisted of retinas extracted by the filter technique, photoreceptors facing up. The fourth group consisted of retinas obtained by the tweezers method, photoreceptors facing up.



Optical Coherence Tomography

The high-resolution OCT examination of porcine retina samples was performed with an SD-OCT (Spectralis, Heidelberg Engineering, Heidelberg, Germany). For the exploration of the explants, a customized mounting device was used (Schnichels et al., 2016). The holder was adapted to fit the 12-mm ∅ cell culture inserts. The retina samples of all groups (n = 5/group) were investigated immediately after preparation at day 0 (= native) and after 4 and 8 days. Three 30°-line scans (ART:100) and an additional group scan, consisting of 20 frames, were performed. During the whole procedure, attention was paid to keep constant aseptic conditions and to prevent a dehydration of the explant. The retina thickness was evaluated according to established protocols (Schnichels et al., 2016; Klemm et al., 2019). To this end, the thickness was measured five times per picture via ImageJ (version 1.3u, National Institutes of Health, Bethesda, MD, United States). Three pictures per explant were taken, and a mean of 15 values was calculated per sample.



Preparation of Retinal Sections for (Immuno)Histology

In order to cut cross sections of the retina samples, they were fixed with 4% paraformaldehyde (PFA; Merck, Darmstadt, Germany) for 15 min. Afterwards, the explants were drained with 15% sucrose solution (Sigma-Aldrich) for 15 min and 30% sucrose solution for 30 min. Finally, the explants were embedded in NEG-50 Tissue Tek medium (Thermo Fisher Scientific, Waltham, MA, United States) and stored at −80°C. Subsequently, a microtome (Thermo Fisher Scientific) was used to prepare 10 μm cross sections. Three tissue sections were placed on a Histobond slide (Paul Marienfeld GmbH & Co., KG, Lauda-Königshofen, Germany) and air-dried at room temperature overnight. For histological analyses, all slides were fixed in ice-cold acetone for 10 min on the following day and stored at −80°C.



HEMATOXYLIN AND EOSIN STAINING AND IMMUNOFLUORESCENCE OF RETINAL CROSS SECTIONS

To evaluate morphologic changes, hematoxylin and eosin (H&E; Merck) stains were performed (Fischer et al., 2008). Thereby, nuclei are stained blue, whereas the cytoplasm and extracellular matrix appear pink. Two pictures of the central region of each cross section (six sections per sample) were taken via a microscope equipped with a CCD camera (Axio Imager M1, Zeiss, Oberkochen, Germany) at 200 × magnification. Afterward, the retinal thickness was measured with a measurement tool using Zen software (Zeiss). Per picture, the total thickness as well as the outer (OS) and inner segment (IS) thickness (= bacillary layer) was measured at three positions of the retina. For the total retinal thickness, the measurement tool was used to scale the distance between the GCL and the outer segments of the photoreceptor cells. To evaluate the bacillary layer (OS and IS), we measured the outermost layer of the retina from the outer nuclear layer to the outer segment of the photoreceptor cells. The average values of all three methods at 0 days were classified as the native group. The whole retina and bacillary layer thickness of the native group was defined as 100%.

To identify different cell types of the retina, specific primary antibodies (Table 1) were used for IF staining (Kuehn et al., 2016; Hurst et al., 2017). First, retinal sections were defrosted and dried at 37°C for at least 15 min. Then, they were rinsed in PBS (Biochrome, Schaffhausen, Switzerland) and blocked with antisera (goat or donkey) diluted in 0.1–0.2% Triton X-100 (Sigma-Aldrich) in PBS (PBST) and 1% bovine serum albumin. Thereafter, sections were incubated with primary antibodies (Table 1) containing antisera solution diluted in PBST at room temperature overnight. Next, the slides were incubated with secondary antibodies (Table 1), which were labeled with Alexa Fluor 488 or Alexa Fluor 555, at room temperature for 1 h. Subsequently, nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI; 0.01 μg/ml; Serva Electrophoresis, Heidelberg, Germany). Slides, where the primary antibody solution was omitted, served as negative controls. At the last step, all slides were covered in Shandon mount media (Thermo Fisher Scientific).


TABLE 1. List of primary and secondary antibodies used for immunofluorescence staining.

[image: Table 1]To evaluate the retinal IF pictures, four images per section were taken using an Axio Imager M1 or M2 microscope (Zeiss). For further evaluation, images were masked using Ant Renamer 2 software (version 2.10, Antoine Potten, Brussels, Belgium) and then cut in predefined sections (800 × 600 pixels) with Corel PaintShop Pro X8 (Corel, Corel Corporation, Ottawa, ON, Canada). Within those predefined windows, calretinin-, opsin-, protein kinase C alpha (PKCα)-, and RNA-binding protein with multiple splicing (RBPMS)-positive labeled cell bodies were counted using the ImageJ plugin “cell counter.” For the signal intensity analysis of rhodopsin, ImageJ was used and all the images were transformed into gray scale. In the next step, the background was subtracted (50 pixels) and a lower and upper threshold (lower: 11.55, upper: 82.39) was determined to quantify the rhodopsin signal intensity per section (Reinehr et al., 2016).


Quantitative Real-Time PCR

RNA isolation and cDNA synthesis of porcine retina explants were performed as described previously (Hurst et al., 2017) and according to the manufacturer’s instructions with a MultiMACS cDNA Kit (Miltenyi Biotec, Bergisch Gladbach, Germany). For specific primer design, Primer3 software, based on the published GenBank sequence (GenBank: sus scrofa taxid:9823)1, was used (Table 2). RT-qPCR was carried out (CfX 96 System, Bio-Rad Laboratories, Inc., Hercules, CA, United States) using the SYBR Green SsoAdvancedTM Universal SYBR® Mastermix (Bio-Rad Laboratories). In a reaction volume of 20 μl, 5 ng of cDNA were present. Final primer concentration was 2 μM, and samples were analyzed twice. The relative expression of the target genes in the novel groups filter and tweezers in comparison to the control group was calculated with REST© 2009 (Qiagen, Hilden, Germany) and expressed as the fold changes in gene expression. The expression levels of the target genes were normalized against the housekeeping genes ACTB (β-ACTIN) and RPL4 (ribosomal protein L4) (Wang et al., 2014).


TABLE 2. List of quantitative real-time PCR (RT-qPCR) primer pairs used. ACTB and RPL4 served as housekeeping genes.
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Statistical Analyses

The SD-OCT, histology, and IF results are presented as mean ± SEM, while RT-qPCR results are displayed as median ± quartile + minimum/maximum. A p-value < 0.05 was considered statistically significant. The level of significance was defined as ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 when compared to the native group, #p < 0.05, ##p < 0.01, and ###p < 0.001 when compared to the control group, and ¥p < 0.05 and ¥¥p < 0.01 when compared to the filter group.

For the evaluation of SD-OCT, histology, and IF data, groups were compared by ANOVA, followed by Tukey post hoc test (Statistica; version 13.3; Dell Software, Round Rock, TX, United States). The CT values of the RT-qPCR analysis were evaluated with REST© 2009 software (Qiagen).



RESULTS


Preservation of Retinal Thickness in Tweezers Samples

The SD-OCT enabled an assessment of porcine retina samples during different time points. During all investigated points in time (zero = native, 4 and 8 days), a detailed observation of the layers was possible (Figure 2A). The filter paper/insert could be clearly identified above (native, control) or below (filter, tweezers) the explants via SD-OCT. The measurement of the retinal thickness revealed no changes in control samples compared to native ones at 4 days (p = 0.11; Figure 2B). In the filter group, a significantly decreased retina thickness could be noted compared to native samples (p < 0.001), while no differences were observed between tweezers and native retinas (p = 0.60). No differences were revealed when comparing filter (p = 0.08) and tweezers samples (p = 0.66) to the control group. A better preservation of the retinal thickness was observed in tweezers samples compared to filter retinas at 4 days (p = 0.008). At 8 days of cultivation, the retinal thickness in the control group did not differ from native retinas (p = 0.08). The retinal thickness in the filter group was significantly diminished compared to native samples (p < 0.001). The tweezers samples showed a similar thickness in comparison to native ones (p = 0.52). Both novel methods, filter (p = 0.08) and tweezers (p = 0.66), showed no differences in the retinal thickness compared to control samples. Eight days after cultivation, the retinal thickness in tweezers samples was significantly higher compared to filter retinas (p = 0.008).
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FIGURE 2. Spectral Domain Optical Coherence Tomography (SD-OCT) analysis of porcine retinas. (A) Exemplary pictures of all measured time points and used techniques. Samples of all three explantation methods and the native group were investigated at 0 (= native), 4, and 8 days via SD-OCT. (B) At 4 days, no changes were noted in regard to the retinal thickness between control and native samples. A significantly thinner retinal thickness was revealed in filter (p < 0.001), but not in tweezers samples, compared to native retinas. No alterations were noted in filter and tweezers retinas compared to the controls. The filter group showed a significantly decreased retinal thickness compared to the tweezers group (p = 0.008). The retinal thickness of control and native samples was comparable at 8 days. While a significant thinning of the filter group was observed compared to native retinas (p < 0.001), no changes were noted between tweezers and native samples. Furthermore, the retinal thickness of the filter group was significantly diminished compared to tweezers samples (p = 0.008). OS, photoreceptor outer segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars: 50 μm, values are mean ± SEM. n = 5/group. ***p < 0.001 vs. native group; ¥¥p < 0.01 vs. filter group.




Less Reduction in the Total and Photoreceptor Layer Thickness Using the Novel Methods

Hematoxylin and eosin-stained porcine retinas enabled to distinguish between nuclear and cytoplasmic structures, in particular measuring the thickness of the total retina from GCL to the outer photoreceptor segments. The bacillary layer measured spanning from the outer nuclear layer until the outer segment of the photoreceptors (Figure 3A).
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FIGURE 3. Total and bacillary layer thickness measurement in stained retinas. (A) Representative images of H&E-stained retinas for all three explantation methods and the native group in 400 × (upper panel) and 630 × magnification (lower panel). (B) At 4 days, a significant reduction of the total retinal thickness in control compared to native samples (p = 0.005) was observed, while a preservation was detected in the novel techniques filter and tweezers when compared to native samples. Comparing tweezers to control samples, a significantly thicker retinal thickness was noted (p = 0.009), while a similar thickness was observed between filter and control retinas. Similar results were found at 8 days. A reduction of the total retinal thickness was revealed comparing control to native samples (p = 0.04). A conservation of the total retinal thickness was detected comparing filter and tweezers to native or control retinas. (C) A significant thinning of the bacillary layer was seen in the control group compared to native (p = 0.04) and filter samples (p = 0.046). However, a better-preserved bacillary layer was noted in the tweezers method compared to the native and control samples at 4 days. A reduction in the bacillary layer thickness was measured at day 8 comparing the control and native samples (p = 0.001). The novel methods filter and tweezers maintained the bacillary layer thickness better than did control retinas. OS, photoreceptor outer segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer. Scale bars: 20 μm, values are mean ± SEM. n = 9–10/group. *p < 0.05 and **p < 0.01 vs. native group; #p < 0.05 and ##p < 0.01 vs. controls.


When comparing retinas of the control group to native samples cultivated for 4 days, a significant reduction of the total retinal thickness was observed (p = 0.005; Figure 3B). Comparing filter (p = 0.10) and tweezers (p = 0.99) to the native samples, no significant differences were seen. When filter and control samples were compared, no differences were detected (p = 0.70). A significantly better preservation of the retinal thickness was noted in tweezers samples compared to the controls at 4 days (p = 0.009). Similar effects could be observed when the retinal explants were cultivated for 8 days. At this time point, there was a significant decrease in the retina thickness in the control group compared to native retinas (p = 0.04). Interestingly, a good preservation of the total retina thickness could be achieved by the filter (p = 0.12) and tweezers method (p = 0.50) when compared to native samples after 8 days of cultivation. Also, no changes were noted when comparing filter (p = 0.96) and tweezers retinas (p = 0.54) to controls.

Going into detail, by assessing only the bacillary layer thickness at 4 days (Figure 3C), a significant reduction was detected in controls compared to native samples (p = 0.04). Comparing filter (p = 1.0) and tweezers bacillary layer (p = 0.17) to native samples, no differences were noted. A better preservation of this layer was visible in filter retinas when compared to control samples (p = 0.046), while no differences were noted between tweezers and control samples (p = 0.89). After 8 days of cultivation, a significant reduction of the bacillary layer was also measurable in control compared to native samples (p = 0.001). On the other hand, a well-preserved bacillary layer was observed in filter (p = 0.39) and tweezers methods (p = 0.22) when compared to native samples. Filter (p = 0.08) and tweezers bacillary layer (p = 0.18) were similar to controls.



Better Survival of Rods and L-Cones With the Novel Methods

Porcine retinal cross sections of all three methods and corresponding native controls were stained with opsin to mark L-cones and with rhodopsin to label rods (Figure 4A). The native explants had an almost intact photoreceptor morphology and structure. L-cones were found organized in orderly rows, and rods appeared in organized laminar structures. No striking differences were observed in the organization of the L-cones, located in the outer photoreceptor segment, comparing native, filter, and tweezers samples after 4 days, while the opsin+ and rhodopsin+ cells in the control group looked different. In detail, the opsin+ L-cone cells appeared more disorganized, and the rhodopsin+ area seemed thinner, rather atrophic. Eight days after cultivation, the opsin+ cells appeared to be more disorganized in all three techniques compared to native samples.
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FIGURE 4. Analysis of photoreceptors. (A) Exemplary immunofluorescence pictures of opsin (red) staining for L-cones and rhodopsin (green) staining for rods in photoreceptor outer segments. Nuclei were labeled with 4′,6-diamidino-2-phenylindole (DAPI) (blue). (B) Fewer opsin+ cells were found in control compared to native retinas (p = 0.02). The filter and tweezers method showed, compared to native retinas, a better preservation over a cultivation period of 4 days. The number of opsin+ cells was significantly higher in tweezers samples (p = 0.04) compared to the control ones, while no changes were noted between filter and control retinas. A severe loss of opsin+ cells was discovered in the control compared to native samples after 8 days (p < 0.001). In the novel methods filter and tweezers, the number of opsin-labeled cells was comparable to native retinas. When comparing filter and tweezers samples (both: p < 0.001) to the controls, more opsin+ cells could be detected. (C) OPSIN expression was not altered at 4 days. OPSIN mRNA expression in tweezers samples was significantly upregulated compared to control retinas at 8 days (p = 0.002). (D) The rhodopsin signal found in control (p < 0.001) and filter samples (p = 0.01) was significantly less intense at 4 days compared to that in native samples. A significantly higher signal intensity was documented in tweezers (p < 0.001) and filter retinas (p = 0.047) compared to the controls. Moreover, a higher rhodopsin signal intensity was observed in tweezers retinas compared to filter samples (p = 0.04) at 4 days. At 8 days of cultivation, all three methods showed a significantly diminished rhodopsin intensity compared to native samples (all: p < 0.001). (E) RHODOPSIN mRNA expression was not altered at 4 days. Quantitative real-time PCR (RT-qPCR) examination of RHODOPSIN demonstrated an upregulation in tweezers samples compared to control retinas at 8 days (p = 0.02). OS, photoreceptor outer segments; ONL, outer nuclear layer. Scale bar: 20 μm, values are mean ± SEM for immunofluorescence (IF) and median ± quartile + min/max for RT-qPCR. IF: n = 9–10/group; RT-qPCR: n = 5/group. *p < 0.05 and ***p < 0.001 vs. native group; #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. controls; ¥p < 0.05 vs. filter group.


At 4 days, a loss of L-cones was noted in the control group compared to native samples (p = 0.02; Figure 4B). There was no significant loss of opsin+ cones in retinas gained via filter (p = 0.62) and tweezers technique (p = 0.97) when compared to native samples. While no changes could be observed in filter retinas (p = 0.41), the number of opsin+ cells was significantly higher in tweezers samples than in control ones at 4 days (p = 0.04). A severe loss of opsin+ cells was discovered after 8 days of cultivation in control compared to native samples (p < 0.001). The number of L-cones was comparable in filter (p = 0.62) and tweezers samples (p = 0.97) compared to native ones. Significantly more opsin+ cells were detected in the two novel methods (filter: p < 0.001; tweezers: p < 0.001) compared to control retinas.

No differences were identified when comparing the OPSINM mRNA expression in both novel methods to controls at 4 days (tweezers: 0.94-fold, p = 0.9; filter: 0.6-fold, p = 0.3; Figure 4C). Accordingly, no differences in OPSINM expression were seen when the filter method was compared to the controls at 8 days (0.5-fold, p = 0.3). Interestingly, an upregulation in OPSINM mRNA expression was demonstrated in tweezers samples compared to the controls at 8 days of cultivation (9.6-fold, p = 0.002).

Additionally, the signal intensity of rhodopsin was evaluated (Figure 4A). At 4 days, the signal intensity of control (p < 0.001) and filter retinas (p = 0.013) was significantly lower than in native samples (Figure 4D). Tweezers and native samples, on the other hand, showed nearly identical intensities (p = 0.98). The signal intensity of rhodopsin was significantly higher in tweezers (p < 0.001) and filter samples (p = 0.047) compared to the controls. When comparing both novel groups, the rhodopsin intensity was significantly higher in tweezers samples compared to filter retinas (p = 0.04). After 8 days in cultivation, a clearly diminished rhodopsin signal intensity was documented in all three groups compared to native samples (control: p < 0.001, filter: p < 0.001, tweezers: p < 0.001). No difference was observed when comparing filter (p = 0.88) and tweezers samples (p = 0.07) to control retinas.

RHODOPSIN mRNA expression was not altered in filter (1.1-fold, p = 0.85) and tweezers samples (0.5-fold, p = 0.22) compared to the controls at 4 days of cultivation (Figure 4E). RHODOPSIN mRNA expression in filter samples was not significantly altered at 8 days (1.3-fold, p = 0.56). However, we discovered a significant upregulation of RHODOPSIN mRNA expression in tweezers samples (2.6-fold, p = 0.02) in comparison to control samples.



Comparable Amacrine Cell Numbers but Loss of Bipolar Cells at 8 Days

Characteristic cell types of the inner nuclear layer are amacrine and bipolar cells, which were analyzed to investigate the integrity of the inner retina layer (Figure 5A). No difference in the number of calretinin+ cells was detected in controls in comparison to native samples (p = 0.93; Figure 5B). Also, with the novel techniques, namely, filter (p = 0.62) and tweezers (p = 1.00), a similar cell number as in native samples was noted at 4 days of cultivation. The same was the case when comparing the filter (p = 0.93) and tweezers method (p = 0.96) to the controls. Furthermore, after 8 days of cultivation, a slightly lower number of calretinin+ cells was observed in all three groups compared to the native situation; however, this cell loss was not significant (control: p = 0.10; filter: p = 0.07; tweezers: p = 0.07). In addition, no significant differences were detected between filter (p = 1.00) or tweezers samples (p = 1.00) and controls.
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FIGURE 5. Effect on cells in the inner nuclear layer. (A) Amacrine cells were labeled with calretinin (green) and bipolar cells with protein kinase C alpha (PKCα) (red). Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). (B) No differences were observed regarding the number of calretinin+ cells between all groups at 4 and 8 days. (C) An upregulation of the relative CALRETININ mRNA expression was detected in filter retinas compared to control samples at 4 days (p = 0.001). No differences were noted at 8 days. (D) The number of bipolar cells was not altered in any group at 4 days. However, fewer PKCα+ cells were discovered in control (p = 0.04), filter (p = 0.02), and tweezers retinas (p = 0.02) compared to those in native samples at 8 days. (E) A significant PKCα mRNA downregulation was observed in filter samples compared to control ones at 8 days (p = 0.02). ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer. Scale bar: 20 μm, values are mean ± SEM for immunofluorescence (IF) and median ± quartile + min/max for quantitative real-time PCR (RT-qPCR). IF: n = 9–10/group; RT-qPCR: n = 5/group. *p < 0.05 vs. native group; #p < 0.05 and ##p < 0.01 vs. controls.


To quantify CALRETININ on the mRNA level, RT-qPCR analysis was performed (Figure 5C). An upregulation of relative CALRETININ mRNA expression was detected in filter retinas (2.1-fold, p = 0.001) in comparison to control samples at 4 days of cultivation. The expression in tweezers samples was similar to controls (0.1-fold, p = 0.93). Interestingly, at 8 days of cultivation, no difference was measured neither in the filter (0.4-fold, p = 0.09) nor in the tweezers group (0.7-fold, p = 0.28) in comparison to control retinas.

Bipolar cells in the inner nuclear layer were examined using PKCα labeling. When comparing control retinas to native samples, no difference in cell numbers was found (p = 0.76; Figure 5D). With both novel techniques, the amount of PKCα+ cells also remained nearly unchanged when compared to native (filter: p = 0.98; tweezers: p = 0.65) and control samples (filter: p = 0.94; tweezers: p = 1.0). Notably, the number of PKCα+ cells decreased significantly in all three groups at 8 days of cultivation compared to native samples (control: p = 0.04; filter: p = 0.02; tweezers: p = 0.02). In contrast, no alterations in PKCα+ cell counts were seen in filter (p = 1.00) and tweezers retinas (p = 1.00) compared to the controls.

The RT-qPCR examination of PKCα mRNA expression revealed no alteration in filter samples compared to the controls (1.7-fold, p = 0.31; Figure 5E). Likewise, retina samples cultivated for 4 days via the tweezers method showed no significant difference in the PKCα expression compared to control samples (0.8-fold, p = 0.64). A significant downregulation was also visible in PKCα mRNA expression of filter samples compared to the controls after 8 days of cultivation (0.3-fold, p = 0.02). In contrast, no alteration was detectable in the mRNA expression of PKCα in tweezers retinas compared to the controls (1.0-fold, p = 0.99).



Loss of Retinal Ganglion Cells in Novel Explant Methods

To evaluate the effects of the novel cultivation methods on RGCs, they were examined using an anti-RBPMS antibody (Figure 6A). No RGC loss was noted in retinas gained via the control technique compared to native samples at 4 days of cultivation (p = 0.14; Figure 6B). On the contrary, comparing the novel methods filter (p < 0.001) and tweezers (p < 0.001) to native retinas, a severe loss of RGCs was seen after 4 days of cultivation. A significantly decreased number of RGCs were observed in filter (p = 0.002) and tweezers retinas (p = 0.03) compared to the controls. With the ongoing time of cultivation, the RGC loss progressed. At 8 days of cultivation, the number of RGCs was significantly lower in control retinas compared to native explants (p < 0.001). A severe decrease in RGC numbers was also noted in samples gained via filter (p < 0.001) and tweezers method (p < 0.001) compared to native retinas. With both novel methods, filter (p = 0.16) and tweezers (p = 0.97), the number of RGCs was comparable to control retinas at 8 days.
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FIGURE 6. Evaluation of retinal ganglion cells (RGCs). (A) RGCs were labeled with RNA-binding protein with multiple splicing (RBPMS) (red) and cell nuclei with 4′,6-diamidino-2-phenylindole (DAPI) (blue). (B) The amount of RBPMS+ cells in control retinas was comparable to that in native ones. The number of RGCs was significantly reduced in both novel methods, filter (p < 0.001) and tweezers (p < 0.001), compared to the native method at 4 days. A significant loss of RGCs was noted in filter (p = 0.002) and tweezers samples (p = 0.03) compared to control ones. At 8 days, fewer RGCs were visible for all three groups control, filter, and tweezers compared to those in native samples (all: p < 0.001). (C) No differences in the TUBB3 mRNA expression levels were detected between all groups at 4 and 8 days. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer. Scale bar: 20 μm, values are mean ± SEM for immunofluorescence (IF) and median ± quartile + min/max for quantitative real-time PCR (RT-qPCR). IF: n = 9–10/group; RT-qPCR: n = 5/group. ***p < 0.001 vs. native group; #p < 0.05 and ##p < 0.01 vs. controls.


RT-qPCR was used to evaluate β-III-Tubulin (TUBB3) gene expression in retina samples of all groups, since this gene is enriched in RGCs (Soto et al., 2008; Jiang et al., 2015). The relative TUBB3 mRNA expression was neither altered in filter (0.8-fold, p = 0.43) nor in tweezers retinas (0.9-fold, p = 0.74) compared to retinas gained via control technique after 4 days of cultivation (Figure 6C). In retinas of the filter technique, a trend toward a downregulation of TUBB3 gene expression (0.6-fold, p = 0.06) was noted in comparison to control samples at 8 days. However, no changes in mRNA level were found for tweezers retinas (0.9-fold, p = 0.78).



DISCUSSION

AMD is a multifactorial disease and one of the major reasons for irreversible blindness. Although there are animal models and cell culture approaches available, there is a certain demand for organ culture models or organoids, mimicking the molecular mechanisms contributing to AMD. This need also applies to other retinal diseases, such as diabetic retinopathy or retinitis pigmentosa. Cell cultures have certain limitations, especially a good photoreceptor cell line does not really exist, and working with primary photoreceptor cells has certain obstacles (MacLeod et al., 1999; Romano and Hicks, 2007). Animal models often only mimic specific aspects of retinal disease, while retinal explant cultures provide a simplified system for investigating the retinal function and possible pathomechanisms of these diseases (Murali et al., 2019; Schnichels et al., 2019). Organ cultures still possess elementary structures of the organ, in this case the retina, allowing analysis of complex interactions, e.g., signaling pathways.

To this end, we evaluated new techniques for the preparation of porcine organotypic neuroretina explants, which should preserve the bacillary layer in a better fashion than previous protocols. The two novel methods, named tweezers and filter, resulted in a better conservation of the sensitive rod and L-cone cells than the control technique. The results demonstrated that via rotation of 180°, hence having the photoreceptor layer facing up during cultivation, the retinal morphology could be maintained much better. Therefore, this ex vivo model should mimic the in vivo situation.

Ex vivo cultivation of photoreceptor cells is complicated for several reasons. Many degenerative processes are directly initiated through the explantation of the neuroretina. The detachment of photoreceptor cells from the RPE is inducing rapid apoptotic processes (Cook et al., 1995). Hence, a sensitive method, with as little physical manipulation as possible, is mandatory for the preparation of adult neuroretina explants. Regarding these facts, our methods aimed to explant the retina using a “no touch” technique to minimize the harm to the retina as much as possible. The investigation of the total retina thickness revealed a better maintenance of retinas in the tweezers group compared to control and filter retinas over the cultivation time. Our study suggested that omitting direct physical contact using the two new techniques led to an improved preservation of rods and L-cones. This preservation of photoreceptors could not be noted in the control group, where these cells had direct contact to the insert. This led to a thinning of the whole retina. This effect can be explained by looking closer at the morphology of rods and cones. Compared to other neuronal cell types of the retina, both photoreceptor cell types have a more elongated thin shape of the outer segment, resulting in easy breakage of the sensitive connection to the photoreceptor nuclei (Mustafi et al., 2009; Kawamura and Tachibanaki, 2012).

OCT is an interferometry and non-invasive technique that can be used to acquire cross-sectional tomographic pictures. This enables recording of dynamic changes in the course and progression of diseases. In AMD, the ultrastructure of drusen as well as geographic atrophy can be imaged and characterized (Khanifar et al., 2008; Yehoshua et al., 2010). The advantages of this method can also be applied in animal models or organ cultures. Therefore, in this study, the retinal explants were evaluated by SD-OCT as well as by histology (H&E staining). Interestingly, the results between both methods differed. For example, the filter samples appeared less preserved in SD-OCT than in the H&E staining. In contrast, the tweezers group had a significant thicker total retina via SD-OCT measurements, but not after H&E staining at 8 days. This could be explained by the fact that disruption of the retina can be generated during dissection, embedding, cutting, and staining for H&E (Dailey et al., 2017). Especially, processing the samples of the filter group could be worse through the attached filter. The use of the SD-OCT provides the ability to measure the same sample over time, while for H&E analyses, new samples are needed for every evaluation time point. In future studies, SD-OCT measurements could help to identify the development and progression of drusen in an AMD-like coculture system.

In general, a longer cultivation time makes a preservation of retina less likely, which applies to all neuronal cell types. In this aspect, cultivation time should be kept as short as possible but also adequately mimic the in vivo situation and give enough time for studies. Therefore, we were interested in adapting and improving the cultivation method of photoreceptor cells to extend the cultivation time and enabling us to analyze aging effects. The rhodopsin and opsin signals in tweezers samples in our study were comparable to those of the native samples at 8 days. Previous studies using mouse and porcine retinas revealed that photoreceptors become pyknotic after 3–4 days in vitro (Tansley, 1933; Ogilvie et al., 2000; Taylor et al., 2013a,b). However, Wang et al. (2011) demonstrated that the rotation and inner retina support conserved the photoreceptor layer for up to 7 days in culture. A loss of neuronal cells in an adult explant culture system is given through the limitations of an ex vivo culture, such as the detachment of supporting tissue, the missing RPE cells, and the lack of choroidal circulation. In contrast, our explants cultured using the novel techniques (filter and tweezers) displayed a significantly better photoreceptor survival than the control technique. The number of opsin+ cells was, even after 8 days ex vivo, still comparable to the number of the native samples. Moreover, the rhodopsin signal intensity was well preserved in tweezers samples and comparable to native samples after 4 days of cultivation. Also, OPSIN and RHODOPSIN mRNA expression in the tweezers group was upregulated after 8 days of cultivation, which indicates a preserved photoreceptor cell health. However, the opsin+ cells appeared more disorganized compared to native samples at this time point. This may influence the function of these cells. In future studies, electroretinography should be included to clarify this point.

To investigate the effects of the different methods on the inner retina, amacrine and bipolar cells were analyzed. Interestingly, the number of calretinin+ cells was not altered in all groups. In contrast, an upregulation of CALRETININ mRNA was found in the filter group at 4 days. The used antibody against PKCα is specific for rod bipolar cells, which are representing only a part of the bipolar cells of the retina. The amount of PKCα+ cells was stable in explants of all techniques at 4 days. However, at day 8, a significant loss of bipolar cells was visible in all three techniques compared to native controls. Thus, a progressive loss of PKCα+ cells was detectable with ongoing cultivation. This result was supported by a significant downregulation of the PKCα mRNA expression in filter samples cultivated for 8 days. Consequently, our findings indicate that in neuroretina explant cultures, bipolar cells are probably more sensitive than amacrine cells. Amacrine cells represent a very diverse class of intrinsic interneurons in the inner retina, forming a network. Hence, they receive synaptic input from other amacrine cells as well as bipolar cells. They provide this input to further amacrine cells, bipolar cells, and RGCs (Wilson and Vaney, 2010). Bipolar cells interact directly with RGCs or indirectly through the amacrine cells (Fitzpatrick, 2015). Stained amacrine and bipolar cell types are located in the inner retina, but they are affected differently. Interestingly, Fernandez-Bueno et al. (2012) made the same observation when cultivating human retinas. They discovered a loss of bipolar cells and impairment of their axons with ongoing time of cultivation, while such a degenerating process was not documented for amacrine cells (Fernandez-Bueno et al., 2012). The loss of RGCs in our study was severe in filter and tweezers samples already at 4 days of cultivation and increased over time. These results confirm that direct contact with the membrane fosters cell damage. The RGCs are axotomized and hence deprived of their trophic support, resulting in apoptosis. The bipolar cells are connected to the RGCs, so an increased degeneration at 8 days of cultivation might indirectly also affect them.

The aim of this study was to find a suitable preparation technique that preserves photoreceptor cells in a porcine organ culture model. This was successfully achieved by introducing the tweezers and filter method. Both new methods led to a significantly improved morphology of photoreceptors, making them more comparable to the in vivo situation. Although both methods revealed just small differences in comparison, the tweezers method showed more preserved photoreceptor cells (protein and mRNA level) and a better morphology via SD-OCT. In addition, handling of the explants was much easier with the tweezers method, leading to a higher reproducibility. Consequently, this method seems to be more adequate for following coculture experiments of RPE and neuroretina. The improved photoreceptor cultivation should enable us to analyze the interaction of RPE and photoreceptor cells. Both structures and their interaction are essential in understanding the pathomechanisms underlying AMD. To reproduce an AMD-like pathology, RPE and a functional barrier are needed to induce drusen. Pilgrim et al. (2017) already revealed that in a primary RPE cell culture system, sub-RPE deposits were formed. These deposits contained, for example, proteins, lipids, and hydroxyapatite, as seen in AMD patients (Pilgrim et al., 2017). These drusen-like deposits should also be implemented in future coculture models for AMD research.

In conclusion, this work provides two explant methods for organotypic porcine retina culture models focusing on photoreceptors. Both novel methods improve photoreceptor cultivation in contrast to the established control technique. Especially, the tweezers method facilitates the analysis of photoreceptor degeneration and can be further utilized to study different diseases, such as AMD, diabetic retinopathy, or retinitis pigmentosa. Furthermore, the tweezers method could be used in a coculture system of neuroretina and RPE cells, which would provide a promising and innovative technique to effectively reduce the number of animal experiments in retina research.
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Photoreceptor death contributes to 50% of irreversible vision loss in the western world. Pro23His (P23H) transgenic albino rat strains are widely used models for the most common rhodopsin gene mutation associated with the autosomal dominant form of retinitis pigmentosa. However, the mechanism(s) by which photoreceptor death occurs are not well understood and were the principal aim of this study. We first used electroretinogram recording and optical coherence tomography to confirm the time course of functional and structural loss. Electroretinogram analyses revealed significantly decreased rod photoreceptor (a-wave), bipolar cell (b-wave) and amacrine cell responses (oscillatory potentials) from P30 onward. The cone-mediated b-wave was also decreased from P30. TUNEL analysis showed extensive cell death at P18, with continued labeling detected until P30. Focused gene expression arrays indicated activation of, apoptosis, autophagy and necroptosis in whole retina from P14-18. However, analysis of mitochondrial permeability changes (ΔΨm) using JC-1 dye, combined with immunofluorescence markers for caspase-dependent (cleaved caspase-3) and caspase-independent (AIF) cell death pathways, indicated mitochondrial-mediated cell death was not a major contributor to photoreceptor death. By contrast, reverse-phase protein array data combined with RIPK3 and phospho-MLKL immunofluorescence indicated widespread necroptosis as the predominant mechanism of photoreceptor death. These findings highlight the complexity of mechanisms involved in photoreceptor death in the Pro23His rat model of degeneration and suggest therapies that target necroptosis should be considered for their potential to reduce photoreceptor death.
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INTRODUCTION

Photoreceptor death causes approximately 50% of all cases of irreversible vision loss in the western world (Taylor et al., 2005). Retinitis pigmentosa (RP) is the most common form of inherited retinopathy, characterized by progressive loss of photoreceptors (rods and cones), which leads to severe visual impairment (Guadagni et al., 2015; Bravo-Gil et al., 2017). While approximately 96 different mutated genes have been identified in patients with RP (RetNet; November 2019)1, mutations in rhodopsin (RHO) are the most common causes of RP, accounting for approximately 15% of all inherited human retinal degenerations (Chapple et al., 2001) and 30–40% of patients with the autosomal dominant form of the disease (Ferrari et al., 2011). More than 150 different mutations have been identified in RHO, but the most frequent is a single-base C-to-A transversion, resulting in substitution of proline for histidine in codon 23 (P23H), causing autosomal dominant RP (Dryja et al., 1990; Athanasiou et al., 2018). P23H-RHO is thought to cause improper folding at the N-terminal, the binding site of 11-cis-retinal, resulting in the formation of dysfunctional, oligomeric aggregates within the endoplasmic reticulum (ER) and Golgi (Chapple et al., 2001). Although not entirely clear, it is likely that the resultant recruitment of ER-resident chaperones and activation of ubiquitin/proteasome system (Chapple et al., 2001) becomes overwhelmed resulting in ER stress and activation of the unfolded protein response (UPR), which in turn leads to photoreceptor death (Chiang et al., 2012, 2015, 2016; Athanasiou et al., 2017). However, the precise mechanisms that lead to photoreceptor loss are not well understood.

Rat models carrying a transgene expressing the mouse rhodopsin gene (Rho) with a C-A substitution at codon 23 (P23H amino acid conversion) were first described in Steinberg et al. (1996). Three different lines have been developed and while many studies have focused predominantly on line 1 (Cuenca et al., 2004, 2014; Pennesi et al., 2008; Garcia-Ayuso et al., 2013; Orhan et al., 2015), various studies have shown that line 3 (P23H-3) shows an intermediate rate of degeneration compared to lines 1 (which is more rapid) and 2 (slow). While transgene expression begins at P5, morphological change is not detectable until after P30, with the ONL decreasing in thickness to ∼85% of wild-type by P30, 50% by P120-P200 and ∼40% by P260 (Lewin et al., 1998; Machida et al., 2000; Pennesi et al., 2008). This progressive decline is matched by similar declines in retinal function with the rod a-wave showing a decline of 74% between 4 and 29 weeks (Machida et al., 2000; LaVail et al., 2018), though the effects of the mutation on retinal function appear to be affected by pigmentation and also copy number of the transgene (Cuenca et al., 2014).

The mechanism(s) of photoreceptor death in the P23H-3 rat are not well understood and many pathways have been implicated including oxidative stress, inflammation, ER stress, caspase-dependent and/or–independent pathways of apoptosis, necroptosis and autophagy. Autophagy is an important pathway for turning over the organelles within a cell and is known to be a critical factor in photoreceptor homeostasis. Indeed, inhibition of autophagy is known to reduce photoreceptor loss in the P23H-3 mouse model of retinal degeneration (Yao et al., 2018). Necrosis, which is characterized by swelling of the cytoplasm and organelles, followed by cell membrane disruption and release of the cytosolic constituents into the surrounding extracellular space, is associated with inflammation. In some circumstances, the inflammatory cytokines release from cells mediates a form of “programmed” necrosis called necroptosis (Shan et al., 2018).

In this study, we describe in detail the early time course and cell death mechanisms that result in photoreceptor dysfunction and loss in P23H-3 rats aged from postnatal (P) days P18 to P90 (3 months). Twin-flash ERG showed evidence of rod and cone photoreceptor dysfunction from P30, whereas structural decreases in the ONL [optical coherence tomography (OCT) and histology] were not evident until P60, with changes more pronounced in central and mid-peripheral retina. The first evidence of cell death occurred at P18, with large numbers of TUNEL+ cells detected in the ONL. However, analysis of mitochondrial permeability, caspase cleavage and apoptosis-inducing factor (AIF) localization suggest that neither caspase-dependent, nor independent apoptotic pathways are major contributors to photoreceptor cell death in the P23H-3 rat model. Expression profiling of the retina combined with protein analyses suggest that multiple pathways including apoptosis, autophagy and necroptosis are modulated in the P23H-3 retina, but that necroptosis is the over-riding mechanism by which photoreceptors die, consistent with another recent study (Viringipurampeer et al., 2019).



MATERIALS AND METHODS


Animals

All animal procedures were approved by the Animal Ethics Committees of the University of Melbourne (AEC# 1312958 and #1614030) and were carried out in accordance with the Association for Research in Vision and Ophthalmology (ARVO) statement for the Use of Animals in Ophthalmic and Vision Research. Initial breeding stock of P23H-3 transgenic rats (Steinberg et al., 1996) on the Sprague–Dawley (SD) background, were provided by A/Prof. Krisztina Valter-Kocsi (Australian National University). SD albino rats were obtained from Animal Resource Center (ARC) (Murdoch, WA, Australia). Homozygous male P23H-3 transgenic rats were mated with wild-type SD female rats to generate hemizygous P23H-3 rats for study. Both male and female rats were used. All rats were bred and housed at The University of Melbourne Medical Animal Facility (Parkville, VIC, Australia) on a 12-h light/dark cycle (luminance levels inside cages ranged from 13 to 58 Lux). Food and water were available ad libitum.



Retinal Function Using Electroretinography

We used the electroretinogram to measure retinal function of wild-type and P23H-3 rats (n ≥ 10) at P18, P30, P60, and P90, as described previously (Jobling et al., 2013; Vessey et al., 2015; Von Eisenhart-Rothe et al., 2018). There are a number of different ways of using the electroretinogram to measure rod and cone mediated responses (Kremers and Tanimoto, 2018). We used a paired flash paradigm to assess rod and cone mediated responses; the first light stimulus elicits a mixed rod and cone mediated waveform, whereas the second light stimulus elicits a cone-only response. Briefly, dark-adapted (12 h) rats were anesthetized by intraperitoneal (IP) injection of ketamine (60 mg/kg, Provet, Melbourne, VIC, Australia) and xylazine (5 mg/kg, Provet) and 0.5% proparacaine hydrochloride (Alcaine; Alcon Laboratories, French’s Forest, NSW, Australia) eye drops. The pupil was dilated using 1% Atropine sulfate (Alcon Laboratories) and 2.5% phenylephrine hydrochloride (Bausch & Lomb, Chatswood, NSW, Australia). The reference electrode was placed in the mouth and the recording electrode (Ag/AgCl) on the cornea. Twin 2.1 log cd.s/m2 full-field flashes with 0.8-s inter-stimulus interval (ISI), from a Nikon SB900 camera flash (Nikon, Lidcombe, NSW, Australia), were used to evaluate the contribution of rod and cone photoreceptors in the ERG response (Lyubarsky and Pugh, 1996; Phipps et al., 2004). Responses were amplified (gain × 5,000; −3 dB at 1 Hz and 1 kHz) using a ML132 BioAmp amplifier (ADInstruments, Castle Hill, NSW, Australia) and digitized at 10 kHz over a 250-ms period (ML785 Powerlab/8sp amplifier; ADInstruments). The stimulus and recording of the ERG were coordinated by Scope software version 3.6.10 (ADInstruments). To isolate rod responses, the cone responses were subtracted from the initial mixed responses (Phipps et al., 2004; Weymouth and Vingrys, 2008; Jobling et al., 2013; Vessey et al., 2015). ERG component analysis was completed using previously published equations and techniques (Hood and Birch, 1996; Weymouth and Vingrys, 2008). The rod a-wave photoreceptor responses (rod a-wave) were isolated and analyzed using a modified PIII model, to derive the PIII amplitude (PIII Rmax in μV) and sensitivity (m2cd–1s–3). The rod and cone post-photoreceptoral function (b-wave) was isolated and then fitted using an inverted γ function to generate the PII. From the PII fit, the amplitude of the PII response (PII amplitude in μV) and the time to peak (ms) were derived. For oscillatory potentials (OPs), summed amplitudes of OP 2, 3, and 4 were used. OP1 and OP5 of the rod OPs were excluded as they are often small and cannot be distinguished from system noise. For each animal, three individual measurements were represented as an average.



Measurement of Retinal Structure Using Optical Coherence Tomography

After completion of ERG recording, OCT and fundus images were captured on a Micron III rodent fundus camera using Micron III software (Phoenix Technology Group, Pleasanton, CA, United States) as described previously (Von Eisenhart-Rothe et al., 2018).



RNA Extraction and Quantitative Real-Time PCR

Rats, anesthetized by ketamine and xylazine (as above), were euthanized by intracardial injection of pentobarbitone (Lethabarb, Virbac Pty., Ltd., Milperra, NSW, Australia). Eyes were enucleated, anterior segments removed, and posterior eyecups from P14 and P18, P23H-3 and SD rats (n = 9 per group) were dissected in ice-cold M199 culture medium (Sigma-Aldrich) to separate retinae from RPE/choroid/sclera. Retinae were snap frozen in liquid nitrogen and total RNA was extracted using the RNeasy® Mini Kit (Qiagen, Chadstone, VIC, Australia) with on-column DNase-I digestion as per manufacturer’s instructions. RNA quality and concentration were measured using an Agilent 2200 Tape Station (Agilent Technologies, Germany) and only samples with RIN >8 were used.

The rat cell death pathway finder RT2 profiler PCR array (Cat#: PARN-212Z, Qiagen, Melbourne, VIC, Australia) was used to profile expression of 84 genes involved in programmed cell death pathways. Three pooled RNA samples (n = 3 retinae/sample) from P23H-3 and SD rats at each age (P14, P18) were assayed. Total RNA (400 ng) from each sample was reverse transcribed using the RT2 First Strand cDNA Kit (Qiagen, Melbourne, VIC, Australia) according to manufacturer’s instructions. Negative controls for genomic DNA contamination, lacking RT enzyme were included. The cDNA samples were mixed with RT2 SYBR Green Master mix (Qiagen, Melbourne, VIC, Australia) and amplified in 384-well plates containing four replicates of 96 assays (84 different genes of interest, five control genes, one gDNA control, three RT controls and three positive PCR controls), using the Applied Biosystems ViiA 7 Real-Time PCR System at 95°C for 15 min, followed by 95°C for 15 s and 60°C for 1 min (40 cycles).

The quantitative PCR data were analyzed by the ΔΔCt method, using a commercial Excel template (Qiagen) with normalization to the average of five housekeeping genes and fold-change calculated as 2–ΔΔCt. While the pathways represented on the PCR array were known, we used the Ingenuity Pathway Analysis software (Qiagen) to predict whether these pathways were activated or inhibited using the Molecule Activity Predictor function.



Reverse-Phase Protein Arrays (RPPA)

Sprague–Dawley and P23H-3 retinae (n = 6/group), dissected in cold phosphate buffer saline (PBS) from eyes of P18 rats, were homogenized in 60 μl of CLB1 lysis buffer (Zeptosens, Bayer; 7M Urea, 2M thiourea, 4% CHAPS, 1% dithiothreitol, 4 mM spermidine, 2% Pharmalyte® with protease inhibitors added), samples were centrifuged at 7500 × g for 10 min in a benchtop centrifuge and the supernatant was transferred to a fresh tube for analysis by reverse phase protein arrays (RPPA) at the ACRF Translational RPPA platform at Peter MacCallum Cancer Centre (Parkville, VIC, Australia). After quantification of protein concentration by Bradford assay (Bio-Rad), samples were diluted serially using a Caliper ALH3000 liquid handling robot (Perkin Elmer), and spotted onto ZeptoChips (Zeptosens, Bayer, Witerswil, Switzerland) in duplicate using a Nano-Plotter-NP2.1 non-contact arrayer (GeSim, Radeberg, Germany). After incubating with pre-validated primary antibodies (1:500; See Supplementary Table S2) for 20 h, chips were washed and incubated with Alexa Fluor®-647 conjugated anti-rabbit IgG (#Z-25308; 1:1000; Thermo Fisher Scientific, Scoresby, VIC, Australia) for 4 h. Zeptosens instrument and software (version 3.1) were used to scan and calculate the relative fluorescence intensities. All data were normalized to the background values obtained with secondary antibody only.



Immunofluorescence and TUNEL

Fresh eyecups from P14, P18, P30, and P60 P23H-3 and SD rats were isolated and dissected, as described above, to remove the anterior segments, prior to being fixed in different fixatives specific for immunofluorescence and TUNEL assays (Supplementary Table S3). Tissues were either fixed at room temperature in 4% paraformaldehyde in 0.1M phosphate buffer (PB; pH 7.4) for 30 min for frozen sections or in Davidson’s fixative (8% paraformaldehyde, 31.5% ethanol, 2M acetic acid) for 4 h for paraffin embedding. In some cases, the eyecups were incubated for 30 min at RT in 10 nM MitoTracker Orange CMTMRos (M7510; Thermo Fisher Scientific) to label mitochondria, prior to paraformaldehyde fixation and freezing. For frozen sections, paraformaldehyde-fixed eyecups were cryoprotected in a series of graded concentrations of sucrose (10, 20, 30% in PB), embedded in Tissue-Tek O.C.T compound (Sakura Seiki, Tokyo, Japan) and frozen in isopentane cooled by liquid nitrogen as described previously (Von Eisenhart-Rothe et al., 2018). Mid-sagittal frozen sections (12 μm) were collected on poly-L-lysine coated glass slides (Polysine® Adhesion slides, Thermo Fisher Scientific) and kept at −20°C. Paraffin embedded, Davidson-fixed tissues were sectioned at 5 μm and mounted on poly-L-lysine coated glass slides.

Optimal immunofluorescence staining protocols varied, depending upon the antibody used (see Supplementary Table S3 for details of fixation, antigen retrieval and antibody dilutions). After incubation of sections overnight at 4°C with primary antibodies in blocking solution (PB, supplemented with 3% normal goat serum, 1% w/v bovine serum albumin (BSA), 0.05% w/v sodium azide, 0.5% v/v Triton-X), reactivity was detected by incubation with the appropriate species Alexa Fluor 488/594-conjugated antibodies (1:500 Invitrogen) in phosphate buffer containing 1 μg/ml 4′,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific) to label cell nuclei. Following washes in PB, sections were cover-slipped with fluorescence mounting medium (Dako) and imaged by confocal microscopy (Zeiss LSM510 Meta, Carl Zeiss, North Ryde, NSW, Australia).

To label dying cells, TUNEL assay (DeadEndTM Fluorometric TUNEL System; Promega Corp., Alexandria, NSW, Australia) was performed on fixed-frozen sections as per manufacturer’s instructions. Briefly, sections were washed in PBS, immersed in 0.2% Triton-X in PBS for 20 min and incubated in equilibration buffer (Promega, Alexandria, NSW, Australia) for 10 min prior to the rTdT reaction at 37°C for 1 h in the dark. Subsequently, sections were washed 15 min in 2× SSC and PBS (3 × 5 min) before a counter-stain with 1 μg/ml DAPI (Thermo Fisher Scientific) in PBS for 20 min. Sections were cover-slipped and imaged by confocal microscopy as described above.

To quantify photoreceptor death, TUNEL+ cells in the ONL were counted in three mid-sagittal eye sections per animal (n > 5/group). Each half retina (from optic nerve to periphery) was divided into three segments (central, mid-peripheral and peripheral regions) and using ImageJ software the number of TUNEL+ was expressed per millimeter of retinal length. Similarly, the mean thicknesses of the ONL, INL, and GCL were measured in each segment using Image J.

To label cone photoreceptors, frozen sections were incubated with FITC-conjugated peanut agglutinin (PNA) used at 1:500 (Vector Laboratories, Burlingame, CA, United States) in PBS. The number of PNA+ cells were quantified across the whole retina.



Mitochondrial Permeability Assay

To analyze mitochondrial membrane potential changes (ΔΨm) in the P23H-3 retina, the MitoProbeTM JC-1 Assay Kit (Thermo Fisher Scientific) was performed according to the manufacture’s instruction with minor modifications. Briefly, retinae from P23H-3 and SD rats at P14 and P18 (n = 6 per group) were isolated as above, cut into small pieces using a scalpel and dissociated into single cells using the Papain Dissociation System (Worthington Biochemical Corporation, Lakewood, NJ, United States). Cells obtained from each sample were counted on a CountessTM automated cell counter (Thermo Fisher Scientific) and 1 × 106 cells from each sample were suspended in 1 mL warm PBS, containing 0.5 μM JC-1 dye and incubated 30 min at 37°C with 5% CO2. A positive control sample was incubated with a mitochondrial depolarizing agent (0.5 mM CCCP) prior to JC-1 staining. After washing in warm PBS, cells were centrifuged at 300 × g for 5 min and resuspended in 200 μL PBS. Prior to analysis on a flow cytometer (BD FACS Aria III Cell Sorter), cells were stained with DAPI as an indicator of cell viability. Initial gating by forward-scatter (FSC) versus side-scatter (SSC) distinguished three distinct subpopulations: small dead cells, small live cells, and large live cells (Supplementary Figure S3), before analysis with 488 nm excitation and emission filters Alexa Fluor 488 dye (530 nm) and R-phycoerythrin (695 nm). Data were analyzed using FlowJo (V.10.4.2) software.

Based on previous studies, isolated photoreceptors are characteristically smaller than other retinal cells due to being terminally differentiated (Akimoto et al., 2006). To determine which populations of cells in our flow cytometry analysis were enriched for photoreceptors, we prepared single cell suspensions of retinal cells isolated from P16 P23H-3 rats (n = 2), stained with DAPI and separated as described above. RNA was extracted from isolated cell populations using the RNeasy Micro Kit (Qiagen, Hilden, Germany) and purity confirmed on an Agilent Tape Station as described above. cDNA library preparation and pre-amplification was performed using the Smart-seq2 protocol (Picelli et al., 2014) with 9 cycles of pre-amplification. Quantitative PCR analysis was performed using a Rotor gene 3000 PCR cycler (Qiagen, Hilden, Germany) using specific primers for rat Rho (Forward 3′-AGCAACAGGAGTCGGCTACC-5′; Reverse 3′-CCGAAGTTGGAGCCCTGGTG-5′), Opn1mw, (Fw 3′-GTCCAGACGTGTTCAGCG; Rev 3′-GACCATCACCACCACCAT-5′) Opn1sw (Fw 3′-CAGCCTTCATGGGATTTG; Rev 3′-GTGCGTGCTTGGAGTTGA) and Hprt (Fw 3′-CCTAAAAGACAGCGGCAAGTTGAA; Rev 3′-CCACAGGACTAGAACGTCTGCTAG). Relative expression was calculated using the 2–ΔΔCt method.



Statistical Analysis

Analysis and curve fitting of the ERG data was carried out in Excel (Microsoft, Redmond, WA, United States). Statistical analysis and graphing were performed using Graph Pad Prism 7 (San Diego, CA, United States). All data are expressed as mean ± standard error of the mean (SEM). Two-way analyses of variance (ANOVA) were used to determine statistical difference among experimental groups where the two independent variables were genotype and age, followed by Tukey’s post hoc tests for further pair-wise comparisons. Comparisons of fluorescence ratios from P23H-3 and SD flow-sorted cells were conducted using two-tailed, unpaired t-tests. p-values less than 0.05 were considered statistically significant and represented as ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ****p < 0.0001 in all graphs.



RESULTS


Structural and Functional Changes in the Retina Occur in the P23H-3 Rat From an Early Age

The central aim of this study was to examine the mechanisms by which photoreceptor death develops in the P23H-3 model of retinal degeneration. We first evaluated retinal function and structure using electroretinogram (ERG) recording and OCT. Fundus imaging showed no overt alterations in the retina or presence of distinct pathological features at P18, P30, P60 (Figures 1A,B) or P90. By contrast, OCT imaging (Figures 1C,D) clearly revealed reductions in total retinal thickness at P18, P60, and P90 (Figure 1E). Quantification of total retinal thickness showed a reduction at P18 (Figure 1E) that was attributed to significant thinning of the IPL and GCL (Figures 1G,H) but not the ONL (Figure 1F). In contrast, a redution in total retinal thickness at P60 and P90 was associated with a significant decreases in ONL thickness at these ages (Figure 1F).
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FIGURE 1. Fundus and OCT imaging images of P23H-3 and SD rat retinae. Representative fundus images SD (A) and P23H-3 (B) rats at P60. No morphological differences were apparent in fundus scans of P23H-3 rats at any age, compared to age-matched SD rats. Representative OCT images of the central retina in SD (C) and P23H-3 (D) rats at P60. Segmentation analyses of OCT images showing mean thicknesses of total retina (E), ONL (F), IPL (G), and GCL (H). Total thicknesses of P23H-3 retinae were significantly thinner than SD at P18, P60, and P90 (E). At P18 this was attributable to changes in the thickness of IPL (G) and GCL (H) but not the ONL (F). Changes in the ONL were only detected at P60 and P90 (F). All histograms indicate mean ± SEM, two-way ANOVA, Tukey’s post hoc test, *p < 0.05, **p < 0.001, and ****p < 0.0001, n ≥ 8 in each group. *: significant difference for genotype, #: significant difference for age. Abbreviations: ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar (C,D) = 100 μm.


Twin flash ERG was used to assess rod- and cone-mediated function in P23H-3 and SD rats from P18. Representative rod-mediated waveforms for the SD and P23H-3 rats are shown in Figures 2A–D. No apparent difference in response was observed at P18, whereas at P30, P60, and P90, the amplitudes of the responses in P23H-3 rats were reduced compared to age-matched SD rats. Quantification of rod a-wave amplitudes showed a developmental increase in the rod responses from P18 to P30 in SD control which was not evident in P23H-3 rats (Figure 2E). The developmental increase in photoreceptor response has been reported to coincide with the post-natal elongation of the outer segments after eye opening (Fulton et al., 1995). While both strains showed a progressive a-wave decrease with age (p < 0.0001), the photoreceptor responses in the P23H-3 retina were significantly reduced (p < 0.0001) compared to SD responses from P30 onward (Figure 2E).
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FIGURE 2. Alterations in rod responses of P23H-3 rats with age. (A–D) Representative rod responses in SD and P23H-3 rats at P18 (A), P30 (B), P60 (C), and P90 (D). (E–G) Box and whisker plots of rod ERG responses showing change in rod a-wave amplitudes (E), rod b-wave amplitudes (F), and rod OP amplitudes (G). Rod a-wave amplitudes were significantly reduced in the P23H-3 compared to the SD from P30 (E). The rod b-wave amplitudes were significantly attenuated in the P23H-3 rats from P30 onward (F). The rod a-wave (PIII) (E), rod b-wave (PII) (F), and summed rod OP (G) showed a progressive age-related reduction from P30 to P90 in both strains. All box and whisker plots show interquartile range (box), median (transverse line), mean (+) and 95% confidence intervals (error bars). (H) Relative percentage changes in rod a-wave, b-wave, and summed OP responses. At P30 and P60, the a-wave and b-wave responses were reduced in P23H-3 to a similar extent. However, the loss of summed OP amplitudes was significantly increased compared to those of b-wave. At P90, the extent of the b-wave loss was significantly less than a-wave and summed OP. Data were analyzed by two-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, n ≥ 8 in each group. *, significant difference for genotype; #, significant difference for age.


The rod b-wave responses, representing rod bipolar cell activity, were significantly reduced (p < 0.0001) in P23H-3 compared to SD from P30 onward and both P23H-3 and SD b-waves exhibited an age-related decline in amplitude from P30 (Figure 2F). A similar pattern was observed in the summed OP amplitude (Figure 2G), a waveform that is thought to reflect amacrine cell function. Unlike the rod photoreceptor amplitudes, rod implicit times remained unaffected at all ages (Supplementary Figure S1B) while rod sensitivity was only significantly different at P18 (Supplementary Figure S1A). As the ERG response is serial in nature, it is possible that the inner retinal changes (b-wave and OP) reflect altered photoreceptoral response. To explore this, we compared the percentage changes in rod (a-wave) with change in rod post-photoreceptor (b-wave, and summed OP) responses (Figure 2H). Overall, the changes in rod a-wave and rod b-wave at P30 and P60 were similar, suggesting that loss of photoreceptor function is the predominant functional change occurring within the retina. However, at these ages the OP responses were reduced to a greater extent, suggesting that in the P23H-3 rat there is photoreceptoral loss, as well as inner retinal changes affecting amacrine cell function. Together, these data show that retinal dysfunction occurs from P30 in the P23H-3 rat, with a specific photoreceptor and amacrine deficit evident.

While cone photoreceptor function cannot be measured directly in rats, the cone-mediated post-photoreceptoral response (cone b-wave) indicated smaller cone ERG responses in P23H-3 from P30 compared to age-matched controls (Figures 3A–D). Quantification showed a developmental increase in cone responses from P18 to P30 in both SD and P23H-3 rats (Figure 3E). However, there were significant reductions in P23H-3 cone responses when compared to SD retinae at P30 and P60, but not at P90 (Figure 3E). The lack of difference at P90 may reflect the greater age-related decline in the SD cone response compared to P23H-3 and the difficulty in measuring the cone b-wave amplitudes. In contrast to the cone b-wave amplitudes, the cone b-wave implicit time (Figure 3F), OP amplitudes and timing remained unaffected in the P23H-3 retinae compared to the SD rats (Figures 3G,H). While these data show that cone photoreceptor responses are altered from P30 onward, counts of PNA+ cells at P30 showed no significant difference (Supplementary Figure S2G), suggesting changes are functional and not due to cell death.


[image: image]

FIGURE 3. Alterations in cone responses of P23H-3 rats with age. Representative modeled cone responses in SD and P23H-3 rats at P18 (A), P30 (B), P60 (C), and P90 (D). (E–H) Box and whisker plots of cone ERG responses in SD and P23H-3 rats showing change in cone b-wave amplitudes (E), cone b-wave time-to peak (F), cone OP amplitude amplitudes (G), and cone OP implicit times (H). Cone b-wave amplitudes were significantly lower in P23H-3 compared to age-matched SD controls at P30 and P60 (E). The cone b-wave timing and summed OP amplitudes were not significantly affected in P23H-3 at any age examined (F,G). OP implicit timing showed a significant increase in P23H-3 compared to SD only at P30 (H). All box and whisker plots show interquartile range (box), median (transverse line), mean (+), and 95% confidence intervals (error bars). Data were analyzed by two-way ANOVA, Tukey’s post hoc test, *p < 0.05, and ****p < 0.0001, n ≥ 8 in each group. *, significant difference for genotype; #, significant difference for age.




Photoreceptor Degeneration Is Evident From P18 in P23H-3 Rats

TUNEL assays were used to identify the time-course of photoreceptor degeneration in P23H-3 rat retina. In contrast to SD retinae, abundant labeled cells were observed in the ONL of the P23H-3 retinae at P18 (Figures 4A,B). Quantification of TUNEL+ cells showed that at P18 an average of ∼30 cells/mm were detected in the P23H-3 retina, which declined with age to approximately 8 cells/mm of retina at P30 and 1–2 cells/mm at P60 (Figure 4C). Similar to the OCT analyses (Figures 1C–H), measurement of ONL thickness in these sections showed progressive age-related decreases in ONL thickness from P18 to P60 in both SD and P23H-3 (Figure 4E) and at P60 the ONL was significantly thinner in P23H-3 than in SD rats. Further analyses across retinal eccentricity showed no significant differences in numbers of TUNEL+ cells in control SD retinae across eccentricity at any age (Figure 4D and Supplementary Figures S2A,B). By contrast in P23H-3 rats, while there were no differences in TUNEL+ cells at P18 or P30 across eccentricity (Supplementary Figures S2A,B), at P60 mean number of TUNEL+ photoreceptor cells in the peripheral retina was significantly lower than in the central and mid-peripheral regions (Figure 4D). Consistent with this, there were significant reductions in ONL thickness in central and mid-peripheral, regions of the retina at P60, but not at P18 or P30 (Figure 4F). No significant differences in ONL thickness were detected in P18 or P30 retinae at any eccentricity (Supplementary Figures S2C,D). While there were significant age-related decreases in INL and GCL thickness with age, no differences were observed in INL or GCL thickness between WT and P23H3 retinae at P18, P30 or P60 (Supplementary Figures S2E,F).
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FIGURE 4. Photoreceptor cell death in P23H-3 rats with age. TUNEL (green) and nuclei (blue) staining in SD (A) and P23H-3 (B) retina at P18 (A,B). TUNEL positive cells (arrowheads) were detected predominantly in ONL of P23H-3 retinae across all ages but were rarely detected in the ONL of SD retinae. (C) Quantification of total retinal TUNEL+ cells at each age revealed significantly increased numbers of TUNEL+ cells in P23H-3 retina at P18, but not at P30 or P60. (D) Significant differences in the number of TUNEL+ cells across retinal eccentricity were detected in the P23H-3 retina at P30 with greater photoreceptor death in central and mid-peripheral than in peripheral regions of retina. (E) Quantification of mean ONL thickness showed significant decreases with age (#), with P23H-3 ONL significantly thinner than SD at P60, but not at P18 or P30. (F) Across central to peripheral eccentricity at P60 there were significant decreases in ONL in the central and mid-peripheral, but not peripheral regions. Data are expressed as means ± SEM, Two-way ANOVA, Tukey’s post hoc test, *p < 0.05, **p < 0.001, and ****p < 0.0001, n ≥ 5 in each group. ∗: significant difference for genotype, #: significant difference for age. Abbreviations: ONL, outer nuclear layer; INL, inner nuclear layer. Scale bar = 20 μm.




Identification of Cell Death Pathways in the P23H-3 Rat

To investigate the mechanisms by which photoreceptors die in the P23H-3 retina, we analyzed gene expression changes in several cell death pathways using a commercial quantitative RT-PCR array system at P14 and P18. At P14, 13 of 84 genes on the PCR array showed significantly different levels of expression in P23H-3 compared to SD retinae (Figure 5A and Supplementary Table S3). The only down-regulated gene (−1.2 fold; p = 0.047) was the apoptotic effector, caspase-3. By contrast, three other genes implicated in the apoptotic pathways Igf1r (1.2 fold; p = 0.007), Mcl1 (1.2 fold; p = 0.044), and Tnfrsf11b (1.7 fold; p = 0.017) were significantly up-regulated. Importantly, the master regulator of cell death, Tp53 was also significantly up-regulated (1.4 fold; p = 0.022). The five genes that were broadly classified as being associated with necrosis (Spata2, Mag, Hspbap1, Dpysl14, and Atp6v1g2) were all up-regulated to similar levels (1.2 to 1.5-fold; p < 0.05). Similarly, three genes associated with autophagy (App, Htt, Sqstm1) were up-regulated (1.1 to 1.3-fold; p < 0.05).
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FIGURE 5. Dysregulation of programmed cell death-related genes in P23H-3 retinae. Changes in programmed cell death related genes (fold regulation) in P23H-3 compared to age-matched SD rats at P14 (A) and P18 (B). Genes are clustered according to involvement in autophagy, apoptosis or necrosis pathways as defined by Qiagen. Data presented as mean ± SEM, Student’s t-test, *p < 0.05, **p < 0.01.


At P18, 25 of 84 genes on the array showed significantly different levels of expression in P23H-3 compared to SD retinae (Figure 5B and Supplementary Table S5). Seven genes associated with the autophagy pathway (Atg16l1, Atg3, Atg5, Becn1, Ctss, Mapk8, Sqstm1) were significantly (p < 0.05) up-regulated at similarly low levels (1.2 to 1.5-fold). Of the twelve genes associated with the apoptotic pathway, six (Fas, Bcl2a1, Bcl2l11, Birc3, Casp6, Tnfrsf10b) were significantly down-regulated (−1.2 to −3.1-fold; p < 0.05) and seven (Casp2, Casp9, Dffa, Gadd45a, Mcl1, Nol3, Xiap) were significantly up-regulated (1.2 to 1.9-fold; p < 0.05). The largest expression changes were observed for two of the five differentially expressed necrosis genes (Defb1, Galnt5), which were significantly down-regulated −19.9 (p = 0.001) and −4.5-fold (p = 0.033), respectively. The other three necrosis-associated genes (Dpysl4, Hspbap1, Tnfrsf4) were significantly up-regulated 1.1 to 1.9-fold (p < 0.05).

The broad clustering of the dysregulated genes represented on the cell death array into the autophagy, apoptosis and necrosis cell death pathways, suggested that all three types of programmed cell death (Figure 5) are potentially modulated during P23H-mediated photoreceptor degeneration. To determine the activation states of the pathways, we conducted IPA analyses of this limited set of expression data using the Molecule Activity Predictor function in IPA. IPA predicted that the mitochondrial associated parts of the apoptotic pathway were inhibited at P14, but likely to be activated at P18 (Supplementary Figure S4). By contrast, the autophagy pathway appeared to be activated at both P14 and P18 (Supplementary Figure S5). While a canonical pathway for necrosis was not available in IPA, a network analyses incorporating key necroptosis genes, indicated that components of the necroptotic pathway, particularly RIPK1 and RIPK3 were predicted to become activated from P14 to P18 (Supplementary Figure S6).

To validate the mRNA analyses and to further discriminate which of these pathways were activated at P18, we conducted RPPA analyses on protein extracts from SD and P23H-3 retinae and immunofluorescence analyses on retinal sections at P18. Some genes showed significant changes at mRNA level (Xiap, Mcl1, Bcl2l11), which were not evident at the protein level due to these being below the threshold of detection (Table 1). Interestingly, while there appeared to be a significant increase in cleaved caspase-3, the levels were also below threshold for the antibody using this technique, suggesting that there was no large-scale induction of caspase-dependent apoptotic death pathways. While not all gene expression data could be validated by this technique, due to restricted antibody availability, the data indicated significantly reduced phosphorylation of AKT, which is an important regulator of apoptosis and autophagy (Heras-Sandoval et al., 2014), but also of necroptosis (Liu et al., 2014).


TABLE 1. Comparison of mRNA and protein expression of genes involved in cell death pathways in P18 retinae.
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Photoreceptor Death in P23H-3 Does Not Involve Mitochondrial-Mediated Pathways

To investigate the involvement of mitochondrial-mediated cell death in photoreceptor degeneration in P23H-3, we utilized a flow cytometric JC-1 assay to investigate the mitochondrial membrane potential (Δψm) in P23H-3 and SD retinae at P14 and P18 (Reers et al., 1995; Salvioli et al., 1998). The JC-1 assay is based on a shift in emission fluorescence from red to green wavelengths if the mitochondrial membrane is depolarized. The gating strategy (Supplementary Figure S3) allowed us to distinguish three different cell populations based on cell size and cell viability (Figure 6A).
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FIGURE 6. Mitochondrial membrane potential (Δψm) in P23H-3 and SD retinal cells at P18. Cell gating strategy for the analysis of retinal cells with different mitochondrial membrane potentials (A,E,I) was based on cell size and DAPI fluorescence. Three distinct subpopulations of cells were detected in all samples: small dead cells (B,F,J), small live cells (C,G,K), and large live cells (D,H,L). Representative plots for each of the three populations of cells show levels of polarized (red fluorescence) and depolarized (green fluorescence) mitochondria due to the JC1 dye, in CCCP-treated (B–D), SD (F–H), and P23H-3 (J–L) retinal cells. While no major fluorescence shifts could be detected for small live and large live cells between SD and P23H-3 samples, there appeared to be a slight shift from red- green for the small dead cells (Arrowheads; F,J). Quantification of red:green fluorescence intensity ratio in the three cell populations from P23H-3 and SD samples showed that small dead (M), but not small live (N) or large live cells (O), had a significant drop in red:green fluorescence intensity ratio (p < 0.0001; two-tailed unpaired t-test) in the P23H-3 retinae. Data presented as mean ± SEM, Student’s t-test, ***p < 0.001, n = 6 in each group.


Overall, similar proportions of cells were isolated for each population in each group (Figures 6A,E,I). While previous studies, using a Nrl-GFP transgene in mice had indicated that rod photoreceptors are the smallest cells isolated by flow cytometry (Akimoto et al., 2006), our quantitative PCR analyses of the cell populations we isolated, indicated that only dead small cells were enriched for rod photoreceptors compared to the other populations, therefore we also analyzed this cell population. The positive control cells, involving treatment of cells with carbonyl cyanide m-chlorophenyl hydrazone (CCCP), clearly showed a marked shift from red to green fluorescence (Figures 6B–D), indicating drug-induced mitochondrial membrane depolarization. No such fluorescence shift was detected in small live (Figure 6K) or large live cell (Figure 6L) populations of the P23H-3 retinal cells, compared to SD control retinal cells (Figures 6G,H). In the small dead cell populations, there appeared to be an increase in the number of small cells with higher levels of green fluorescence (compare arrowheads, Figures 6F,J). Quantification of the ratio of red:green fluorescence intensity for all three cell populations (Figures 6M–O) showed that only small dead cells were significantly different (p < 0.0001, two-tailed unpaired t-test) in P23H-3 compared to SD retinae (Figure 6M). To determine if this feature was unique to P18 retinae, we repeated the analysis at P14 and obtained similar data (Supplementary Figure S4).

Overall, the flow cytometry data indicated that in small or large live cells, isolated from the P23H-3 retina, there was no evidence of significant changes in mitochondrial permeability. However, greater numbers of small dead cells, isolated from the P23H-3 retina had disrupted mitochondrial permeability. Quantitative PCR analyses of P23H-3 retinae at P16 showed that this population of cells was enriched for rod photoreceptors by approximately 1.6- to 1.8-fold (Supplementary Table S1). These data suggested that dying or dead photoreceptors were undergoing or had undergone increased mitochondrial permeability. Alternatively, this population of cells may arise as an artifactual effect of the isolation protocol or represent dead cells (including photoreceptors) at the time of collection and isolation. Thus, this could be an artifactual apparent increase in mitochondrial permeability as a consequence and not a cause of cell death. To further investigate the involvement of mitochondrial-mediated cell death mechanism, we conducted immunostaining for cleaved caspase-3 and nuclear AIF at P18. Only occasional photoreceptor cells in the ONL of P23H-3 were positive for either cleaved caspase-3 or AIF at P18 (Figures 7A,B, respectively). Similarly, only occasional stained cells were detected in the SD retinae (not shown). These observations, combined with the flow cytometric JC-1 assay, suggest that classical caspase-mediated apoptosis (either extrinsic or intrinsic) or caspase-independent apoptosis via AIF translocation to the nucleus are not major contributors to photoreceptor death in the P23H-3 retina. Consistent with this, expression and activation of proteins associated with apoptosis were poorly detectable (BCL-2, XIAP, MCL1, BIM, TP53, cleaved CASP3) or did not show significant changes (IGFR1, BCL-XL, BAX, CASP3) in retinal extracts by RPPA analysis (Table 1).
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FIGURE 7. Activated caspase-3 and AIF staining in P23H-3 retinae at P18. Confocal images of P18 retinal sections labeled with anti-cleaved caspase-3 (A, green) and AIF (B, green), showing only occasional cells were labeled. AIF is clearly detectable in the numerous mitochondria in the photoreceptor inner segments and also in the retinal pigmented epithelium and outer plexiform layer. Each of the labeled cells is shown at higher magnification in the three insets showing fluorescence due to DAPI (blue), the antibody (green) and the merged image. Abbreviations: ONL, outer nuclear layer; INL, inner nuclear layer. Scale bar = 20 μm (A,B); 2 μm (insets).




Evidence for Increased Autophagy During Photoreceptor Cell Death in P23H-3 Retina

The PCR array data indicated moderate increases in autophagy-related proteins in P23H-3 retinae at both P14 and P18. The involvement of autophagy in photoreceptor death was examined by immunofluorescence of BECN1 and ATG5. The staining for BECN1 (compare Figures 8A,B) and ATG5 (compare Figures 8C,D) were relatively diffuse in the SD inner segments but appeared brighter and more distinct in the inner segments of the P23H-3 photoreceptors and the OPL. As translocation of BECN1 to mitochondria is associated with autophagosome formation and mitophagy (Gelmetti et al., 2017), we co-labeled sections with cytochrome oxidase (CO) and found increased association of BECN1 with mitochondrial CO in the proximal region of the inner segments (insets Figures 8A,B). Similar results were obtained when ATG5 was co-localized with MitoTracker (inset Figure 8D). The increased association of BECN1 and ATG5 with mitochondria suggests increased mitophagy in the inner segments of the P23H-3 retina. Consistent with this, there appeared to be moderately increased phagosome formation as detected by immunofluorescence with an antibody to LC3B (Figures 8E,F insets).
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FIGURE 8. Autophagy markers (BECN1, ATG5, LC3B) in P23H-3 retinae at P18. Confocal images of P18 retinal sections labeled with BECN1 (A,B, green) and cytochrome oxidase (MTCO1; insets A,B, red), ATG5 (C,D, green) and MitoTracker (inset, D) and LC3B (E,F, green) in wild-type SD (A,C,E) and P23H-3 (B,D,F) retinae. Staining for BECN1 (B) and ATG5 (D) appeared to be mildly increased and more distinct in the P23H-3 retina. The yellow colored co-labeling with cytochrome oxidase (insets A,B, red) or MitoTracker (inset, D, red) indicates increased association of BECN1 and ATG5 with mitochondria in P23H inner segments. Labeling of phagosomes (arrowheads) in the inner segments with LC3B appeared to be increased in the P23H-3 (F) compared to SD retina (E). All sections were counter-stained with DAPI (blue) to label cell nuclei. Abbreviations: GCL, ganglion cell layer; INL: inner nuclear layer; IPL, inner plexiform layer; IS/OS, inner/outer segments; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar: (A–F), 20 μm; insets, 10 μm.




Widespread Necroptosis Is a Major Contributor to P23H-3 Photoreceptor Cell Death

From P14 to P18, the most dramatic changes in gene expression occurred in genes associated with necrosis (Figure 5) and combined with the altered activation of AKT, shown by RPPA, suggesting the induction of necroptosis. To investigate the possibility of programmed necrosis (necroptosis) being involved in photoreceptor cell death, we examined the localization of the kinase, RIPK3, and the phosphorylated form of its target, MLKL. While there appeared to be no difference in the expression of RIPK3 in the inner segments of P23H-3 retinae (Figure 9B) compared to the SD control retinae (Figure 9A), expression of phospho-MLKL was markedly increased in the inner and outer segments of the P23H-3 retinae (Figure 9D) compared to wild-type SD retinae (Figure 9C). These data suggest that at P18, when photoreceptors are actively dying, the necroptosis pathway is highly activated.
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FIGURE 9. RIPK3 and phospho-MLKL staining in P23H-3 retinae at P18. Confocal images of P18 retinal sections labeled with RIPK3 (A,B green) and phosphorylated (S345)-MLKL (C,D green) antibodies. No differences were noted in localization of the RIPK3 kinase in the wild-type SD (A) compared to P23H-3 (B) retina, with weak but specific staining observed in the inner segments of the photoreceptors (inset, B) as well as in the OPL, INL, IPL, and GCL. By contrast, there was a marked difference in the expression of phosphorylated MLKL, with dramatic induction in the outer segments of the P23H-3 retina (D), which was completely absent in the wild-type SD retina (C). The inset in panel (D), shows the distinct localization in the outer segments. Abbreviations: GCL, ganglion cell layer; INL: inner nuclear layer; IPL, inner plexiform layer; IS/OS, inner/outer segments; ONL, outer nuclear layer; OPL, outer plexiform layer; RPE, retinal pigmented epithelium. Scale bar = 20 μm.




DISCUSSION

The present study provides a detailed and comprehensive phenotypic analysis of retinal structure and function in the P23H-3 rat model of inherited retinal degeneration and highlights the complexity of mechanisms involved in photoreceptor death. Notably, mechanisms associated with necroptosis are particularly important for rod photoreceptor death.


P23H-3 Rats Show a Progressive Decline in Retinal Function From P30

In wild-type SD rats there was a clear developmental profile for rod ERG responses as reported previously (Fulton et al., 1995; Gibson et al., 2013; Nadal-Nicolas et al., 2018), with significant increases in amplitudes of a- and b-waves and OP from P18 to P30 with subsequent decreases in amplitudes at P60 and P90. A similar developmental pattern of ERG responses was seen for the cone b-wave response, which was significantly increased at P30 from P18 in SD normal rats, with a subsequent decline at P60. The functional increases from P18 to P30 likely reflect the postnatal development of the photoreceptors, including elongation of outer segments, increased expression of opsins (Fulton et al., 1995; Chrysostomou et al., 2009; Gibson et al., 2013) as well as continued functional and morphological modifications of synaptic connections of downstream circuits (Tian, 2004, 2008). By contrast, P23H-3 rats showed significantly attenuated amplitudes of rod photoreceptor (a-wave) and post-receptoral responses (b-wave and OP) as early as P30. At P60, the amplitude of the rod a-wave, b-wave and OP decreased by 60, 40, and 62%, respectively and are similar to the reductions in rod a-wave b-wave amplitudes reported previously (Machida et al., 2000; Chrysostomou et al., 2009; LaVail et al., 2018). However, the normal developmental functional overlay raises the question of whether these reductions in ERG components after P30 are due to impairment of the normal functional maturation of the retina and/or the underlying P23H-induced cell loss.

Comparison of the mean percentage loss of rod a-wave, b-wave and OP amplitudes from P30-P90 showed that while the percentage decline in the summed OP was significantly greater than the percentage decline in the a-wave, the rate of decline over the 3 months was similar to that of the declines in the a-wave, suggesting amacrine cell function declines in parallel with the rod photoreceptors. However, the percentage decline in the b-wave plateaued at P90, suggesting that Müller/bipolar cell function is somewhat preserved at this stage.

Our analysis of cone post-photoreceptoral responses indicated that P23H-3 animals had significantly lower cone b-wave amplitudes compared to SD controls at P30 and P60, while the cone, OP amplitudes remained relatively unaffected. This suggests that cone dysfunction occurs from an early stage of disease – earlier than has been previously reported (Machida et al., 2000; Chrysostomou et al., 2009). While previous studies showed significantly lower numbers of L/M-cones in P23H-1 homozygous albino rat retinae when compared to SD rats from P30 to P180 (Garcia-Ayuso et al., 2013), we did not find any significant differences in total cone numbers detected by PNA in the P23H-3 retina at P30 (Supplementary Figure S2G). Overall, these data suggest that in the P23H-3 strain, cone dysfunction, but not cone death, occurs from P30 or even earlier. However, it should be noted that the analyses in this study were conducted on albino P23H-3 rats and that the timing of retinal functional and morphological changes are different when this mutation is present on a pigmented strain background (Cuenca et al., 2014; Lowe et al., 2019). Indeed, it has been proposed that the lack of pigmentation possibly affects cone function more than rod function over time (Cuenca et al., 2014).



Structural Changes and Patterns of Cell Loss Follow Functional Losses

While fundus imaging in these albino rats failed to reveal overt characteristics of RP (due to lack of pigmentation), both OCT and histological analyses demonstrated significant, progressive thinning of ONL in P23H-3 rats from P60 onward, reaching 22% reduction at P90. These observations are consistent with previous studies indicating similar progression of retinal thinning, with 15% loss of photoreceptors by P30, 50% by P203 (Machida et al., 2000) and 68% by P230 (Chrysostomou et al., 2009). While our OCT measurements did not show significant changes in the photoreceptor inner/outer segments, histological studies have detected shortened OS from P30 to P203 (Machida et al., 2000), suggesting that OCT resolution may not be sufficient to detect subtle structural changes in rat eyes.

Our TUNEL assays show prolific photoreceptor cell death by P18 that gradually subsides from P30 to P90. Consistent with previous studies, these results suggest that retinal degeneration is biphasic, with a rapid initial phase, with a peak occurring at approximately P17-P20 (Lee et al., 2003; Yu et al., 2004; Kaur et al., 2011; Zhu et al., 2013), followed by a slower phase up to P60. In particular, the early phase of photoreceptor degeneration overlaps with naturally occurring morphogenetic death of photoreceptors during retinal maturation and is a critical period when photoreceptors are susceptible to oxygen levels (Maslim et al., 1997). As a result, cells may be even more susceptible to stress-induced damage by Rho mutations during this period (Lee et al., 2003).

Quantification of ONL thickness across retinal eccentricity indicated that by P60 there was significantly greater loss of ONL cells in the central and mid-peripheral regions. Consistent with this, TUNEL analyses showed greater numbers of TUNEL+ cells in these regions at P30. This is consistent with a recent study reporting higher rate of retinal degeneration in the superior than inferior hemisphere of P23-3 strains from P90 onward and that the loss of photoreceptors proceeds in a central-peripheral gradient (LaVail et al., 2018). By contrast Machida et al. (2000), using resin-embedded sections, found no significant differences in ONL cell counts in superior and inferior hemispheres of P23H-3 retinae from 4 to 29 weeks of age (Machida et al., 2000). While the reasons for this discrepancy in the P23H-3 rat retina are not clear, in human patients with P23H mutations, degeneration usually initiates in the mid peripheral retina and progresses gradually to the macula and more peripheral regions, with loss of rod photoreceptors in the far periphery occurring at relatively advanced stages (Heckenlively et al., 1991; Stone et al., 1991).



Multiple Death Pathways Are Modulated During Photoreceptor Death

While early studies, based on TUNEL assays, suggested photoreceptor cell death was via an apoptotic mechanism (Chang et al., 1993), TUNEL also labels DNA fragments generated by non-apoptotic mechanisms of cell death, such as necrosis (Grasl-Kraupp et al., 1995). Subsequently, various different mechanisms of cell death have been proposed to mediate photoreceptor cell death in the degenerating retinae of various animal models for RP. These include intrinsic and stress-induced, caspase-dependent apoptosis (Jomary et al., 2001), as well as activation of calpains and AIF-dependent photoreceptor cell death, also known as “parthenatos” (Paquet-Durand et al., 2010; Kaur et al., 2011; Comitato et al., 2016). It has been shown that the mutant P23H protein undergoes abnormal folding and its accumulation leads to ER stress and the UPR (Lin et al., 2007). Components of the three UPR response pathways are elevated at P15 (Kroeger et al., 2012), P30 (Lin et al., 2007; Gorbatyuk et al., 2010), and at P60 (Kroeger et al., 2012), correlating with the onset of receptor death, functional loss and structural decrements, respectively. While short term activation of UPR facilitates degradation of accumulated unfolded proteins via the proteasome or by autophagy, prolonged UPR can lead to activation of apoptosis or, as more recent evidence suggests, necroptosis (Iurlaro and Munoz-Pinedo, 2016; Wang et al., 2018). Thus, UPR can be an early protective response or, if sustained, a mechanism that contributes to photoreceptor death.

To gain further insight into molecular pathways downstream of this UPR that potentially mediate P23H-RHO related photoreceptor death, we used quantitative RT-PCR arrays, focused on genes that are involved in major cell death pathways (apoptosis, autophagy, and necrosis), to survey expression changes at P14 and P18. Pathway analysis of the expression data indicated that while both autophagy and necroptosis are activated at both P14 and P18, activation of the intrinsic apoptotic pathway was predicted to occur only at P18.



Photoreceptor Death Does Not Involve Apoptosis or Parthenatos

Overall, the mildly dysregulated expression changes at P14 are suggestive of mechanisms that suppress apoptosis, but promote cell survival, autophagy and necroptotic pathways. For example, Tnfrsf11b, a TNF superfamily receptor involved in bone regulation, has been detected in vitreous, retina and RPE (Ehlken et al., 2015) and can inhibit apoptosis mediated via the P38 MAPK stress pathway (Holen et al., 2005). Similarly, Mcl1 is a member of the Bcl2 family of anti-apoptotic proteins and the longest form of its three alternatively spliced variants enhances cell survival (Morciano et al., 2016). Finally, Igfr1, is commonly considered as anti-apoptotic and through its binding of insulin and IGF1 can potentially rescue retinal neurons from cell death by activating PI3K/AKT/mTOR cell survival pathway (Seigel et al., 2000; Barber et al., 2001; Punzo et al., 2009), which in turn can modulate autophagy and necroptosis.

Similarly, the expression patterns of apoptotic pathway genes at P18 suggest contrasting regulatory effects on pathway activity. The dysregulation of some genes (e.g., Bcl2l11, Fas, Casp6, Gadd45a, Mcl1, Nol3, Tnfrsf10b, Xiap) potentially inhibit apoptosis whereas dysregulation of others (e.g., Birc3, Bcl2a1, Casp2, Casp9, Dffa, Gadd45a) potentially promote apoptosis. In addition, the dysregulation of other apoptotic genes is suggestive of links to necroptosis (via CASP2 interaction with RIPK1 complexes) and to autophagy (via MCL1 phosphorylation by GSK3beta/BECN1) (Bouchier-Hayes and Green, 2012).

Consistent with these expression findings of variable activation of intrinsic apoptosis, our JC-1 dye in flow cytometry assays of mitochondrial permeability at P14 and P18, demonstrated very little evidence for changes in mitochondrial permeability at P14 and P18 in live cells collected from P23H-3 retinae. It is unclear if the significant changes in mitochondrial permeability in small dead cells reflects a greater susceptibility of P23H-3 retinal cells to undergo apoptotic cell death due to the dissociation procedure, or if more dead cells are present in these retinae than the wild-type at the time of collection. However, consistent with these mitochondrial permeability data, immunolabelling for cleaved caspase-3 as a marker for intrinsic/extrinsic apoptosis and nuclear AIF for non-caspase mediated parthenatos showed only sparse reactivity in the ONL of P23H-3 retinae at P18. Similar findings of negligible caspase-3 activity have been reported in the P23H-1 strain at P15 (Kaur et al., 2011; Arango-Gonzalez et al., 2014). Nor is there evidence for caspase-9 activity, cytochrome-C leakage or abundant nuclear translocation of cleaved AIF in P23H-1 rats (Kaur et al., 2011; Sizova et al., 2014). Overall, these studies indicate that cell death mechanisms, acting via altered mitochondrial permeability via either caspase-dependent or caspase-independent parthenatos pathways, are not major contributors to cell death induced by P23H RHO.



Increased Autophagy During Photoreceptor Death in P23H-3 Retina

The upregulation of several genes associated with autophagy (App, Htt, Sqstm1, and Tp53) at P14 can be interpreted as both cytoprotective and potentially increasing autophagy. For instance, while pathological processing of amyloid precursor protein (APP) to amyloid β in Alzheimer’s disease has been implicated in disrupting autophagy via the BECN1 complex (Salminen et al., 2013), the normal non-amyloidogenic processing of APP has been associated with neuroprotection in the retina (Cimdins et al., 2019).

Similarly, at P18 there is marked dysregulation of genes that are core components of the autophagy machinery (Atg16l1, Atg3, Atg5, and Becn1) (Suzuki et al., 2017) and also Sqstm1, which is a key mediator in marking and directing cellular components to the autophagy machinery (Lamark et al., 2017). These data are consistent with a previous study showing dynamic expression profiles of autophagy-related genes in P23H-3 retinae at P21 (Sizova et al., 2014). Moreover, autophagy and lysosomal proteins have been shown to colocalize with mutant P23H protein (Kaushal, 2006). In our experiments, ATG5 and BECN1 showed increased co-localization with mitochondria in the inner segments of the mutant photoreceptors, suggesting that there is increased mitophagy. Indeed, localization of BECN 1 at mitochondrial membranes has been shown to promote tethering of ER and mitochondria to initiate autophagosome formation (Gelmetti et al., 2017).

Overall, the upregulation of these autophagy-promoting genes is consistent with the notion that ER stress, induced by accumulating misfolded P23H rhodopsin protein, induces an autophagic response in mice carrying the P23H mutation (Song et al., 2018; Yao et al., 2018). However, somewhat surprisingly inhibition of autophagy increases photoreceptor survival, whereas increasing autophagy promotes retinal degeneration, suggesting that autophagy actually contributes to PR cell death (Yao et al., 2018). Thus, while autophagy may help to clear ER-resident misfolded proteins, it likely comes at the cost of increased autophagy-mediated loss of the ER and mitochondria with consequent photoreceptor cell death.



Necroptosis Is a Major Contributor to Photoreceptor Death in P23H-3 Retina

Various genes that were up-regulated at P14 and P18 suggest that there was activation of necroptosis in the P23H-3 retina. The well-known tumor suppressor, p53 (TP53), has been associated with not only caspase-dependent and caspase-independent pathways of apoptosis, but also with non-apoptotic mechanisms of cell death, including programmed necrosis (necroptosis) (Nikoletopoulou et al., 2013; Ranjan and Iwakuma, 2016). The coincident up-regulated expression of Dpysl4, a direct target of P53 transcriptional activity and calpain cleavage activity (Kimura et al., 2011), suggests that, in the retina at P14, P53 may upregulate a calpain-mediated necrotic cell death pathway. Further evidence for upregulation of necrosis comes from the increased expression of genes that have been implicated in programmed necrotic cell death (Mag, Spata2, Hspbap1, and Atp6v1g2). In particular, upregulation of Spata2, which modulates TNFα signaling, can promote TNFα-mediated necroptosis and inhibit the apoptotic pathway (Schlicher et al., 2017). Indeed, inhibition of apoptosis is a common contributing trigger for induction of necroptosis (Morris et al., 2018). Similarly, at P18, dysregulation of Casp2 can potentially activate necroptosis via interaction with RIPK1 complexes (Bouchier-Hayes and Green, 2012).

It has been suggested previously that necroptotic-mediated signaling is an important driver of rod photoreceptor cell death in the P23H-3 model, whereas NLRP3 inflammasome activation is the mechanism for subsequent cone cell death Viringipurampeer et al., 2019. Viringipurampeer et al. (2019) demonstrated increased expression of RIPK3 in P23H-3 rats by western blot at P21, P45 and P120 and its co-localization with ID4 a rhodopsin marker. Moreover, long-term injections of a combination of inhibitors for RIPK1, PARP and calpain with an anti-oxidant/inflammatory inhibitor ameliorated ONL cell/outer segment loss and provided some protective effect on cone flicker amplitudes (Viringipurampeer et al., 2019). While our study did not demonstrate any detectable change in RIPK3 expression or localization in the P23H-3 photoreceptor outer segments, we did demonstrate dramatically increased localization in the outer segments of phosphorylated MLKL, which is the substrate for the active RIPK1/RIPK3 complex and, in its phosphorylated form, a key effector of necroptosis (Shan et al., 2018).



CONCLUSION

In conclusion, we have shown that in P23H-3 rats various cell death pathways are modulated from P14 to P18, with distinct activation of autophagy and necroptosis but limited activation of caspase-dependent or caspase-independent (parthenatos) pathways. The induction of MLKL phosphorylation at P18 provides definitive evidence for large-scale activation of necroptosis as the principal cause of photoreceptor death in the P23H-3 retina. This cell death manifests as a functional decline in rod photoreceptor, bipolar and amacrine cell responses from P30 and morphologically as ONL cell losses from P60, which progresses from central to peripheral regions of the retina. In addition, we have documented an earlier onset of cone photoreceptor functional decline from P30 than described previously. Together with other studies, these data suggest that retinal degenerations may activate multiple cell death pathways (Lohr et al., 2006; Comitato et al., 2016; Viringipurampeer et al., 2016, 2019) and that therapies aimed at ameliorating photoreceptor death may need to target multiple cell death pathways as well as potential sequelae, such as inflammation, gliosis and microglial activation that can contribute subsequently to photoreceptor degeneration.
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The degeneration of light-detecting rod and cone photoreceptors in the human retina leads to severe visual impairment and ultimately legal blindness in millions of people worldwide. Multiple therapeutic options at different stages of degeneration are being explored but the majority of ongoing clinical trials involve adeno-associated viral (AAV) vector-based gene supplementation strategies for select forms of inherited retinal disease. Over 300 genes are associated with inherited retinal degenerations and only a small proportion of these will be suitable for gene replacement therapy. However, while the origins of disease may vary, there are considerable similarities in the physiological changes that occur in the retina. When early therapeutic intervention is not possible and patients suffer loss of photoreceptor cells but maintain remaining layers of cells in the neural retina, there is an opportunity for a universal gene therapy approach that can be applied regardless of the genetic origin of disease. Optogenetic therapy offers such a strategy by aiming to restore vision though the provision of light-sensitive molecules to surviving cell types of the retina that enable light perception through the residual neurons. Here we review the recent progress in attempts to restore visual function to the degenerate retina using optogenetic therapy. We focus on multiple pre-clinical models used in optogenetic strategies, discuss their strengths and limitations, and highlight considerations including vector and transgene designs that have advanced the field into two ongoing clinical trials.

Keywords: optogenetics, gene therapy, AAV, retinal degeneration, opsins


INTRODUCTION

Optogenetics is a method that allows optical control of neural circuitry by ectopic expression of light-sensitive tools in target cells (Deisseroth et al., 2006). It offers a unique opportunity to treat inherited retinal degenerations of varied genetic origins with a universal therapeutic strategy. In a degenerate retina that has lost the light-sensitive photoreceptor cells, optogenetic therapy is a promising approach that combines neurobiology and genetic engineering techniques to provide light-mediated control over the cell physiology in surviving retinal cells that are normally insensitive to light. In a pioneering study, adeno-associated viral (AAV) vector-based delivery of a transgene encoding light-sensitive protein, channelrhodopsin (ChR2), was shown to be targeted to surviving cells of the retina, whereby its ectopic expression in cellular membranes converted the cells into artificial photoreceptors (Bi et al., 2006; Sahel and Roska, 2013). However, this landmark study highlighted several important challenges that needed to be addressed before optogenetics could be considered for human studies. The light levels needed for activation of the ChR2 sensor were very high and not encountered under normal light conditions. Thus, stimulation via external artificial light source would be necessary for this strategy to work as human therapy, but such high radiation levels are potentially toxic to the retina. In addition, being a microbial opsin, questions regarding safety and immune responses if used in humans needed to be answered. The strategy was also shown to have limited expression of the transgene in in the inner retina of a murine model of retinal degeneration and questions were raised about its translational potential when used in larger animal models and indeed human retina.

In this review we consider the multiple areas of research that have enabled development of optogenetic strategies for the treatment of inherited retinal degeneration, including vector design, transgene and opsin selection across various models of disease. Combined, the work reviewed highlight the great progress achieved in the field to date, which has led to two ongoing clinical trials with further upcoming human trials trials likely in the near future.



INHERITED RETINAL DISEASE AND THE DEGENERATE RETINA

Inherited retinal degeneration can result from different mutations in more than 300 genes (RetNet: https://sph.uth.edu/retnet/) and is the leading cause of blindness in the working age population, affecting approximately 1 in 3,000 people world-wide (Sohocki et al., 2001). Clinical trials have shown encouraging success in recent years and have primarily focused on AAV vector gene supplementation strategies for particular forms of inherited retinal disease (Bainbridge et al., 2015; Russell et al., 2017; Xue et al., 2018; Cehajic-Kapetanovic et al., 2020b). However, such therapies are suitable for only a small subset of people suffering from inherited retinal disease. Many of the identified genetic causes have very low prevalence, which makes it unfeasible to develop gene-specific treatments for all forms and yet, regardless of the differences in genetic origin, the progression of disease occurs similarly in many patients. The process of retinal degeneration in the condition retinitis pigmentosa typically involves loss of rod photoreceptor cells followed by loss of cone photoreceptor cells with subsequent migration of retinal pigment epithelium into the inner retina (Figure 1). A healthy retina is highly structured and enables complex interactions between multiple cell types. When there is significant loss of photoreceptor cells, which form the outer retinal layer, cells of the inner retina continue to survive but over time can undergo remodeling. This refers to a change in the normal structure of the remaining retinal layers and includes synaptic rewiring, retraction of bipolar cell dendrites and changes to protein expression patterns and trafficking (Marc et al., 2003; Puthussery et al., 2009). Despite this, residual cells have been shown to maintain key molecular signatures and morphology, suggesting the surviving retina is a receptive environment for ectopic optogene expression (Jones et al., 2003).
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FIGURE 1. Schematic representation of the organized structure of a healthy retina (A). Light activation of opsins triggers photoreceptor hyperpolarization, which causes depolarization of ON-bipolar cells with cone OFF-bipolar cells in the same receptive field hyperpolarized. The ON-ganglion cells are subsequently activated and the OFF-ganglion cells inhibited (B). Degeneration begins by loss of rod photoreceptor cells and loss of outer segments on residual cone photoreceptor cells (C) followed by further cell loss and structural rearrangements in later stages of disease (D). S/M/L-cone = cone photoreceptor cells containing short, medium or long wavelength-sensitive opsins. Ip = intrinsically photosensitive ganglion cell.


The pattern of retinal degeneration is common across cases of retinitis pigmentosa regardless of the genetic origin and the strategy of optogenetic therapy therefore holds great potential as a universal treatment approach. It aims to target the surviving cell populations of the retina, which remain largely functional despite the structural changes that occur (Jones et al., 2016; Pfeiffer et al., 2020) and convert them to become light-sensitive through the provision of a light-sensitive opsin protein. The disease state of a given patient will determine the cell types that would most benefit from being targeted. For example, loss of rod photoreceptors occurs before cone photoreceptor cells, which can continue to survive for some time despite changes to their structure (Milam et al., 1998; Banin et al., 1999). In this scenario, encouraging light sensitivity in these residual cell types may prove beneficial. However, it may be the case that such cells are too few in number or too diseased to function following gene therapy and therefore the secondary layer of neurons, the bipolar cells, might prove a better target. In a healthy retina, the bipolar cells transfer the light signals received from photoreceptor cells to amacrine and retinal ganglion cells (Figure 1). Targeting these secondary neurons may therefore provide more opportunity for visual processing via the interconnected pathways than targeting the inner most cells of the retinal ganglion layer. Finally, in some instances of severe degeneration and retina remodeling, the retinal ganglion cells may be the desired cell targets. Hence there is justification for targeting different cell types of the degenerate retina for optogenetic therapy, which will be discussed further within this review.



RELEVANT MODELS FOR OPTOGENETIC THERAPY

Developing optogenetic therapies requires pre-clinical testing in relevant in vivo and ex vivo models of inherited retinal disease (Table 1). The selection of model when investigating optogenetic therapies is critical to understanding their translational potential and may impact the degree of therapeutic efficacy observed. The efficacy of a particular optogenetic sensor may thus depend on the level of expression achieved in the target cell, which in turn can depend on the study model used. For example, studies with AAV-based reporter vectors indicate that cellular transduction profiles can vary depending on the mouse model used (Charbel Issa et al., 2013; van Wyk et al., 2017). Specifically, there are differences in transduction profiles achieved in healthy, wild-type retinas compared to disease models (Kolstad et al., 2010) or those with compromised barriers (Vacca et al., 2013). In addition, the stages of the disease in humans are mimicked in various animal models, both naturally occurring and transgenic in origin, and whilst preliminary data are often achieved in rd1 mice for testing in eyes that reflect a late-stage degenerate retina, subsequent efficacy and long-term approaches may be better suited in a variety of models with different genetic origins and rates of disease. This would provide an indication on the potential and scope of optogenetic strategies, which are hoped to have universal application across patients with different causative mutations. The progression of retinal disease changes the global structure and function of the retina but at a cellular level, the genetic origin will impact the function of a given cell type. It may be that expanded testing across different mouse models, and indeed larger animal models, will confirm the promise of optogenetic strategies or provide evidence of preferred optogene selection for particular groups of patients. Current studies tend to be limited to testing in a single model when the scope of the field could be expanded by testing across multiple models. Different genes mean different mechanisms for disease and though the principle of optogenetics is to act as a universal approach, it needs to be confirmed that this is feasible.


TABLE 1. Summary of models that can be used in the pre-clinical assessment of optogenetic gene therapies.
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COMMONLY USED MURINE MODELS OF INHERITED RETINAL DEGENERATION

The most historic model of inherited retinal disease is the naturally occurring rd1 (Farber et al., 1994). Resulting from a mutation in the photoreceptor-specific gene Pde6b, this model is well characterized and displays a fast rate of degeneration in which most rod photoreceptor cells are lost by post-natal day 18 while the inner neural retinal structure is maintained with subsequent functional and morphological changes occurring over time (Strettoi et al., 2002). This rate of change is not equivalent to human disease, yet it is the most commonly used model for pre-clinical testing of optogenetic therapies. This is largely due to the fact that in a short time frame the mouse displays a retina lacking photoreceptor cells and that structurally reflects the later stages of human disease. The drawback of this rapid loss of photoreceptor cells is that it makes the rd1 model less appropriate for testing optogenetic strategies aiming to rescue function from residual cone photoreceptor cells. Whereas cone photoreceptor cells can survive for many years following the loss of rod photoreceptor cells in human presentations of inherited retinal disease (Milam et al., 1998; Banin et al., 1999) and are therefore a potential target of optogenetic therapy, testing such an approach in rd1 mice may be of limited use as they maintain only a single row of cone cells at 3 weeks of age. Although despite this, AAV targeting of residual cone photoreceptors with cone-specific promoters has been achieved with reporter EYFP expression observed in rd1 mice up to 8 months of age (Busskamp et al., 2010). While residual cone photoreceptors were observed to survive in the rd1 model, the opportunity for effective optogenetic intervention of cone photoreceptors may be greater in a slower model of degeneration. The health and function of cones in rd1 mice may be compromised due to the early absence of rods, slower models of retinal degeneration should suffer less from these issues and therefore better reflect the degenerative status of the neural retina in human patients.

The rd10 mouse offers an alternative slower model of retinal degeneration but also results from a mutation in Pde6b, although in this case it is a missense mutation that enables partial activity of Pde6b (Gargini et al., 2007). Though less commonly used than the rd1 model, optogenetic strategies have been tested in rd10 mice (Doroudchi et al., 2011; van Wyk et al., 2017). Whilst this model presents an early onset of retinal changes, the severity of disease is reduced compared to rd1 and the rate of progression slower, providing greater opportunity for optogenetic intervention and long-term assessment. Other models of retinal degeneration offer similar opportunities, such as the naturally occurring rd12, rd16 and the transgenic models Rho–/–, RhoP23H/+, and Cpfl1/Rho–/–. Consideration of the structural and functional features of retinal degeneration and the equivalent stage of human disease are important when assessing optogenetic therapy success. Another factor for consideration in pre-clinical testing in models of retinal degeneration is that one argument for use of optogenetic therapy is that the same vector may be applied to patients with various genetic origins of disease. To this end, initial testing may be best achieved in the rd1 model with subsequent assessments performed in slower models of disease. Presentation of efficacy across different models of retinal disease would provide the strongest evidence of optogenetic success. Table 1 includes various models used in optogenetic studies to date and other potential models that could be explored in future studies.



LARGE ANIMAL MODELS

While murine models are commonly used in pre-clinical testing, large animal models such as pigs, dogs and non-human primates, have become increasingly necessary to investigate the safety and efficacy of potential optogenetic therapies prior to use in human trials. There are several important differences in ocular anatomy and physiology that make larger animal models more advantageous (Figure 2). First, the ocular size in a larger model enables investigations of intraocular vector delivery and development of surgical delivery techniques that would not be possible in the much smaller murine eye. In addition, the dimensions of the canine and non-human primate eyes enable intravitreal vector delivery that would have a comparable dilution effect to the pediatric human eye. Importantly, larger animals and specifically the primate retina has a thicker inner limiting membrane, a physical barrier separating the vitreous from the neural retina. In addition, canine and primate immune responses are likely to differ from murine models. These critical inter-species differences need to be taken into consideration when developing optogenetic vectors with ability to penetrate retinal cells from the vitreous.
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FIGURE 2. Schematic presentation highlighting key structural differences in the mouse and primate eye to be taken into account when selecting the surgical delivery method.


In contrast to non-human primates, there are naturally occurring canine models of retinal degeneration, where progressive retinal atrophy secondary to mutations in, for example, RPE65, XLPRA1 or PDE6β genes, displays great phenotypic similarities with equivalent retinal degeneration in humans (Beltran, 2009). On the other hand, the macula is only present in primates and has different cellular composition and anatomical arrangement, especially at the cone rich fovea where retinal ganglion cells and bipolar cells are displaced laterally. Canines nevertheless possess “area centralis” a central region of the retina with an increased density of cone photoreceptors. These important differences need to be considered when developing treatments for retinal degenerations that involve the macula, both in terms of cellular transduction profiles and functional assessments of ectopically expressed optogenetic molecules.

Several pre-clinical optogenetic studies have used canine and non-human primate models to assess the safety and expression profile of optogenetic vectors (Ivanova et al., 2010; Sengupta et al., 2016; Ameline et al., 2017) as well as the function and characteristics of optogenetic tools in terms of their ability to restore vision (Chaffiol et al., 2017; McGregor et al., 2020). Compared to murine models, limited in vivo (Ivanova et al., 2010; Chaffiol et al., 2017; McGregor et al., 2020) and ex-vivo (Sengupta et al., 2016) transduction of retinal ganglion cells was demonstrated in marmoset and macaque retinae, respectively, following delivery of AAV encoding microbial opsin-based sensors, with intra-ocular inflammatory responses observed in treated eyes (Chaffiol et al., 2017). In addition, despite long-term expression, similar findings of limited expression were observed in a canine model following treatment with a microbial and a human opsin (Ameline et al., 2017). Even the “state-of-the art” AAV vectors evolved for improved transduction in murine models (as will be discussed later in the review), demonstrate expression that is limited to a central para-foveal ring of retinal ganglion cells in a macaque retina following intraocular application (Dalkara et al., 2013). These results thus highlight the importance of testing optogenetic systems in primate models with outcomes most likely to mimic those of human subjects. However, these primate retinae are wild-type healthy retinae and not affected by retinal degeneration and remodeling that are likely to influence type of cell transduced and level of transgene expression within the cell. Additionally, healthy non-human primate retinae with a full set of photoreceptors make any functional electrophysiological or behavioral assessments of optogenetic therapies very challenging, although in vitro electrophysiology evaluation is achievable following pharmacological blockade of native photoreception (Chaffiol et al., 2017).



HUMAN-DERIVED RETINAL ORGANOIDS

Use of model organisms serve several purposes and the benefits of in vivo testing are many, particularly in the field of optogenetics where assessment of visual function and processing can be achieved. However, it is important to consider the benefits of other models in pre-clinical testing. In recent years, protocols for generating retinal organoids from human iPSCs have been developed, which enable formation of cultured structures derived from human cells that reflect the cell types and organization of a neural retina (Zhong et al., 2014; Reichman et al., 2017; Quinn et al., 2018). These retinal organoids provide an incredibly useful tool not only for optogenetic therapy pre-clinical testing but also in general for the field of retinal gene therapy. As described above, not all animal models replicate effectively human disease states therefore testing of gene therapy vectors can be challenging. For example, the Rp2–/– mouse model poorly replicates human retinal disease caused by absence of RP2 function. Generation of retinal organoids from patient-derived samples was recently described and these proved a useful in vitro model for assessing RP2 gene therapy rescue (Lane et al., 2020). For optogenetic strategies, retinal organoids also provide an interesting model for pre-clinical testing. Whilst they do not perfectly replicate the neural retina, distinctive layers of different cell types have been shown across different research groups using similar protocols (Zhong et al., 2014; Reichman et al., 2017; Quinn et al., 2018; Chichagova et al., 2019). A consistent feature across all protocols appears to be a lack of photoreceptor outer segment structures, but this does not pose a problem for testing of optogenetic vectors as indeed it mimics the absence of such structures in retinitis pigmentosa.

The initial challenge of testing any gene therapy strategy is to achieve transduction of the desired cell types. Vector tropisms and photoreceptor-specific promoters have been tested in retinal organoids (Gonzalez-Cordero et al., 2017; Garita-Hernandez et al., 2020). Current data suggest a large number of AAV capsid serotypes offer relatively poor transduction efficiencies (2–20%), including AAV2, ShH10, AAV5, AAV8, AAV8 Y733F, and AAV9 with the most encouraging variant appearing to be AAV2(7m8), achieving up to 60% transduction efficiency (Gonzalez-Cordero et al., 2017; Khabou et al., 2018; Garita-Hernandez et al., 2020). Differentiation of retinal organoids is a long process and can take up to 140 days with vector application possible during early stages of the differentiation process (Garita-Hernandez et al., 2020) or at the later stages of differentiation (Lane et al., 2020). The extensive protocols and long experimental time frames required for retinal organoid differentiation and the subsequent transduction reflect the inhibitory aspects of using these for pre-clinical testing, but the benefits of testing in human-derived samples may outweigh such issues.

A successful optogenetic strategy will depend on achieving opsin localization in the membrane of the targeted cell type whilst avoiding build-up inside the cell. It has been indicated that while delivery and expression of a variety of different microbial opsins can be achieved in retinal organoids, not all localized well to the membrane with endoplasmic reticulum accumulation and unfolded protein responses mechanisms observed (Garita-Hernandez et al., 2020). For the opsin variants that trafficked well to the membrane of targeted photoreceptor cells, functional activation was achieved. In addition, any mutagenic changes within protein structures aimed to improve functional properties of optogenetic molecules (e.g., making them more light sensitive) may have deleterious effect on protein trafficking and expression within cell membrane. In general, human cone opsin mutations can lead to accumulation within the cells and an absence of functional response (McClements et al., 2013) and rhodopsin mutations may impair folding and trafficking and lead to cell death (Athanasiou et al., 2017). While pre-clinical testing of optogenetic strategies in retinal organoids is still a relatively new technique, the data achieved so far indicate it offers an exciting addition to the development and assessment of such therapies.



HUMAN RETINAL EXPLANTS

A final model for consideration when conducting pre-clinical testing involves the use of human retinal explants. These can be obtained and cultured post-mortem (van Wyk et al., 2017; Khabou et al., 2018) or following an emergency retinectomy (De Silva et al., 2016) and may be derived from human or non-human primates (Hickey et al., 2017). Whilst useful as a screening tool to observe successful transduction of human cells, the health of such explants can be problematic and maintaining survival in culture long enough to observe successful transduction can be an issue. Additionally, the cell types that can be transduced in human retinal explants appear to be limited with no detectable expression observed in ON-bipolar cells, most likely due to downregulation of bipolar cell specific gene expression in the explant system (van Wyk et al., 2017). With human retinal explants unlikely to provide any quantitative or functional outputs following gene therapy treatment, retinal organoids may provide a more appropriate model for in vitro testing of optogenetic vectors.



CELL-SPECIFIC TARGETING IN THE DEGENERATE RETINA


Vector Considerations

While optogenetic strategies are not intended to be restricted by the original genetic cause of degeneration, the stage of disease will influence the type of suitable vector and hence key features of vector design. To be successful, optogenetic therapy requires expression of a light-sensitive opsin molecule in the membranes of the surviving cells of the retina and achieving this relies on efficient delivery and expression of an optogenetic transgene to target cells. AAV vectors have been the primary vector of choice over the past decade and several AAV vectors have now been used in numerous clinical trials for a wide variety of retinal diseases (Bainbridge et al., 2015; Russell et al., 2017; Xue et al., 2018; Cehajic-Kapetanovic et al., 2020b), the majority being single gene diseases. Indeed, the first approved human AAV gene therapy (Luxturna) is for the treatment of an inherited retinal disease, Leber congenital amaurosis. While systemic delivery of AAV vectors has proved more challenging and recently resulted in the tragic deaths of trial participants (Wilson and Flotte, 2020), their use in the eye has been shown to cause minimal adverse events in clinical trials (Nuzbrokh et al., 2020). While lentiviral vectors can struggle to achieve good transduction efficiency and with transgene expression typically only observed around the site of injection (Balaggan and Ali, 2012; Puppo et al., 2014), AAV delivery can achieve transduction patterns exceeding the area of the bleb (Boye et al., 2016; Yiu et al., 2020). AAV vectors also offer flexibility on the delivery route used, namely intravitreal or subretinal (Figures 2, 3).
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FIGURE 3. Optogenetic strategies have used subretinal or intravitreal injection to deliver various AAV vectors for expression of different opsins.


Currently, the main limitations of AAV vector use for treating inherited retinal disease appear to be their packaging capacity and ability to favor transduction of particular cell types. For optogenetic transgenes, the packaging capacity is not likely to be an issue as opsin coding sequences are relatively small compared to genes used in gene supplementation strategies, such as RPGR (Fischer et al., 2017). However, AAV vectors for optogenetic strategies have benefited in recent years from development of engineered capsid variants. While unnecessary for current clinical trials targeting photoreceptors or cells of the retinal pigment epithelium, for which AAV8 and AAV2 variants have proven effective (Xue et al., 2018; Cehajic-Kapetanovic et al., 2020b), the requirement of optogenetic therapies to target residual cone photoreceptors, inner retinal layers and the outer ganglion cell layer has required investigation of new capsid variants. As previously discussed, cone photoreceptor cells can survive for many years after the loss of the rod photoreceptor cells and despite the loss of outer segments, and therefore light sensitivity (Milam et al., 1998; Banin et al., 1999), they are nevertheless considered an optogenetic target. Historically, efficient transduction in cones has proven difficult relative to rod photoreceptors (Mussolino et al., 2011; Boye et al., 2012) but recent studies with new capsid variants have increased potency (Khabou et al., 2018). Successful reporter transgene expression was shown in the cone photoreceptors of rd10 mice as well as retinal organoids, human post-mortem explants and in non-human primates (Khabou et al., 2018). However, despite the improvements in cone photoreceptor targeting abilities for pre-clinical testing, these cell types will not be appropriate targets for all cases of late stage retinitis pigmentosa. Although the cones may survive, targeting a cell of compromised health and structure may not provide the best long-term option and indeed in some patients, they may not maintain enough surviving cones for optogenetic therapy of these cells to be worthwhile. Delivery of optogenetic transgenes to residual cone photoreceptors in rd1 mice enabled restoration of visual function (Busskamp et al., 2010) and while this is encouraging, it should be considered that the pattern of cone density in mice is different to humans. In humans, cone photoreceptors are enriched in the macula region and reduce in density outwardly from this point, therefore targeting such cells will make use only of a small central region of the retina.

Optogenetic strategies that target the inner layer of the retina or ganglion cell layer have potential to enable a broader area of induced photosensitivity. Achieving efficient transduction of the inner retinal layers has largely relied on engineered and novel AAV capsid serotypes as opposed to wild type forms that have struggled to transduce the inner retina (Charbel Issa et al., 2013). Increased tropism and transduction success of the retinal layers has been achieved by mutation of multiple surface tyrosine (Y) residues to phenylalanine (F). While single residue Y to F changes do not effectively enable inner retinal targeting (De Silva et al., 2016), multiple residue mutations in AAV2(2–4YF) have shown more success in both in wild type mice (Petrs-Silva et al., 2011) and mice with retinal degeneration (Gaub et al., 2015). Furthermore, a directed evolution approach has created the AAV2(7m8) variant featuring a seven amino acid insertion in capsid protein VP1 (Dalkara et al., 2013). The AAV2(4YF) and AAV2(7m8) variants provided similar transduction profiles when directly compared following subretinal and intravitreal injection in the rd1 mouse and included transduction of the inner retina (Hickey et al., 2017). However, expression in bipolar cells was not robust, indicating that while successful, further improvements in transduction may be required.

A particularly promising AAV capsid option for optogenetic approaches targeting the inner retina is the AAV8(BP2) variant. This was created by directed selection of a library of AAV8 capsid mutants focused on a variable region of nine amino acids, considered important for receptor attachment and transduction (Cronin et al., 2014). This AAV8(BP2) capsid provided good transduction of ON-bipolar cells, including limited expression in non-diseased human retinal explants with a strong pan-neuronal CMV promoter. This was the first demonstration of robust bipolar cell transduction from an AAV vector but transduction in a wild type mouse does not necessarily translate to degenerate retina or indeed non-human primate and human retina. Further confirmation of human bipolar cell transduction was provided in a later study using human retinal explants that also showed targeting of cone ON-bipolar cells by a reporter AAV8(BP2) vector (van Wyk et al., 2017). This study showed comparable human bipolar cell expression patterns were achieved from both AAV8(BP2) and AAV2(7m8) vectors and also performed similarly in the degenerate 11-week-old rd10 mice. Such developments in capsids have advanced the potential of optogenetic strategies by enabling transduction in bipolar cells.

Transduction of the innermost layer of the retina, the retinal ganglion cells has been readily achieved in mouse models following intravitreal injection (Yin et al., 2011; Smith and Chauhan, 2018). Wild type AAV capsid transduction appears limited to the retinal ganglion cells unless applying an additional adjunctive (Cehajic-Kapetanovic et al., 2011, 2018) whereas modified AAV capsids penetrate further following intravitreal injection into the inner retina (Kay et al., 2013; Hickey et al., 2017; van Wyk et al., 2017).



Transgene Considerations

While the first hurdle in any gene therapy strategy is getting the AAV to enter the desired cell type, transgene design can influence the success of subsequent expression. In addition to being difficult to target with AAV, cone photoreceptor cells have also proved difficult in the development of efficient cell-specific promoters (Li et al., 2008) but the development of a 1.7kb version of the human red/green cone opsin promoter, known as PR1.7, was shown to achieve robust and selective expression in cone photoreceptor cells (Ye et al., 2016; Khabou et al., 2018). Utilizing the AAV2(7m8) capsid and an intravitreal injection route, the latter research group found the PR1.7 promoter to be more specific than the mouse cone arrestin (mCAR) promoter, which resulted in expression in both rod and cone photoreceptor cells. Cell-specific promoters are often considered to pose a risk in gene therapy strategies in case of changes in gene expression profiles in degenerating cells. This may be particularly concerning for optogenetic strategies targeting residual cone photoreceptor cells, which have a changing profile of expression, function and morphology over time (Hassall et al., 2020). Despite these concerns, successful expression from the PR1.7 promoter was observed 2 months post-injection in rd10 mice though how this might translate to humans should be approached with caution.

Following loss of photoreceptors in the degenerating retina, the secondary neurons of the retina, the horizontal and the bipolar cells are considered as the next best option for optogenetic approaches. Transducing the distal retinal circuitry has greater chance of preserving upstream retinal processing, and the ON-bipolar cell-specific expression is thought to be particularly important in achieving this. In a normal retina, the bipolar cells transfer the light signals received from photoreceptor cells to amacrine and retinal ganglion cells (Figure 1). Morphological comparisons have determined there to be just one rod-bipolar cell type but multiple cone-bipolar cell types (Wässle et al., 2009) and these fall into two broad functional categories of ON (rod and cone) and OFF (cone only) (Nelson and Connaughton, 2007). The ON-bipolar cells are depolarized by light-stimulated photoreceptor cells whilst OFF-bipolar cells are hyperpolarized in the same receptive field. Selective expression of opsins in ON-bipolar cells is considered important to avoid interfering with the complex interconnected signaling pathways of the remaining neural retina. Making both ON- and OFF-bipolar cells respond to light in the same way could result in ambiguous signals, although cortical plasticity could play a role in filtering out the noise, as seen with subretinal implants (Cehajic-Kapetanovic et al., 2020a). A combination of effective AAV transduction and promoter for selective expression of opsins in ON-bipolar cells are therefore highly desirable features of optogenetic therapies.

To date, 4xGrm6-SV40 is the most studied promoter for optogenetic strategies aiming to achieve opsin expression in ON-bipolar cells. The metabotropic glutamate receptor type 6 (mGluR6) receptor was found to be associated with ON-bipolar cell activity (Nakajima et al., 1993; Nomura et al., 1994). A critical 200bp enhancer region in the mouse Grm6 gene that encodes mGluR6 was subsequently paired with the SV40 promoter to achieve ON-bipolar cell specific expression of a reporter gene (Kim et al., 2008). This has since been used with success by other research groups in their optogenetic approaches (Lagali et al., 2008; Doroudchi et al., 2011; Cehajic-Kapetanovic et al., 2015; Macé et al., 2015). A comparison of multiple copies of the Grm6 enhancer identified that including four copies prior to the SV40 promoter improved reporter gene expression (Cronin et al., 2014). Whilst this promoter has been shown to primarily enable transgene expression in ON-bipolar cells, expression has been identified in other cell types (van Wyk et al., 2015, 2017). The expression profile of an optogenetic transgene with fluorescent reporter revealed predominant expression in amacrine cells and a lack of ON-bipolar cell targeting in rd1 mice. In wild type mice, amacrine cells were also the most targeted cell type when using the AAV2(7m8) yet when the AAV8(BP2) capsid was used, multiple cell types revealed reporter transgene expression, including ON-bipolar cells. Interestingly, a similar expression profile was then observed in rd10 mice yet not in rd1 mice, even when injected at earlier age. This highlights the consideration raised earlier regarding the need to use multiple models of retinal degeneration when assessing a given optogenetic therapy. Furthermore, the difference in expression profile from a given promoter varies between mouse models and is to an extent dependent on other vector selections, such as the capsid.

Use of an extended mGluR6 promoter containing additional intronic sequence enabled enhanced reporter gene expression in ON-bipolar cells in mice and non-human primates (Lu et al., 2016). However, this promoter variant is considerably longer than the commonly used variant and therefore potentially less desirable as this can be limiting to transgene design. Transgenes for AAV vectors cannot exceed the packaging capacity of AAV, which is typically ∼4.8 kb. The majority of opsin coding sequences are relatively small (∼2 kb) enabling room for a larger promoter. However, other transgene elements may be desirable to enhance expression, such as inclusion of a WPRE (Patrício et al., 2017) or fluorescent marker to create a fusion protein. Additional membrane trafficking signals may also be required (discussed later within opsin considerations). Therefore, the larger mGluR6 promoter may not prove to be a limiting factor in its future use in optogenetic transgenes but it will be dependent on other factors of transgene design that may prove critical for a given optogenetic strategy.

A mini-promoter named Ple155 (derived from the PCP2 gene) has also been shown to provide ON-bipolar cell expression in wild-type mice (De Leeuw et al., 2014) and was used to restore vision in a mouse model (Nyx–/–) of congenital stationary night blindness and non-degenerated retina (Scalabrino et al., 2015). Whilst the Nyx–/– mouse model is not of relevance to optogenetic strategies, NYX is a bipolar cell-specific gene and is therefore of interest in its use as an alternative ON-bipolar specific promoter. Interestingly, ON-bipolar cell specific expression was achieved only when using the Ple155 promoter in combination with an AAV2 (and not AAV8) vector and only in very young mice (at P2 and not at P30) with undifferentiated bipolar cells. It therefore remains to be seen whether the Ple155 promoter offers any advantage in ON-bipolar cell targeting over the 4xGrm6-SV40 in degenerate retina and whether ON-bipolar cell transduction can be achieved with either promoter in non-human primate or indeed in human retina.

Targeting of bipolar cells may be preferable in the earlier stages of retinal degeneration but in later stages of disease, these cells can become disordered and also degenerate (Pfeiffer et al., 2020). These changes include alterations in the neural connections made between cell types of the neural retina structure but also their morphology and general structural layout, Figure 1. Not all patients will present in clinics at the earlier stages of disease, therefore some optogenetic approaches aim to target the retinal ganglion cells, which remain most resistant to degeneration retaining their physiological properties and laminar location in the retina. In mouse models, this is achieved relatively easily with multiple AAV serotypes by intravitreal injection and gene expression can be restricted using the synapsin-1 promoter (Syn1) (Sengupta et al., 2016) or the neurofilament heavy polypeptide promoter (Nefh) (Hanlon et al., 2017). Given the preference for transduction of ganglion cells when using the intravitreal injection route, ubiquitous promoters have also been used with success (Bi et al., 2006; Bin Lin et al., 2008; Zhang et al., 2009; Liu et al., 2016). However, the risks of introducing light-sensitive responses to more than one cell type are currently unknown and may interfere with the interconnectivity of the complex neural circuits of the retina.



OPSINS FOR OPTOGENETIC THERAPY

The opsins used for optogenetic approaches include both microbial and vertebrate varieties (Figure 4). These have different characteristics and vary in many ways including their sensitivity to light, recovery rates and in the type of response they elicit (Simon et al., 2020). Opsins are transmembrane proteins that absorb light and in the case of vertebrate opsins, they are G-protein coupled receptors whose activation leads to cGMP-gated cation channels closing and a subsequent hyperpolarization of the photoreceptor cell (Figure 4). In contrast, microbial opsins are light-activated ion channels rather than G-protein coupled receptors that can cause depolarization or hyperpolarization depending on the nature of the ion channel. It is for this reason that the microbial opsins have proven popular for optogenetic strategies as they can directly influence the cell polarization in response to light without the need for other G-protein cascade elements. This may prove important in successfully converting cells that were not intended to be light sensitive.


[image: image]

FIGURE 4. In the human retina, light-sensitive opsins for vision are located in the photoreceptor cells on the membranes of specialized discs (A). Optogenetic strategies use multiple opsin variants of microbial and vertebrate origin that are sensitive to different peak wavelengths (B). Images created using BioRender.com.


Opsin selection requires consideration of various factors related to opsin function, including the conductance rate and ion selectivity. For example, microbial opsins exhibit differences in their conductance of cations or anions and in the rate of ion influx achieved upon light activation. Considerations of opsin kinetics are also important as the timing of a channel opening and closing to enable ion influx will influence the extent of a response. Opsins differ in the intensity of the light required to induce a response and the peak wavelength of light they respond to (Figure 4). The intensity of light necessary to induce stimulation is of particular safety importance as the retina can be damaged by certain light intensities and wavelengths (Youssef et al., 2011). Natural light provides a general exposure range of 10–4 to 105 lux and safety thresholds for humans have been defined (The European Parliament and the Council of the European Union, 2006; ICNIRP, 2013; van Norren and Vos, 2015) therefore an optogenetic therapy would need to be successful within these limits. The position of the opsin is also critical in order to be optimally exposed to the light source and in a great enough proportion to achieve an appropriate response without inducing membrane instability or overexpression. Finally, opsins can suffer desensitization, in which they become less responsive to light after repeated stimulation and therefore require recovery time prior to their next light-activation. This is also referred to as bleaching and opsins vary in the extent to which they suffer and recover from this process, for example, rhodopsin of the rod photoreceptors is particularly susceptible and suffers reduced phototransduction capacity following exposure to bright light (Pepperberg, 2003). These features are all important considerations and will be referred to throughout the following discussion of opsin candidates for optogenetic therapeutic approaches.



MICROBIAL OPSINS

The first microbial opsin identified for use as an optogenetic tool was channelrhodopsin-2 (ChR2) (Boyden et al., 2005), which causes entry of cations into the cell resulting in depolarization. It has been the most commonly used microbial opsin to date and is induced by blue light (470 nm). It was used in the first pre-clinical optogenetic strategy for rescuing visual function to the rd1 mouse (Bi et al., 2006) and a subsequent humanized version (containing an H143R mutation) fused to GFP has been stably expressed using the Grm6-SV40 promoter in rd1 mice following subretinal injection (Doroudchi et al., 2011) and intravitreal injection (Macé et al., 2015). In the latter approach, both ON and OFF visual responses were detected at 4–10 weeks post-injection, indicating its potential for optogenetic therapy.

An engineered variant of ChR2 carrying an L132C mutation was developed and named CatCh as it is a calcium translocating channelrhodopsin and has nearly six-fold enhanced Ca2+ permeability relative to ChR2, which improved its sensitivity to light and kinetics (Kleinlogel et al., 2011). An optogenetic transgene containing an EGFP fusion of this protein was expressed in ON-bipolar cells in rd1 mice and incurred light-induced ganglion cell responses 4 weeks post-injection (Cronin et al., 2014). A red-light activated depolarizing ChR (ReaChR) was generated with a peak spectral sensitivity of 590nm and this ReaChR included an N-terminal sequence to aid membrane trafficking (Lin et al., 2013). When expressed specifically in retinal ganglion cells using the SYN1 promoter following AAV2 intravitreal delivery in rd1 mice, visual and behavioral responses to light were observed at light intensities within safety thresholds (Sengupta et al., 2016). An algal-derived variant similar to ReaChR is ChrimsonR (Klapoetke et al., 2014). Comparisons of ReaChR and ChrimsonR localization and function in human retinal organoids revealed better trafficking of ReaChR to the cell membrane than ChrimsonR but both provided detectable responses to light stimulation (Garita-Hernandez et al., 2018). Despite the reduced trafficking efficiency, ChrimsonR did not accumulate excessively in the cell organelles or co-localize with markers of endoplasmic reticulum retention or the unfolded protein response.

Other microbial opsins being used for optogenetic strategies are light-activated hyperpolarizing chloride pumps, of which halorhodopsin (NpHR) was the first to be reported and is sensitive to yellow light (Zhang et al., 2007). Hyperpolarizing opsins are of particular interest in optogenetic strategies targeting surviving cone photoreceptor cells, which as described above, can continue to exist in a dormant state in the degenerate retina despite loss of cone-mediated light responses (Lin et al., 2009; Busskamp et al., 2010). NpHR has a peak wavelength sensitivity of 589 nm and light activation leads to hyperpolarization of the cell, mimicking the native response of a photoreceptor cell. However, this protein was found to accumulate and form unwanted aggregates when expressed at high levels (Gradinaru et al., 2007) so an enhanced version, eNpHR, was created (Gradinaru et al., 2008). The addition of an N-terminal signal peptide and a C-terminal endoplasmic reticulum export signal improved the membrane localization of this hyperpolarizing opsin. AAV delivery of eNpHR using photoreceptor-specific promoters achieved electrophysiological responses to light in rd1 mice equivalent to those in wild type mice (Busskamp et al., 2010). Further improvements to eNpHR were made by way of additional trafficking signals to provide variant eNpHR 3.0 (Gradinaru et al., 2010).

Despite the addition of these signals, testing in vitro did not reveal membrane localization, however, testing in human retinal organoids did achieve membrane localization and subsequent light responses (Garita-Hernandez et al., 2018). However, despite the addition of export and localization signals, these comparisons in human retinal organoids indicated the hyperpolarizing opsin Jaws showed better membrane localization relative to eNpHR 3.0. Jaws is an engineered chloride pump cruxhalorhodopsin that is red-shifted by 14 nm relative to the eNpHR variants and therefore has a peak sensitivity of 600 nm (Chuong et al., 2014). AAV delivery in rd1 mice of a Jaws transgene driven by the mCAR promoter achieved expression 4 weeks post-injection and achieved spike responses from isolated ON- and OFF-retinal ganglion cells following light stimulation at 600 nm (Chuong et al., 2014). It was also observed that responses could be achieved from 550 nm (green) and 470 nm (blue) wavelengths and that Jaws provided more retinal ganglion cell spiking than eNpHR over a broader light spectrum, which suggest Jaws may be more suitable for use in human optogenetic therapy.

The eNpHR 2.0 variant has been used in combination with a human rhodopsin promoter to achieve expression in rod photoreceptors of wild type mice, which were then harvested and the eNpHR 2.0-expressing rod photoreceptor cells subsequently isolated and injected into Cpfl1/Rho–/– female mice (Garita-Hernandez et al., 2019). Responses to 580 nm light were achieved as were spike recordings of ON- and OFF-retinal ganglion cells, indicating connections were made between the transplanted cells and the surviving secondary neurons of the host retina. Encouragingly, light intensities within the safe limits defined for the human eye successfully stimulated responses and light avoidance behavior in treated mice was also observed. This same study also induced Jaws expression from the mCAR promoter in human iPSC-derived cone photoreceptor cells, which were then injected into Cpfl1/Rho–/– and rd1 mice. Robust photocurrents were achieved, which peaked when stimulated with a wavelength of 575 nm. As for eNpHR stimulation, responses were achieved from light intensities below safety thresholds and both ON- and OFF-retinal ganglion cell responses were achieved. Jaws has also been shown to have good membrane localization in cone photoreceptor cells of non-human primates following delivery of an AAV9(7m8) vector with the PR1.7 promoter (Khabou et al., 2018). These studies highlight the potential for both eNpHR and, in particular, Jaws to be used in future human clinical trials for optogenetic stimulation of residual cone cells.



VERTEBRATE OPSINS

Despite the encouraging data from studies using microbial opsins use of a native human opsin may be more desirable as it poses less risk of immune reaction. Both human and mouse retinal cells produce five main opsin variants that respond to different wavelengths of light: rhodopsin, expressed by rod photoreceptor cells (RHO); short-wave cone opsin (SWC), medium-wave cone opsin (MWC), and long-wave cone opsin (LWC), expressed by cone photoreceptor cells; and finally, melanopsin (OPN4). This latter opsin is not essential for vision but instead is an important sensor for the circadian clock and is expressed by a sub-population of intrinsically photosensitive retinal ganglion cells (ipRGCs). One of the first optogenetic studies to use a native opsin for pre-clinical testing in rd1 mice boosted the melanopsin expression with rescue of basic visual functions (Bin Lin et al., 2008). Subsequently, human melanopsin expression in cells of the inner retina of rd1 mice has also been achieved (Bin Lin et al., 2008; Liu et al., 2016; De Silva et al., 2017). These studies reported greater light sensitivity compared to the microbial opsins with rescue of visual responses achieved up to 12 months post-injection (De Silva et al., 2017). A further study created a chimera of mouse melanopsin and the mGluR6 receptor, Opto-mGluR6, under the control of the Grm6-SV40 promoter in order to test the melanopsin kinetics in ON-bipolar cells in a transgenic mouse model (van Wyk et al., 2015). Encouragingly, transduction of only a small fraction of ON-bipolar cells (∼12%) using AAV2(4YF) vector delivery, was sufficient to induce light responses in retinal ganglion cells.

Success in restoring responses to light in the degenerate retina with human opsins have also been achieved with ectopic expression of native rod opsin, rhodopsin. Intravitreal delivery of AAV2 achieved human rhodopsin expression in ON-bipolar cells of rd1 mice and improved visual and behavioral responses 8–12 weeks post-injection including resolution of flicker, coarse spatial patterns and elements of natural scene (Cehajic-Kapetanovic et al., 2015; Eleftheriou et al., 2017). Encouraging data were also achieved with the same transgene in rd1 mice but using an AAV2(4YF) vector (Gaub et al., 2015). The responses of rhodopsin-treated mice were compared to those treated with an identical vector delivering humanized ChR2, and rhodopsin was found to offer greater and more sensitive responses than ChR2. The same study group recently expressed vertebrate MWC in the retinal ganglion cells of rd1 mice (Berry et al., 2019) with behavioral tests showing signs of functional rescue. The speed and sensitivity of response to light of MWC was improved compared to rhodopsin function in ganglion cells, but it remains to be seen how the function of cone photopigments compares to rhodopsin kinetics in ON-bipolar cells. Ultimately, human trials are needed to determine how these ectopically expressed human opsins compare to visual function achieved by native rod and cone opsins in photoreceptor cells.



DISCUSSION

The pre-clinical work to date demonstrates that optogenetic strategies are able to restore vision to the degenerate retina using a multitude of transgene and vector combinations. Development of new capsid varieties has greatly aided transduction success of the inner retina and improved cell-specific expression profiles. Progress has been made in understanding visual and behavioral responses following delivery of a wide variety of opsins in various cell types of the surviving retina in animal models. The major barrier to translation of many of these optogenetic therapies has been the lack of evidence of efficient optogene expression in healthy non-human primate, or indeed degenerate human retina, using the available tools.

None-the-less, both ChR2 and ChrimsonR are currently being tested in Phase I/IIa clinical trials. The NCT02556736 trial describes delivering ChR2 primarily to retinal ganglion cells using AAV2 intravitreal injection in patients with advanced retinitis pigmentosa. This trial was initiated by Retrosense Therapeutics (now part of Allergan) and is an open-label, dose escalation study that began recruiting in 2015 but to date, no data have been released. A more recent trial initiated by GenSight Biologics in 2017 (NCT03326336) also involves intravitreal delivery but of an AAV2(7m8) vector aiming to express the ChrimsonR-tdTomato fusion protein. This PIONEER trial by GenSight is not only of interest because it is the first to use the capsid variant AAV2(7m8) for expression of ChrimsonR-tdTomato, but also because it combines the gene therapy with a specialized wearable visual stimulation device. Given the considerations discussed earlier in this review regarding the microbial opsins, the selection of ChrimsonR instead of ChR2 offers a safer and potentially more sensitive opsin than the first trial using ChR2. The inclusion of tdTomato is intriguing as this is a fluorescent marker used to confirm transgene expression and provides no functional benefit. Typically, such markers are used for pre-clinical studies and are then removed prior to use in human clinical trials. In this particular study design, the confirmation of ChrimsonR expression by detection of tdTomato enables researchers to be confident successful transduction has occurred and that the visual stimulation device can subsequently be used. This is an interesting step forward in gene therapy transgene design for human clinical trials and it may be that such implementation of fluorescent reporters may be used more often in the future. However, caution should always be applied in expressing proteins in human cells if they are not necessarily required to achieve a therapeutic outcome. This year, press releases of preliminary clinical trial safety data have also been provided, suggesting good tolerance of the vector so far (gensight-biologics.com). However, it remains to be seen what the long-term effects of expressing an algal-derived protein on the membranes of retinal cells are and whether these may be detected by the immune system and therefore lead to an undesired immune response against the transgene product. It is clear though that the current dose-escalation study is a vital step forward in providing such treatments to individuals with severe retinal degeneration and limited light perception.

Given the limited light sensitivity of current microbial opsins, the need for an additional device and the potential for immune responses triggered by foreign proteins, it could be that future therapies with human opsins provide a better opportunity for success. It is worth noting that Acucela Inc (now Kubota Vision) are currently developing human rhodopsin optogenetic therapy as are Applied Genetic Technologies Corporation (AGTC) in collaboration with Bionic Sight but the details of the latter treatment are currently unavailable.

In summary, studies to date indicate optogenetic therapies show great therapeutic potential for restoring vision in patients with advanced inherited retinal disease and more human trials are necessary as the next major step in advancing the field. It remains to be seen how the human visual system, affected by degeneration and remodeling, responds to optogenetic stimulation at the level of retinal photoreception and by means of cortical plasticity for improved and meaningful visual perception.
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The successful development of novel therapies is closely linked with understanding the underlying pathomechanisms of a disease. To do so, model systems that reflect human diseases and allow for the evaluation of new therapeutic approaches are needed. Yet, preclinical animal studies often have limited success in predicting human physiology, pathology, and therapeutic responses. Moreover, animal testing is facing increasing ethical and bureaucratic hurdles, while human cell cultures are limited in their ability to represent in vivo situations due to the lack of the tissue microenvironment, which may alter cellular responses. To overcome these struggles, organ cultures, especially those of complex organs such as the retina, can be used to study physiological reactions to substances or stressors. Human and animal organ cultures are now well established and recognized. This mini-review discusses how retinal organ cultures can be used to preserve tissue architecture more realistically and therefore better represent disease-related changes. It also shows how molecular biological, biochemical, and histological techniques can be combined to investigate how anatomical localization may alter cellular responses. Examples for the use of retinal organ cultures, including models to study age-related macular degeneration (AMD), retinitis pigmentosa (RP), central artery occlusion (CRAO), and glaucoma are presented, and their advantages and disadvantages are discussed. We conclude that organ cultures significantly improve our understanding of complex retinal diseases and may advance treatment testing without the need for animal testing.
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INTRODUCTION

Cell cultures have become indispensable in translational research. Many preclinical evaluations, like toxicity testing or drug screening, are still based on standardized cell lines. Usually, these assays are simple, inexpensive, reproducible, and allow a fast and efficient screening for cell proliferation, metabolism, viability, and apoptosis (Schnichels et al., 2012a, 2013; Hurst et al., 2017b). Cell cultures are the method of choice to observe the reaction of a specific cell type. Already 20 years ago, it was published that at least 15–20% of all immortalized cell lines used in research are contaminated or wrongly categorized, resulting in non-transferable data (MacLeod et al., 1999). Moreover, immortalized cells react to stimuli differently than primary cells (MacLeod et al., 1999), and for several cell types, no corresponding cell lines are available. For example, primary photoreceptor cells are very difficult to cultivate under in vitro conditions and degenerate rapidly after dissociation from the retina (Fontaine et al., 1998; Romano and Hicks, 2007). The same applies to retinal ganglion cells (RGCs). The only existing RGC line is the presumably rat-derived RGC-5 cell line, which was mainly used for glaucoma research. Over the years, the literature has increasingly described altered properties of these cells, showing a reduced expression of specific neural and ganglion cell markers (Harper et al., 2009; Van Bergen et al., 2009; Ganapathy et al., 2010; Wood et al., 2010). In the meantime, early contamination with a murine cell line was assumed (Krishnamoorthy et al., 2013). Until today, the origin of the RGC-5 cell line could not be verified, and researchers are strongly advised to avoid using it (Clark et al., 2013; Krishnamoorthy et al., 2013; Sippl and Tamm, 2014).

In general, cell cultures do not mimic the tissue homeostasis, physiology, and interactions that occur between different cell types within a tissue in vivo; thus, in vitro models can never completely replace in vivo ones. However, in vivo experiments also have their disadvantages: They are rather expensive and time-consuming. Even after long-term and well-performed research, not a single treatment option for sporadic neurodegenerative diseases has proven its value in registration-sized clinical trials (Li et al., 2018; Murali et al., 2019).

In response to these gaps and struggles, organ cultures are gaining ground, including organoids generated from stem cells, tissue parts taken from organs, and construction of new 3D structures with different cell types, containing cell lines, primary or stem cells depending on the respective research approach (Aizawa and Shoichet, 2012; Hunt et al., 2017). The big advantage of organ cultures is that elementary structures of the organ are modeled, allowing investigations of complex interactions.

This especially holds for ophthalmology, where ex vivo models of the cornea and retina are common research tools with the additional positive effect of reducing the number of animals used in research and, most importantly, replacing the need for certain in vivo procedures (Schnichels et al., 2019).



ORGAN CULTURES: ADVANTAGES AND CHALLENGES

Nowadays, numerous retinal organ models from different mammalian species are well established. However, compared to the cultivation of cornea models, retinal organ cultures are more difficult to maintain, mainly due to the different cell types involved, which are generally more complex to cultivate. Especially designed growth medium, containing growth factors for neurons, supports cell survival. Co-cultivation with retinal pigment epithelium (RPE) cells improves tissue structure, cellular organization, and preservation of photoreceptors (Di Lauro et al., 2016; Schnichels et al., 2020). Zhao and Barnstable (Zhao and Barnstable, 1996) pointed out that retinoic acid but not basic fibroblast growth factor (bFGF) promotes rod photoreceptor differentiation, whereas bFGF endorses RGC differentiation in ex vivo rat retinae. B-27 and N2 are the most commonly used supplements in retinal explant culture; although they were reported to be useful in rat retinal culture, the same benefit is not necessarily valid for human retinal explants (Osborne et al., 2016; Li et al., 2018; Murali et al., 2019).

To establish a functional retinal model, several challenges need to be overcome. A major problem is the limited viability of most retinal organ culture systems due to axotomy or lack of blood flow and biomechanical tissue support leading to metabolic disorders and cell death (Åkerström et al., 2017; Schnichels et al., 2019). This mainly affects RGCs, but also other cell types such as macroglia, displaying gliosis (Tanihara et al., 1997; Wurm et al., 2011; Joachim et al., 2012; Hurst et al., 2017a) and reducing the time frame for experiments with these cultures.

Likewise, depending on the assay, small effects of individual cell types are lost in the total reaction or very heterogeneous results are obtained. Biological diversity might be an issue; heterogeneity and variability between samples also occur. This can be reduced if retinae from genetically identical laboratory animals, such as mice or rats, of the same age and sex are used. Likewise, an altered expression profile may occur due to the preparation, cultivation, or medium composition (Roark et al., 1992; Fernandez-Bueno et al., 2012; Schnichels et al., 2019). This deviation from the in vivo situation should always be taken into account when results from an ex vivo approach are interpreted.

Due to their matching anatomical and physiological structures, human retinal organ cultures represent the ideal model system. Ex vivo human cultures can be cultivated up to 6 weeks, as demonstrated by Engelsberg et al. (Engelsberg et al., 2008) on human fetal retinal explants. Osborne et al. (Osborne et al., 2016) showed that neither donor age nor postmortem time significantly affects the initial expression levels of RGC markers and that donor retinae are suitable as a long-term model for RGC degeneration. Nevertheless, the availability of human organs is extremely low and severe ethical issues arise when using fetal eyes. One solution is the use of organoids produced from stem cells or even from patient cells, which mimic retinal structure and composition, but they also have their disadvantages (Eiraku et al., 2011). Therefore, the aim is to establish retinal organ cultures from species reflecting human morphology and physiology very closely.

The most commonly used animals in ophthalmologic research, rodent, dog, cow, and pig retinae do not have a macula but instead possess a region called area centralis. Furthermore, instead of three different cone types as humans, lower mammals only have two types (Peichl, 2005; Murali et al., 2019). As a result of these anatomical differences, the development of some diseases is different.

Nevertheless, the use of porcine or bovine retinae has several advantages. During research studies on RGCs, porcine retinal explants have been shown to remain viable for 8 days (Kuehn et al., 2016, 2017; Hurst et al., 2017a). Not to mention the fact that no laboratory animals have to be bred and killed. Those animals have larger eyes, so several explants can be obtained from a single eye, leading to more reliable data. The anatomy and vascularization of porcine eye cultures resemble those of the human eye (Guduric-Fuchs et al., 2009).

Taken together, advantages of ex vivo organ cultures are multiple: numbers of laboratory animals can be reduced, the experiments are less cost intensive, larger sample quantities can be generated, and there is better standardization of the experiment. In addition, the application of possible therapeutics is easier than that in vivo (Schnichels et al., 2019) and different retinal cell types can be studied under the same condition (Hurst et al., 2017a).



EXPERIMENTAL METHODS ON ORGAN CULTURES

The further development of certain techniques contributes to the development of more useful organ cultures for ophthalmologic research. For example, new methods for the introduction of DNA/vectors/plasmids are available or under development, which overcome the problem of uneven penetration or cellular uptake, as well as vector transcription in, e.g., neuronal cells (Marwick and Hardingham, 2017; Jüttner et al., 2019). Besides using viral vectors for tissue transfection, this includes magnetofection on ex vivo organ cultures (Yang et al., 2008; Soto-Sanchez et al., 2015; Jüttner et al., 2019). In order to regulate the expression of the vectors, new promoters were invented, which can be read in the retina under non-mitotic conditions (Dalkara et al., 2013, 2016).

There are numerous bioassays to investigate cell metabolism, cell death, or proliferation. Many of these assays can also be performed on retinal tissue, such as the measurement of reactive oxygen species (ROS) production from hypoxia-stressed retinal explants (Maliha et al., 2019; Sasaki et al., 2019; Figure 1).


[image: image]

FIGURE 1. Overview of analytical methods for retinal organ cultures. Common laboratory and diagnostic methods are displayed. For each method, it is noted if it can be performed on animal models (a), on cell cultures (c), or on organ cultures (o). Abbreviations: ERG, electroretinogram; MEA, microelectrode array; IOP, intraocular pressure; WB, Western blot; qRT-PCR, quantitative real-time PCR; ELISA, enzyme-linked immunosorbent assay; SD-OCT, spectral domain optical coherence tomography; IHC, immunohistochemistry; IF, immunofluorescence. Created with BioRender.com.


Furthermore, more sophisticated techniques like single-cell Western blot or single-cell PCR allow the analysis of individual cells in tissues (Hughes et al., 2014). Using non-linear optical microscopy, in particular confocal Raman microscopy or two-photon-excited fluorescence microscopy, limitations can be overcome, providing depth penetration up to 1 mm without destroying the tissue (Helmchen and Denk, 2005; Sharma et al., 2016; Gomes da Costa et al., 2019). In addition to the common laboratory methods, specialized methods from neurobiology and ophthalmology can be applied to retinal organ cultures (Figure 1).


Optical Coherence Tomography

Optical coherence tomography (OCT) is a well-established diagnostic imaging technique that allows both qualitative (morphology) and quantitative (thickness) analyses of the retinal architecture (Fujimoto et al., 1998). OCT examination of the retina is used to diagnose retinal diseases and measure therapeutic effects. Since OCT has become available, correlations between anatomy on OCT and visual function have been investigated in a number of retinal diseases (Keane et al., 2008). Using a specially developed holder, OCT examinations can be performed ex vivo on retinal organ cultures (Schnichels et al., 2016). On the one hand, OCT is a good alternative if you do not have access to confocal or multiphoton microscopy; on the other hand, OCT measurements allow the comparison of experimental data with patient data, can be repeated several times, and are a simple and fast method that does not require fixation of the retina.



Electroretinograms

Electroretinograms (ERGs) record the electrical responses of various retinal cell types, including photoreceptors and inner retinal cells (bipolar and amacrine cells). ERG recordings in isolated retinae are highly standardized in different species like human, bovine, or retinal tissue deriving from rodents (Kuchler et al., 1956; Albanna et al., 2009; Hurst et al., 2018). In contrast to in vivo experiments, ex vivo retinae are not affected by the depth of anesthesia and electrode placement (Homma et al., 2009). ERG is used in the clinic to diagnose various retinal diseases such as RP, choroideremia, or achromatopsia. It serves as a sensitive pharmacological tool to test effects of applied substances on photoreceptors and neurons that contribute to the generation of the a- and b-wave (Januschowski et al., 2014a,b). Luke et al. (2009) investigated the effects of ranibizumab (Lucentis) on retinal function in ex vivo bovine retinae. Ranibizumab blocks vascular endothelial growth factor (VEGF), the major factor in age-related macular degeneration (AMD) progress. Ranibizumab therapy could induce retinal dysfunction; however, no reduction of the a- or b-wave in the ERG was observed (Luke et al., 2009).



Microelectrode Array Recording

Microelectrode array (MEA) recording is the method of choice to measure electrical activity in cell and tissue preparations. MEAs were developed on cell cultures and are now used ex vivo in tissue for pharmacological studies and in vivo as implantable devices in brain pacemakers or cochlear implants (Obien et al., 2014). They consist of a multitude of microscopic electrodes on the surface of a glass plate on which the cells are cultivated. The electrodes enable electrical stimulation and simultaneous measurement of electrical activity of ganglion cells. This allows for accurate mapping of RGCs in neuronal tissue and to use the gained information for disease models (Baden et al., 2016; Zeck, 2018; Ran et al., 2020). In addition, MEAs are also ideal biosensors for measuring acute and chronic effects of drugs and toxins (Rosolen et al., 2008; Tao et al., 2020).



DISEASE MODELS AND THERAPY TESTS ON RETINAL ORGAN CULTURES

Regrettably, for certain retinal disorders like AMD, glaucoma, RP, diabetic retinopathy, or CRAO, relevant in vivo models are missing or are imperfect for studying underlying pathophysiology. However, there is a high number of retinal organ cultures of different species with which a spectrum of disease simulations can be performed. These models are used to visualize the cellular basis of retinal pathogenesis to elucidate the role of specific genes and proteins in normal and disease processes and to test therapies without the use of laboratory animals. For example, Huang et al. (2017) explored new methods such as injection by ultrasound for retinal drug delivery. Intravitreal injection is the most common route of administration, and the vitreous body and the inner limiting membrane are the main obstacles to efficient administration. For this experiment, bovine retina with vitreous was cultured to preserve the membranes and simulate the hindrances (Huang et al., 2017). In the following, some published models are presented to get an impression of the potential of retinal organ cultures.


Age-Related Macular Degeneration

AMD represents a complex and heterogeneous disease that affects the macula, with both genetic and environmental factors playing a role (Bhutto and Lutty, 2012). AMD can be divided into the dry, non-exudative form with cellular debris (drusen) accumulating between the Bruch’s membrane and the RPE layer, leading to an undersupply and atrophy of RPE cells, and a wet, exudative form with growing blood vessels behind the retina causing hemorrhaging. Appropriate in vivo models for this multifactorial eye disease are limited. Various animal models were created in mice, rats, or rabbits and resembled some of the histological features of AMD, but none of these models summarizes all of the conditions of human AMD (Zeiss, 2010; Pennesi et al., 2012b; Armento et al., 2020). Most models rely on damages like laser-induced injuries to the RPE and Bruch’s membrane or transgenic animals displaying AMD-like defects (Shah et al., 2015; Carver et al., 2017; Park et al., 2017; Tode et al., 2018). Furthermore, severe differences in immune response between humans and rodents make research of diseases that have a high inflammatory component challenging (Mestas and Hughes, 2004). The absence of a macula in these animals makes it even more difficult. Therefore, it can be concluded that all these models give only simplified information on the pathogenesis of this complex disease, as reviewed in detail in Schnichels et al. (2020). Due to the lack of suitable ex vivo models for AMD, so far, most studies on primary RPE cultures have been performed (Schnichels et al., 2020).

In contrast to commonly used retinal explants, which consist only of the detached retina, co-cultivation of primary RPE cells, human ARPE-19, or hTERT-RPE1 cells with neuroretina explanate is particularly important to create a functioning model for studying AMD pathogenesis (Armento et al., 2020; Wagner et al., 2020). Retinal explant cultures with RPE can be maintained in vitro for several weeks under entirely controlled conditions (Söderpalm et al., 1994). Choroid/RPE cultures are another important organ model in this research field and were used to study AMD-related molecular pathways. Klettner et al. (2013) demonstrated in RPE/choroid cultures that VEGF can be regulated independently by p38 and NFκB.



Glaucoma

Glaucoma is defined by a loss of RGCs and optic nerve degeneration, leading to visual field defects. Since an elevated intraocular pressure (IOP) is the main risk factor, many glaucoma (animal) models rely on increased IOP or optic nerve damage (Bouhenni et al., 2012; Ishikawa et al., 2015; McMonnies, 2017). Glaucoma research mainly depends on rat and mouse models due to improved methods of inducing and evaluating glaucoma damage and the availability of genetic tools in rodents (Pang and Clark, 2020). In most of these models, the IOP is surgically increased by laser-induced damage or microbead injection (Zhang et al., 2017; Calkins et al., 2018; de Hoz et al., 2018). Other glaucoma models are optic nerve crush or axotomy (Schnichels et al., 2012b; Donahue et al., 2019). Although acute optic nerve damage models are often not suitable to mimic chronic glaucoma, they are useful to evaluate RGC pathogenesis and neuroregeneration (Nadal-Nicolás et al., 2017). Consequently, several retinal ex vivo models are based on physically or chemically induced damage of RGCs. Although even the axotomy leads to RGC injury, chemical treatment with hydrogen peroxide (H2O2) or cobalt chloride (CoCl2) may additionally induce oxidative stress or hypoxia-like processes in retinal cells (del Olmo-Aguado et al., 2013; Kuehn et al., 2017; Maliha et al., 2019). Incubation with H2O2 led to severe degeneration of RGCs with persistent apoptosis. Furthermore, a strong microglial response was observed, which was demonstrated by an increased expression of corresponding markers heat shock protein (HSP)70, inducible nitric oxide synthase (iNOS), and interleukin (IL)-1β (Hurst et al., 2017a). CoCl2 application on porcine retinal cultures resulted in a loss of RGCs as well as amacrine and bipolar cells. Interestingly, CoCl2 inhibited not only the number but also the activity of microglial cells (Kuehn et al., 2017). An effect of macroglia was not observed under any substance (Hurst et al., 2017a; Kuehn et al., 2017). Using these models, it was possible to perform therapy tests in which the neuroprotective effect of hypothermia and of the iNOS inhibitor 1400W on the different retinal cells was tested. It was found that both therapies provide improved RGC survival (Hurst et al., 2019, 2020; Maliha et al., 2019).



Retinitis Pigmentosa

RP is a genetically determined multifactorial disease that leads to dystrophy of the photoreceptors (Hamel, 2006). Many animal models of (natural and transgenic) RP are available like rd1- and rd10 mice or S334-ter line rats and have led to a better understanding of the pathology of the disease and the development of therapeutic strategies (Pennesi et al., 2012a; Seiler et al., 2014). In case of the rd1 mice, a nonsense mutation in exon 7 of the Pde6b gene leads to the degeneration of rod photoreceptor within the first 3 weeks (Chang and Min, 2011). Therefore, the possible culture time for organ explants is perfect to investigate degenerative processes. Retinal postnatal day 2 (P2) explants from wild-type mice, as well as from rd1-mice (P2), can be cultivated for up to 4 weeks and follow the same developmental time course as that in in vivo littermates (Ogilvie et al., 1999). The cultured retinae follow the same developmental time course as that in vivo and provide the degeneration environment needed to study several factors and therapeutic treatments. A great advantage of these ex vivo cultures is that therapeutic treatments can be easily applied, whereas injection into the small eyes of young mice is challenging. Further, organ cultures enable a constant and controlled treatment for the wished duration (Ogilvie et al., 1999; Sahaboglu et al., 2010).



Central Retinal Occlusion

CRAO is an acute, painless sudden occlusion of the central retinal artery, which first leads to ischemia and then vision loss (Graefe, 1859). The molecular mechanisms and reactions following retinal ischemia are complex, which makes the pathophysiological assessment very difficult (Osborne et al., 2004). Different models were developed for ischemia by either placing the organ cultures in a hypoxia chamber or by chemically inducing ischemia or neurodegeneration by adding glutamate. In the hypoxia ex vivo models, the retina is placed in culture, with the retina lying on a lower insert, i.e., the outer retina is supplied with oxygen and nutrients by the underlying medium. Hypoxia therefore mainly affects the inner retina. Thus, these ex vivo models are comparable to the in vivo situation where the outer retina is still nourished while the inner retina lacks oxygen, glucose, and other nutrients. These models were also used to test possible therapies as hypothermia, which represents an already established therapy in neurology (Schultheiss et al., 2016; Klemm et al., 2019). Hypothermia treatment on retinae under hypoxic stress prevented the death of RGCs and attenuated the gliosis response (Klemm et al., 2019). Testing this rather simple therapy in vivo would have been much more difficult or even impossible.



DISCUSSION

The culture system most similar to in vivo conditions is the retinal explant culture, which conserves the complex connections of neuronal and other functionally important non-neuronal cells of the retina. The presence of several cell types allows the study of in vivo dynamics of cell–cell interaction, immune responses, and degeneration pathways. Retinal explant models provide insights into retinal pathologies and can be used for therapy testing (Li et al., 2018; Cheng et al., 2019; Schnichels et al., 2020). However, their use in AMD research is still limited.

Yet, depending on the species used for organ culture, it needs to be assessed whether the results are at all transferable to the human situation. This transferability is not always possible for some organ cultures of rodents, but for organ cultures of higher mammals, it is quite realistic due to the high homology (Neitz and Neitz, 2001; Peichl, 2005; Volland et al., 2015; Murali et al., 2019; Schnichels et al., 2019). Further efforts to improve current ex vivo culture techniques should aim to produce models to fill this gap.

In summary, promising models are already developed, but a continuous further modification and refinement of these models are necessary to reflect the complexity of the retina more precisely.
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A Commentary on
 Organ Cultures for Retinal Diseases

by Hurst, J., Fietz, A., Tsai, T., Joachim, S. C., and Schnichels, S. (2020). Front. Neurosci. 14:583392. doi: 10.3389/fnins.2020.583392



The review by Hurst et al. (2020) is a comprehensive article published within this journal about the use of organotypic culture systems as models to study retinal diseases. The article noted that use of microfluidic technologies, such as microelectrode arrays (MEAs), can be significant in measuring cellular activity within organ culture systems (Hurst et al., 2020). An additional emerging area for microfluidics is their integration with explants to enrich transplantation strategies used to treat retinal degenerative diseases.

Progressive vision loss in adults is escalating worldwide, as the incidence of macular degeneration and diabetic retinopathy are expected to exceed 300 million and 642 million, respectively, by 2040 (Mitchell et al., 2018; Simo-Servat et al., 2019). The retina consists of a varied network of neurons that synapse with one another across three nuclear layers. Damage to any one type of neuron within this intricate network propagates dysfunction to result in progressive vision loss.

Contemporary cell replacement therapies offer exciting promise to restore vision by replacing damaged neurons with transplanted stem cells. Numerous platforms have been developed to elucidate the cellular mechanisms able to promote stem cell integration within mature retinal hosts (Wu et al., 2018). However, ongoing projects have produced mixed results, including low stem cell survival and the inability of stem cells to differentiate and/or position themselves appropriately within the retinal network (Gokoffski et al., 2019). A variety of in vitro and organotypic platforms have been developed to examine native stem cell behaviors within microscale environments (reviewed in Greene et al., 2019). Surprisingly, few of these projects have incorporated microfluidic technologies to model cues from damaged adult retina, such as fields of injury cytokines and degraded cellular matrixes (reviewed in Vazquez, 2020), that differ significantly from stem cell environments. A current thrust is to bridge microfluidic technologies with explanted retina to develop hybrid, quantitative models to examine stem cell behaviors within adult, organotypic cultures.

Initial hybrid models (Figure 1) cultured retinal explants within micro-scale transwell systems to measure long-term viability (Rettinger and Wang, 2018), while newer models integrated microfluidic perfusion systems for controlled delivery of neurotransmitters and therapeutics (Dodson et al., 2015; Rountree et al., 2017). Most recently, our group developed a hybrid system called the Ex Vivo Eye Facsimile System (EVES) to examine how extrinsic factors, such as chemical and electrical gradients, can promote appropriate stem cell positioning within retinal hosts (Mishra et al., 2019; Vazquez et al., 2020). Our system consists of a 3D environment that can be rapidly prototyped to meet the geometric constraints of enucleated eyes derived from a variety of animal models. Our preliminary EVES studies illustrated that combined electrochemical fields increased the numbers of motile stem cells and the distances migrated within rodent eye facsimiles. The integration of microfluidics with organotypic retinal cultures will therefore produce a new generation of quantitative platforms that enable newfound applications of external fields to enrich stem cell replacement strategies.


[image: Figure 1]
FIGURE 1. Current hybrid explant systems for studying the retina. (A) An ex vivo chamber for a porcine retina explant capable of maintaining tissue viability for 1–2 weeks to enable long-term investigation of the ex vivo retina (Rettinger and Wang, 2018). (B) A glutamate perfusion system to stimulate retinal neurons with neurotransmitters to augment the phototransduction process that occurs within the body (Rountree et al., 2017). (C) Retina on a chip microfluidic perfusion assay system for point access delivery of therapeutics to specific parts of the rat retina (Dodson et al., 2015). (D) Ex Vivo Eye Facsimile (EVES) hybrid explant system designed for delivery of electrical and chemical stimulation to a whole-enucleated eye explant from mouse (Vazquez et al., 2020).



AUTHOR CONTRIBUTIONS

SM developed and wrote the manuscript. MV wrote and provided edits to the manuscript. All authors approved the final manuscript version for publication.



FUNDING

This work was supported by the US National Science Foundation (NSF CBET 180441) and the US National Institutes of Health (NEI 1R21 EY031439-01).



REFERENCES

 Dodson, K. H., Echevarria, F. D., Li, D., Sappington, R. M., and Edd, J. F. (2015). Retina-on-a-chip: a microfluidic platform for point access signaling studies. Biomed. Microdevices 17:114. doi: 10.1007/s10544-015-0019-x

 Gokoffski, K. K., Jia, X., Shvarts, D., Xia, G., and Zhao, M. (2019). Physiologic electrical fields direct retinal ganglion cell axon growth in vitro. Invest. Ophthalmol. Vis. Sci. 60, 3659–3668. doi: 10.1167/iovs.18-25118

 Greene, W. A., Kaini, R. R., and Wang, H. C. (2019). Utility of induced pluripotent stem cell-derived retinal pigment epithelium for an in vitro model of proliferative vitreoretinopathy. Adv. Exp. Med. Biol. 1186, 33–53. doi: 10.1007/978-3-030-28471-8_2

 Hurst, J., Fietz, A., Tsai, T., Joachim, S. C., and Schnichels, S. (2020). Organ cultures for retinal diseases. Front. Neurosci. 14:583392. doi: 10.3389/fnins.2020.583392

 Mishra, S., Pena, J. S., Redenti, S., and Vazquez, M. (2019). A novel electro-chemotactic approach to impact the directional migration of transplantable retinal progenitor cells. Exp. Eye Res. 185:107688. doi: 10.1016/j.exer.2019.06.002

 Mitchell, P., Liew, G., Gopinath, B., and Wong, T. Y. (2018). Age-related macular degeneration. Lancet 392, 1147–1159. doi: 10.1016/S0140-6736(18)31550-2

 Rettinger, C. L., and Wang, H. C. (2018). Quantitative assessment of retina explant viability in a porcine ex vivo neuroretina model. J. Ocul. Pharmacol. Ther. 34, 521–530. doi: 10.1089/jop.2018.0021

 Rountree, C. M., Raghunathan, A., Troy, J. B., and Saggere, L. (2017). Prototype chemical synapse chip for spatially patterned neurotransmitter stimulation of the retina ex vivo. Microsyst. Nanoeng. 3:17052. doi: 10.1038/micronano.2017.52

 Simo-Servat, O., Hernandez, C., and Simo, R. (2019). Diabetic retinopathy in the context of patients with diabetes. Ophthalmic Res. 62, 211–217. doi: 10.1159/000499541

 Vazquez, M. (2020). Microfluidic and microscale assays to examine regenerative strategies in the neuro retina. Micromachines 11:1089. doi: 10.3390/mi11121089

 Vazquez, M., Pena, J. S., and Mut, S. (2020). An Ex Vivo Eye Facsimile System, (EVES) to evaluate transplantation strategies for cell replacement therapy. Investig. Ophthalmol. Vis. Sci. 61:795. Available online at: https://iovs.arvojournals.org/article.aspx?articleid=2769637

 Wu, S., Chang, K. C., Nahmou, M., and Goldberg, J. L. (2018). Induced pluripotent stem cells promote retinal ganglion cell survival after transplant. Invest. Ophthalmol. Vis. Sci. 59, 1571–1576. doi: 10.1167/iovs.17-23648

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Mut and Vazquez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 26 November 2020
doi: 10.3389/fnins.2020.571479





[image: image]

Optimized OPA1 Isoforms 1 and 7 Provide Therapeutic Benefit in Models of Mitochondrial Dysfunction
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Optic Atrophy 1 (OPA1) is a mitochondrially targeted GTPase that plays a pivotal role in mitochondrial health, with mutations causing severe mitochondrial dysfunction and typically associated with Dominant Optic Atrophy (DOA), a progressive blinding disease involving retinal ganglion cell loss and optic nerve damage. In the current study, we investigate the use of codon-optimized versions of OPA1 isoform 1 and 7 as potential therapeutic interventions in a range of in vitro and in vivo models of mitochondrial dysfunction. We demonstrate that both isoforms perform equally well in ameliorating mitochondrial dysfunction in OPA1 knockout mouse embryonic fibroblast cells but that OPA1 expression levels require tight regulation for optimal benefit. Of note, we demonstrate for the first time that both OPA1 isoform 1 and 7 can be used independently to protect spatial visual function in a murine model of retinal ganglion cell degeneration caused by mitochondrial dysfunction, as well as providing benefit to mitochondrial bioenergetics in DOA patient derived fibroblast cells. These results highlight the potential value of OPA1-based gene therapy interventions.
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INTRODUCTION

Optic Atrophy 1 (OPA1) is a mitochondrially targeted GTPase that plays a pivotal role in mitochondrial health, with mutations causing severe mitochondrial dysfunction. The OPA1 protein possesses a mitochondrial targeting sequence and localizes to the inner mitochondrial membrane (IMM), where it promotes fusion of the IMM by interaction with cardiolipin on the opposing section of IMM (Ban et al., 2017; Lee and Yoon, 2018). OPA1 is sufficient for IMM fusion but in order to successfully form tubular mitochondrial networks OPA1 works in conjunction with two other GTPases, Mitofusin 1 and 2 (MFN1 and MFN2), which mediate outer mitochondrial membrane fusion (Song et al., 2009). The process of mitochondrial fusion is counter-balanced by mitochondrial fission mediated by a fourth GTPase, dynamin 1-like protein (DNM1L) (Smirnova et al., 1998; Macdonald et al., 2016). Independent of its role in mitochondrial fusion, OPA1 has also been shown to be anti-apoptotic as OPA1 disassembly mediates the release of cytochrome c from the mitochondria (Yamaguchi et al., 2008), potentially due to the role OPA1 plays in regulating cristae junctions (Frezza et al., 2006). Furthermore OPA1 protein is needed for the correct maintenance of the mitochondrial genome (Chen et al., 2010), as well as playing a role in the organization of the mitochondrial supercomplexes (Cogliati et al., 2013; Lee et al., 2017). Recently OPA1 has been implicated in regulating DNA methylation in human neuronal development (Caglayan et al., 2020) and also in the spatial arrangement of the mitochondria in adjacent photoreceptor cells (Meschede et al., 2020).

The OPA1 gene consists of 31 exons, which produce 8 mRNA isoforms that differ due to the alternate splicing of exons 4, 4b, and 5b (Delettre et al., 2001). Once located to the mitochondrial IMM, full length OPA1 protein (l-form) can be proteolytically cleaved by either OMA1 or YME1L at sites on exon 5 or 5b, respectively (Song et al., 2007; Ehses et al., 2009). These l and s-forms have been shown to play distinct physiological roles. Expression of any of the eight isoforms was sufficient to restore mtDNA levels, reorganize mitochondrial cristae, and boost the function of the electron transport chain in OPA1 knock out cells. However, the presence of both l and s-forms of OPA1 are needed to fully restore wild-type mitochondrial physiology (Del Dotto et al., 2017). OPA1 mRNA isoforms show a tissue specific expression pattern but to date human retinal tissue has not been directly examined for OPA1 isoform expression (Olichon et al., 2007; Akepati et al., 2008).

Dominant Optic Atrophy (DOA) is an inherited blinding disease that primarily targets the retinal ganglion cells (RGC). DOA has an estimated prevalence of between 1–10,000 and 1–30,000, making it one of the most common optic neuropathies (Yu-Wai-Man et al., 2010; Lenaers et al., 2012). DOA typically manifests in the first or second decade of life, with progressive bilateral visual loss with central scotomas, decreased thickness of the retinal nerve fiber layer (RNFL) and optic nerve damage (Chun and Rizzo, 2017). Around 20% of DOA patients show a multi-system disorder characterized by hearing loss, ataxia, myopathy, late onset cardio myopathy and peripheral neuropathy called DOA plus (Skidd et al., 2013). Mutations in OPA1 are commonly associated with DOA, with around 65–90% of cases due to mutations in the OPA1 gene and around 370 variants in OPA1 associated with the disease (Delettre et al., 2000; Del Dotto et al., 2018a). DOA patient derived fibroblasts have previously been shown to suffer significant levels of mitochondrial dysfunction showing decreased mitochondrial oxygen consumption rates, decreased ATP levels, fragmented mitochondria, mtDNA depletion and dysfunctional mitophagy, but the exact phenotypic manifestation depends on the particular mutation (Belenguer and Pellegrini, 2013; Vidoni et al., 2013; Liao et al., 2017).

Significant research has been undertaken highlighting the potential use of OPA1 as a therapeutic entity, both as a therapeutic for DOA and other mitochondrial associated diseases, as well as other more general apoptotic insults. A mouse model constitutively expressing OPA1 showed increased mitochondrial supercomplex formation, as well as protection from reperfusion ischemia damage and mitigation of the deleterious effects of the Ndufs4−/– and Cox15 mouse models (Cogliati et al., 2013; Civiletto et al., 2015; Varanita et al., 2015). The use of l-form OPA1 has been shown to alleviate acute ischemic stroke injury in rat brain, preventing neuronal cell loss (Lai et al., 2020).

AAV delivered OPA1 isoform 1 showed significant protection of RGCs in a mouse model heterozygous for a pathogenic Opa1 mutation (Opa1 delTTAG/ +), but did not show a significant increase in visual acuity (Sarzi et al., 2018). In addition, it is notable that AAV delivered OPA1 has also been shown to be beneficial in a laser induced model of glaucoma in rats, where it provided protection of RGCs (Hu et al., 2018) and in a chemical model of ocular mitochondrial uncoupling (Sun et al., 2016b).

In this study we have explored the potential of two codon optimized OPA1 isoforms, 1 and 7, to rescue mitochondrial dysfunction in a range of in vitro and in vivo models, including DOA patient derived fibroblasts and a rotenone induced mouse model of ocular complex 1 deficiency (Zhang et al., 2002). Rotenone irreversibly inhibits Complex 1 leading to significant RGC loss, RNFL thinning and a progressive decrease in visual acuity, thus phenotypically resembling optic neuropathies such as DOA, and Leber Hereditary Optic Neuropathy. Notably, AAV-mediated intravitreal delivery resulted in significant protection of visual function in rotenone treated animals. Furthermore, DOA patient derived fibroblasts treated with the same AAVs showed a significant improvement in mitochondrial bioenergetics.



MATERIALS AND METHODS


RNAseq Data Analysis

RNAseq data of healthy human retina was uploaded by (Li et al., 2014) and accessed through the NCBI Gene Expression Omnibus (GEO; Accession: GSE94437, mean age = 74). All 16 retinal samples were used, 8 macular retinal samples and 8 peripheral retinal samples. 26 healthy human Dorsolateral prefrontal cortex samples were acquired from GSE80655 (Ramaker et al., 2017, mean age = 48). 19 healthy human skeletal muscle samples were acquired from GSE129643 (Ubaida-Mohien et al., 2019, mean age = 56). All samples were from Caucasian donors.

Sequence data were analyzed using Kallisto Quant (Bray et al., 2016) on the Galaxy platform (usegalaxy.org, Afgan et al., 2018) to generate RNA isoform abundance tables.



Expression Construct Synthesis and Cloning

The OPA1 isoform 1 and isoform 7 cDNA sequences were obtained from NCBI (OPA1 isoform 1 Accession: CCDS43186.1; OPA1 isoform 7 Accession: CCDS33917). The coding sequences were both codon optimized (GeneArt, Thermo Fisher Scientific, United States) and a 6x HIS tag appended before the stop codon. A minimal rabbit β-globin poly(A) signal (Levitt et al., 1989) and flanking restriction enzyme sites, to aid subsequent cloning, were also added. The resulting sequences were synthesized by IDT (United States) and cloned into the pCMV-MCS expression plasmid (GenBank Accession: AF369966.1) using appropriate restriction enzymes (New England Biolabs, United States) as per the manufacturers protocol.



Cell Culture

OPA1–/– mouse embryonic fibroblast (MEF) cells, developed by the Chan lab (Chen et al., 2003; ATCC, CRL-2995) and NIH-3T3 cells (ECACC; 9301524) were routinely cultured in either glucose medium [DMEM GlutaMax (Thermo Fisher Scientific, United States; 61965-026) which contains 25 mM Glucose supplemented with 10% FBS (Merck; F7524) and 1 mM Sodium Pyruvate (Thermo Fisher Scientific, United States; 11360.039)] or Galactose medium (DMEM (Thermo Fisher Scientific, United States; A1443001) supplemented with 10 mM Galactose (Merck; G5388), 10% FBS, 1 mM Sodium Pyruvate and 2 mM L-Glutamine (Thermo Fisher Scientific, United States; 25030081).



Primary Cell Lines

Patient derived primary fibroblasts were isolated from biopsies obtained with prior informed consent from patients with genetically confirmed and clinically diagnosed DOA associated visual dysfunction. DOA 1 (46 y/o, Female) has a heterozygous 53del10 deletion and DOA 2 (49 y/o, Female) and DOA 3 (18 y/o, Female) have heterozygous 1334G > A mutations. DOA 3 has primarily an eye phenotype at 18 years while DOA 2 has developed a more severe phenotype at age 49 years including optic atrophy, bilateral ptosis, progressive external ophthalmoplegia, ataxia and peripheral sensory neuropathy without cardiac involvement.

Control fibroblast cell lines were from individuals with no history of visual or mitochondrial dysfunction. Control 1 was derived from a female aged 32, control 2 was derived from a male aged 35 and control 3 was from a female aged 40.



Plasmid Transient Transfection

Cells were transiently transfected using Lipofectamine 2000 (Thermo Fisher Scientific, United States; 11668019) as per the manufacturer’s protocol, with adjustments to account for differences in plasmid size to ensure equal plasmid copy numbers between groups. All cells were transfected 24 h after seeding when cells were at ∼70% confluency. Assays were performed 48 h post transfection.



Cell Culture Histology

After appropriate treatments, culture medium was removed and cells were washed with PBS. Cells were fixed with 4% paraformaldehyde (pfa) for 20 min at room temperature. Cells were washed three times with PBS, before being blocked (5% Donkey Serum and 0.3% triton in PBS) at room temperature (RT) for 2 h. Primary antibody staining was carried out in blocking solution using Anti-6xHIS (1:500; Abcam; ab9108), at 4°C overnight. Secondary staining was carried out in blocking solution using Alexa Fluor 488 Anti-Rabbit (1:400; Jackson ImmunoResearch; 711-545-152) for 2 h at RT. Nuclei were stained with DAPI 1:50,000 in PBS for 10 min at RT.



Stable Cell Line Generation

The OPA1 isoform 1 and 7 cDNAs were cloned into pcDNA3.1 (+) (Thermo Fisher) and transfected into OPA1–/– MEF cells as above. Successfully transfected cells were then selected for with 200 μg/ml G418 (Santa-Cruz Biotechnology, Inc., United States). After 2 weeks of selection cells were serially diluted and seeded at ∼1 cell per well in a 96 well plate, in the presence of G418. Wells containing a single cell were identified and split into 24 then 6 well plates before being assessed for OPA1 isoform 1 and 7 construct RNA and protein expression. Positive cell lines were then maintained under routine cell culture conditions, with the addition of G418. As a control, a stable OPA1–/– MEF cell line was also generated using an empty pcDNA3.1 (+) plasmid.



Mitotracker Staining of Mitochondria and Morphological Analysis

Mitotracker CMTM Orange (M7510, Thermo Fisher Scientific) was used as per the manufacturers protocol. Briefly, a stock solution of Mitotracker was reconstituted to 1 mM with DMSO. The stock solution was then diluted to a working concentration of 100–500 nM in pre-warmed complete medium. Medium was removed from cells and 1 ml of Mitotracker staining solution added. Cells were incubated at 37°C with 5% CO2 for 30 min. Cells were then washed once in complete media or were fixed and stained as previously described.

For analysis of mitochondrial morphology 10 random fields of view (FOV) were taken of three separate wells for each cell type after Mitotracker staining using an Olympus IX83 inverted motorized microscope. Images were analyzed blind and scored by eye for any cells that demonstrated any tubular branching mitochondria and were reported as a proportion of all cells per FOV.



Cell Growth Analysis

Cells were seeded in a 6 well plate at 1 × 106 cells per well with either glucose or galactose medium. 48 h later cells were trypsinised and cell number was determined using trypan-blue exclusion on a Luna Cell Counter (Logos Biosystems). Trypsinised cells were then reseeded at 1 × 106 and the process was repeated for a total of 192 h.



Seahorse Mitochondrial Metabolism Assays

The Seahorse XFe96 extracellular flux analyser (Agilent) was used to assay a number of mitochondrial metabolic parameters. For the Mitochondrial Stress Test of OPA1–/– MEFs and stable cell lines, cells were seeded 24 h prior to the assay in Seahorse Biosciences 96 well plates at 2.5 × 104 cells per well in 80 μl of complete glucose or galactose DMEM. One hour prior to the assay, culture media was substituted for Seahorse XF DMEM medium, pH7.4 (Agilent; 103575-100), supplemented with 1 mM Sodium Pyruvate, 2 mM L-Glutamine and either 25 mM Glucose or 10 mM Galactose, and placed in a non-CO2 37°C incubator. The Mitochondrial Stress Test was performed by the sequential addition of 1 μM Oligomycin, 1 μM FCCP, and 0.5 μM Rotenone and Antimycin A.

The above protocol was modified for use with primary fibroblasts. Cells were seeded 72 h prior to the assay at 5 × 103 cells per well in complete glucose or galactose DMEM. 24 h later media was replaced with 50 μl 2% FBS DMEM GlutaMAX (containing glucose or galactose and 1 mM Sodium Pyruvate) as cells were transduced with AAV at various multiplicities of infection (MOIs). After a further 12 h an equal volume of 18% FBS DMEM was added. The Mitochondrial Stress Test was performed 48 h after AAV transduction as described above, but with 2.25 μM FCCP instead.

The ATP Rate Assay was carried out as per the manufacturers protocol (Agilent; 103592-100) using 2.5 × 104 OPA1–/– MEF or stable cells per well. Briefly, cells were sequentially treated with 1.5 μM Oligomycin then 0.5 μM Rotenone and Antimycin A. Rates were calculated using the ATP Rate Assay plug-in for the Wave software package.

Data from Seahorse runs were normalized either to cell count or using the Bradford method of protein quantification as per the manufacturers protocol (Thermo Fisher Scientific; Cat. No. 23246)



Mitochondrial Fusion Assay

Mitochondrial fusion assay was adapted from Karbowski et al. (2014). Briefly, 5 × 105 cells were seeded into a 35 mm μ-Dish (iBidi; 81156) 72 h prior to the assay. 24 h later cells were transfected with a mito-PAGFP plasmid (Richard Youle; Addgene plasmid #23348; Karbowski et al., 2004) and a mito-dsRED plasmid (Michael Davidson; Addgene plasmid # 55838). The presence of mito-dsRED allows transfected cells to be identified. The analysis was performed on a Leica SP8 gated STED confocal microscope where cell dishes were placed in the incubated stage and given 10 min to equilibrate to temperature. Five mito-dsRED positive FOV were then identified, and their stage co-ordinates marked. Z-stack limits were then set for each of the target cells. The five FOV are imaged as T = −1. A 2.5 μm × 2.5 μm region of interest (ROI) was then demarcated on an area rich in mitochondria in each cell. The microscope was then set to illuminate only the ROI (background set to 0%) with the UV lamp, with lamp power set to 40%. Sequentially, all cells were then illuminated with the UV lamp in the predefined ROI. Cells were imaged immediately as T0. Cells were imaged further every 15 min for a total of 45 min.

Analysis of the images was completed using Leica Application Suite X. Two 2.5 μm × 2.5 μm ROIs were taken for each cell at each timepoint, one measuring the fluorescent intensity of the area that received UV illumination, and a second ROI elsewhere in the cell that did not receive any illumination. The intensity levels for the green channel (PA-GFP) were recorded. The green value in the unilluminated ROI for a given cell was used to normalize the intensity levels of the cell to other cells, accounting for fluctuations in protein expression between cells. The overall level of fission and fusion was expressed as the percentage of green signal that remained in the UV illuminated ROI after 45 min (T = 45), when compared to T = 1.



Peredox Assay for NADH Level

The change in NADH level in cells was estimated using the Peredox fluorescent protein as outlined in Hung et al. (2011). Briefly, cells were seeded in 8 well chamber slides suitable for confocal imaging. Twenty four hours later cells were transfected with the pcDNA3.1-Peredox-mCherry plasmid [Gary Yellen (Addgene plasmid # 32383)]. 48 h later cells were imaged with a Carl Zeiss LSM 710 confocal microscope using the heated stage at 37°C and 5% CO2. Random FOV were selected and cells were imaged using the red and green channels using consistent imaging settings. Image analysis was carried out using ZEN blue edition software by Carl Zeiss AG. An ROI was drawn in each cell and the intensity of green and red signals recorded. The green signal, corresponding to NADH level, was then normalized to the red signal, corresponding to Peredox protein level.



Western Blotting

Protein was extracted from cells after washing with ice-cold PBS using RIPA buffer supplemented with cOmplete mini Protease inhibitor cocktail (Roche; 11836153001). Crude lysates were incubated on ice for 30 min with occasional vortexing before centrifugation at 14,000G at 4°C for 30 min. Supernatants were then aliquoted for protein quantification via the Bradford method and stored at −80°C.

Extracted protein was separated by 4–12% SDS-PAGE gel electrophoresis and semi-dry transferred to PVDF membranes (Merck; IPVH00010). Membranes were blocked in 5% non-fat milk at room temperature for 1 h before overnight incubation with primary antibody in blocking solution [Anti-6xHIS (1:1,000; Abcam; ab9108), OPA1 (1:500; Abcam; ab90857) or β-actin (1:5,000; Abcam; ab8227)]. Blots were incubated with Anti-Rabbit Peroxidase secondary antibody (1:10,000; Sigma; A9169) followed by exposure using an enhanced chemiluminescence (ECL) kit (Thermo Fisher Scientific; 32209 or Advansta; K-12045-D20) before imaging with the C-DiGit Blot Scanner (Li-Cor) or being developed in a darkroom. Densitometry analysis was carried out using the Fiji distribution of Image J (Schindelin et al., 2012).



Real-Time RT-PCR

RNA was extracted from cells using an RNeasy kit (Qiagen; 74104). OPA1 and codon optimized OPA1 (huOPA1) mRNA expression levels were assayed via real-time RT-PCR using a StepOnePlus system (Applied Biosystems) with QuantiTect SYBR Green RT-PCR kit (Qiagen; 204245). Cells from 4 virally treated wells were pooled and all samples were run in triplicate. Primers were designed to target all 8 endogenous OPA1 mRNA isoforms (All isoforms OPA1: F 5′-AGTAGAGGTTGCTTGG GAGAC-3′ and R 5′-TGTCATCATGCTCTTTCCCT-3′) and a separate pair were designed to target both optimized OPA1 iso 1 and 7 (optOPA1: F 5′- TACCCCAGACTGAGAGAGCT-3′ and R 5′- ACTTGGCTCAGGGAGATCAC-3′). β-actin levels were used as an endogenous control (β-actin: F 5′- TCA CCCACACTGTGCCCATCTACGA-3′ and R 5′-CAGCG GAACCGCTCATTGCCAATGG-3′). To obtain copy numbers of both endogenous OPA1 and optimized OPA1 transgene, a standard curve was generated from a plasmid of known copy number containing fragments of both wild type OPA1 and codon optimized OPA1 versions.



AAV production

AAV2/2-OPA1 iso 1, AAV2/2-OPA1 iso 7 and AAV2/2-CAG EGFP were prepared by the Farrar group at TCD (Lane et al., 2020). The two OPA1 cDNAs were cloned into pAAV-MCS (accession no. AF396260.1; Agilent Technologies, Inc., United States).

Recombinant AAV2/2 viruses were generated by helper virus free, triple transfection based on the method described by (Xiao et al., 1998). Human embryonic kidney cells (accession number CRL-1573; ATCC, United States) were transfected with pAAV-MCS plasmids containing OPA1 iso 1 or 7, pRep2/Cap2 and pHelper (Agilent Technologies, Inc., United States) at a ratio of 1:1:2, using polyethylenimine, as previously described (O’Reilly et al., 2007). 72 h post-transfection, AAV particles were purified from the clarified lysate by cesium gradient centrifugation. AAV containing fractions were dialyzed against PBS supplemented with Pluronic F68 (0.001%; Bennicelli et al., 2008). Genomic titers (viral genomes/ml; vg/ml) were determined by quantitative real-time PCR (Rohr et al., 2002).



Intravitreal Injections

All animal work was performed in accordance with the European Union (Protection of Animals used for Scientific Purposes) Regulations 2012 (S.I. no. 543 of 2012) and the Association for Research in Vision and Ophthalmology (ARVO) statement for the use of animals. Adult wild type 129 S2/SvHsd mice (Harlan UK Ltd., Oxfordshire, United Kingdom) were maintained in a specific pathogen free (SPF) facility. Adult mice were anaesthetized by intraperitoneal injection of medetomidine and ketamine (0.5 mg and 57 mg/kg body weight, respectively). Pupils were dilated with 1% tropicamide and 2.5% phenylephrine. Using topical anaesthesia (Amethocaine), a small puncture was made in the sclera. A 32 gauge blunt-ended microneedle attached to a 10 μl Hamilton syringe was inserted through the puncture, and 3 μl AAV2/2-OPA1-iso 1 or AAV2/2-OPA1-iso 7 (1 × 109 vector genomes) plus 1 × 108 AAV2/2 CAG-EGFP was slowly, over a 2-min period, administered into the vitreous of both eyes. Following intravitreal injection, an anaesthetic reversing agent (Atipamezole Hydrochloride, 1.33 mg/kg body weight) was delivered by intraperitoneal injection. Body temperature was maintained using a homeothermic heating device. 3 weeks later, 0.6 μl of 1.5 mM rotenone in DMSO was administered by the same method of intravitreal injection to one eye. Animals were sacrificed by CO2 asphyxiation.

The sex breakdown of each group were as follows: OPA1 iso 7 ± rotenone: 5F + 5M, Wt ± rotenone (OPA1 iso 7 cohort): 5F + 2M, Opa1 ± rotenone: 4F + 3M and Wt ± rotenone (OPA1 iso 1 cohort): 3F + 5M.



Photopic Negative Response (PhNR)

Two weeks post rotenone the cohort of mice underwent assessment of the cone electroretinogram (ERG) Photopic Negative Response (PhNR). Detection was enhanced with an orange filter. The PhNR, the first negative deflection following the cone b wave response, was evaluated under photopic conditions using a Roland Consult RetiScan ERG RetiPort electrophysiology unit. Mice were anaesthetized as described above. PhNR responses were recorded simultaneously from both eyes by means of goldwire electrodes (Roland Consulting, Brandenburg-Wiesbaden, Germany). Standardized flashes of light were presented in a Ganzfeld bowl. Cone-isolated responses were recorded to the maximal intensity flash (−25 dB maximal intensity where maximal flash intensity was 3 candelas/m2/s). Following accepted convention, the initial positive deflection was termed N1, the subsequent negative deflection P1 and the next positive deflection N2. The PhNR was calculated as the negative difference between N1 and P1. The recording was only deemed successful if this was indeed negative and the trace did not deflect above N2 for the remainder of the recording.



Optokinetic Response (OKR)

One week post PhNR assessment (3 weeks post rotenone injection), mice underwent optokinetic analysis as previously described (Chadderton et al., 2013). OKR spatial frequency thresholds were measured blind using a virtual optokinetic system (VOS, OptoMotry, Cerebral Mechanics, Lethbridge, Alberta, Canada; Prusky et al., 2004). Briefly, a virtual-reality chamber was created with four 17-inch computer monitors facing inwards and the unrestrained mouse was placed on a platform in the center. A video camera, situated above the animal, provided real-time video feedback. The experimenter centered the virtual drum on the mouse’s head and judged whether the mouse made slow tracking movements with its head and neck. OptoMotry measures the threshold of the mouse’s optokinetic tracking response to moving gratings. The visual capabilities of each eye can be measured simply by changing the direction of rotation as only rotation in the temporal-to-nasal direction evokes a tracking response (Douglas et al., 2005). The spatial frequency threshold, the point at which the mouse no longer tracked, was obtained by incrementally increasing the spatial frequency of the grating at 100% contrast. A staircase procedure was used in which the step size was halved after each reversal, and terminated when the step size became smaller than the hardware resolution (∼0.003 cyc/deg, 0.2% contrast). One staircase was presented for each direction of rotation to measure each eye separately, with the two staircases being interspersed. OKRs for each mouse were measured 3–4 times on separate days, averaged and SD values calculated.



Retinal Ganglion Cell counts

Mice were sacrificed 3 days after OKR assessment and eyes were enucleated and fixed in 4% paraformaldehyde in PBS overnight. Eyes were washed in PBS, then the retinas were removed from the eyecups and immediately processed for immunocytochemistry. Immunocytochemistry was performed as described previously (Palfi et al., 2016). Whole retinas were incubated with primary antibodies for RBPMS (ABN1376, Millipore, 1:200; Rodriguez et al., 2014) overnight for 3 days at 4°C. Retinas were then washed in PBS and incubated with secondary antibodies conjugated with Alexa-Fluor-488, Cy3 (Jackson ImmunoResearch Laboratories; 1:400) for 2 days and nuclei counterstained with DAPI. Samples were covered using Hydromount (National Diagnostics). Fluorescent microscopy was carried out utilizing an Olympus IX83 inverted motorized microscope (cellSens v1.9 software) equipped with a SpectraX LED light source (Lumencor) and an Orca-Flash4.0 LT PLUS/sCMOS camera (Hamamatsu). Samples were imaged using a 10x plan fluorite objective utilizing enhanced focal imaging (EFI) with typically 5–8 Z-slices. Lateral frames were stitched together and analyzed in cellSens. Automated cell staining area was calculated utilizing 2D deconvolution, manual threshold and object size filter in cellSense; the same settings/operations were applied to all images.



Data Handling and Statistics

Data handling was performed in either RStudio [RStudio Team (2015), RStudio: Integrated Development for R. RStudio, Inc., Boston, MA1)] or Microsoft Excel 2016. Graphs were created using either ggplot2 (Wickham, 2016) or Microsoft Excel. All statistical analysis was carried out in R. Unless otherwise stated, Kruskal-Wallis testing with pairwise Wilcoxon signed rank test post hoc and Bonferroni-Holm correction was used, with p < 0.05 considered statistically significant. Data are reported ± SD unless otherwise stated.



RESULTS


Retinal OPA1 Isoforms

The human OPA1 gene has been identified as having a number of isoforms which have been shown to be expressed at differing levels across tissue types (Olichon et al., 2007) which are generated by alternative splicing of exons 4, 4b, and 5b (Figure 1A). Initial proteomic work has identified OPA1 isoform 1 as the primary isoform present in mouse tissue (Akepati et al., 2008). However, to the best of our knowledge the OPA1 isoform expression profile in the healthy human retinal tissue has not been investigated. In order to address this, we analyzed publicly available RNAseq data from retinal tissue from the macular retina and peripheral retina of 8 healthy post-mortem retinae (Li et al., 2014; Gene Expression Omnibus, Accession: GSE94437), as well as 26 brain tissue samples from the Dorsolateral prefrontal cortex (Ramaker et al., 2017; GSE80655) and 25 skeletal muscle samples (Ubaida-Mohien et al., 2019; GSE129643) from healthy individuals. Figure 1C shows that RNA levels of OPA1 are broadly similar across the three tissues analyzed. Figure 1D shows the transcripts per million data for the 8 protein coding isoforms of OPA1 identified in the Ensembl database (Yates et al., 2020; ENSG00000198836) in the 8 macular and 8 peripheral retinal samples. OPA1 isoforms 1 and 7 are the most highly expressed in these retinal samples, but differences between macular and peripheral retinal samples were present.
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FIGURE 1. Schematic representation of OPA1 RNA isoforms and RNAseq analysis of healthy human tissue. (A) The 8 primary protein coding mRNA variants of OPA1 in humans. The curly braces indicate the area that undergoes alternate splicing of exons 4, 4b, and 5b. Gray lines indicate protease cleavage sites, MPP = matrix processing peptidases, S1 = OMA1 and S2 = YME1L. Gray blocks outside of the curly braces indicate functional domains; MTS, Mitochondrial Targeting Sequence; TM, Transmembrane domain; GED, GTPase effector domain. (B) Schematics of optimized OPA1 isoform 1 or 7 expression cassettes. CMV, Cytomegalovirus promoter; HIS, 6x HIS tag; BGH, Bovine Growth Hormone polyadenylation signal. Note that only exon 5b differs between them. (C) Comparison of OPA1 transcript levels in Transcripts Per Million (TPM) in healthy dorsolateral prefrontal cortex brain tissue (n = 26 samples), skeletal muscle tissue (n = 19) and retinal tissue (n = 16). The open circle on each boxplot represents the mean. (D) Expression levels of the 8 protein coding isoforms of OPA1 as identified in the ensemble database (ENSG00000198836) measured in TPM. n = 8 macular samples and n = 8 peripheral samples. (E) RNA transcript expression levels in TPM of 4 significant mitochondrial remodeling proteins Drp1 (DNM1L), Mitofusin 1 and 2 (MFN1 and 2) and OPA1. n = 16 (macular and peripheral) samples. (F,G) Are representative scatter plots of the correlation between mitochondrial remodeler RNA transcripts, with ACTB as a control. OPA1 transcript expression is compared to either DNM1L or ACTB transcript levels, measured in TPM. DNM1L and OPA1 transcript levels show a significant positive correlation (r = 0.79, Pearson’s Correlation Coefficient, n = 16, p < 0.05), whereas ACTB and OPA1 transcript levels show no significant correlation (r = –0.32, Pearson’s Correlation Coefficient, n = 16, p > 0.05). Shaded region represents 95% confidence interval, BH correction for multiple testing.


To investigate the relationship between mitochondrial remodeling proteins further, the relative expression of DNM1L, MFN1, MFN2, and OPA1 was compared (Figure 1E), demonstrating that the RNA transcripts for DNM1L, MFN2, and OPA1 are all expressed at similar levels in retinal cells, whereas MFN1 levels are substantially lower than the others. To investigate any relationship between transcript expression levels, correlation coefficients were calculated between each pair of transcripts, and with ACTB as a control (Table 1). There is a significant positive correlation between transcript levels of MFN2, DNM1L and OPA1 (Pearson’s correlation coefficient, Bonferroni Correction p < 0.01, n = 16), all showing around r ≈0.8 correlation coefficient. However, there is no significant correlation between ACTB transcript levels and those of the mitochondrial remodeling proteins. Figures 1F,G shows representative scatter plots demonstrating the correlation between OPA1 and DNM1L transcript levels as well as OPA1 and ACTB levels. All comparisons can be seen in Table 1.


TABLE 1. Pearson’s correlation coefficient of the RNA transcript levels of four known mitochondrial remodeler proteins with β-actin as a control from RNAseq of human retinal punches (Li et al., 2014).
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As OPA1 isoforms 1 and 7 were shown to be the most highly expressed in retinal tissue, in line with previous studies of non-ocular human tissues (Olichon et al., 2007), these two isoforms were tested for utility as a therapeutic intervention. Two expression cassettes were constructed for this purpose (Figure 1B). The amino acid sequences of OPA1 isoform 1 and isoform 7, henceforth referred to as OPA1 iso 1 and OPA1 iso 7, respectively, were unaltered except for the addition of a 6x HIS tag immediately 5′ of the stop codon. The cDNAs were codon optimized for human codon usage bias in order to maximize potential levels of expression.



Ectopic Expression of OPA1 iso 1 and OPA1 iso 7 Can Restore Mitochondrial Function

To demonstrate that the optimization process does not perturb mitochondrial localization of the OPA1 iso 1 or OPA1 iso 7 proteins, HEK 293 cells were transiently transfected separately with the two isoforms. When co-stained with an anti-6xHIS tag antibody and Mitotracker orange there was a clear overlap of the two signals, indicating the OPA1 isoforms were successfully targeted to the mitochondria (data not shown).

To investigate if optimized OPA1 iso 1 and OPA1 iso 7 can independently restore mitochondrial morphology, OPA1 knockout MEF (OPA1–/–) cells were utilized. These OPA1–/– cells show a characteristic punctate, fragmented mitochondrial network (Figure 2A). In contrast, representative cells transfected with either OPA1 iso 1 or 7 (Figures 2B,C, respectively) show tubular mitochondrial networks indicating restoration of mitochondrial fusion in these cells.
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FIGURE 2. Cytological analysis of OPA1 iso 1 and 7 transient expression. (A–C) Show the mitochondrial network of representative OPA1–/– cells, or transiently transfected OPA1–/– with either OPA1 iso 1 or 7 plasmid, respectively. (D) A representative image of cells showing widely varying levels of HIS-tagged OPA1 expression. (E) Shows that these cells also exhibit distinct mitochondrial phenotypes. (F) Cells were grouped by mitochondrial phenotype, demonstrating either punctate (purple) or rescued (red) mitochondria, and the OPA1 fluorescence levels were measured. Only cells that exhibited measurable OPA1 fluorescence were included for this analysis. The two mitochondrial phenotypes demonstrate significantly distinct distributions of OPA1 fluorescence (n > 50 cells for each group from 15 FOV over 3 separate transfections, p < 0.0001, Wilcoxon rank sum test). (G,H) Representative wild type NIH-3T3 MEF cells transfected with OPA1 iso 7. Mitotracker staining in (G) demonstrates the gross morphology differences observed with (H) showing a heat map of HIS-tagged OPA1 iso 7 protein signal in these cells. This morphological change in the mitochondrial network is seen with OPA1 iso 1 transfection also. Red scale bar = 10 μm.


During the morphological analysis of the mitochondrial network of these cells it was noted that a number of cells displayed high levels of HIS-tagged OPA1 fluorescence, indicating high levels of OPA1 protein, but also showed a distinctive punctate mitochondrial network morphology, with consistent levels of mitotracker staining (Figures 2D,E, here showing representative OPA1 iso 1 transiently transfected cells). To further examine if this phenomenon was due to OPA1 overexpression 15 fields of view (FOV) were imaged over 3 separate transfections and the morphology of cells were manually scored as being rescued or showing a punctate mitochondrial network distinct from unrescued cells, in cells displaying measurable levels of HIS-tagged OPA1 fluorescence. Figure 3F shows the distribution of the HIS fluorescence varies significantly depending on the mitochondrial phenotype displayed by the cell for both OPA1 iso 1 and OPA1 iso 7 transiently expressing cells (n = > 50 cells for each morphology, p < 0.001 for both isoforms).


[image: image]

FIGURE 3. Biochemical analysis of pcOPA1 iso 1 (yellow) and pcOPA1 iso 7 (red) stable cells compared to pcOPA1–/– (purple) stable cells and wild type NIH-3T3 MEFs (green). (A) Western blot densitometry analysis of pcOPA1 iso 1, iso 7, and –/– stable cell lines relative to NIH-3T3 cells. Values have been normalized to β-actin. The •, ▲, and ■ symbols represent samples taken 1, 7, and 14 days apart, demonstrating little variation in protein expression levels over time. (n = 3 replicates of each cell type and n = 4 technical replicates, error bars ± SD). (B) Morphological analysis of mitotracker stained mitochondria showing proportion of cells that showed evidence of complex mitochondrial structure (n = 10 random FOV across 3 independent trials). (C) Mitochondrial Fission Analysis. PA-GFP fluorescence as a percentage of T = 1 measured at 15, 30, and 45 min post illumination (n = 10 cells from 5 FOV, error bars ± SE) Rescued cells show a significant improvement in the rate of mitochondrial fusion compared to pcOPA1–/– cells. (D,E) show growth curves of each stable cell line with either glucose or galactose as their primary energy source (n = 3 independent trials). (F) Seahorse XFe96 Mitochondrial Stress Test of the stable cell lines under different growth conditions. Solid lines represent cells grown in 10 mM galactose, hatched lines represent cells grown in 25 mM glucose media for 48 h prior to the experiment (n = 8 replicates each group, normalized to cell count, error bars ± SD). (G) Shows the basal OCR and SRC as a% of basal OCR from F), (n = 8 replicates each group, normalized to cell count, error bars ± SE) Taken together (F,G) demonstrate that pcOPA1 iso 1 and 7 cells glucose showed an increase in both basal and SRC when compared to pcOPA1–/– cells grown in glucose. Furthermore, when pcOPA1 iso 1 or 7 cells were grown in galactose they outperform pcOPA1 iso 1 and 7 cells grown in glucose, suggesting improved ability to remodel mitochondria to meet metabolic demands. (H) The ATP Rate Assay demonstrates that pcOPA1 iso 1 and 7 cells can utilize their mitochondria more when forced to do so in galactose media, and favor mitochondrial ATP production more even when grown in glucose. (n = 8 replicates, error bars ± SD). (I) Peredox analysis suggest a significant decrease in cytosolic NADH levels in glucose grown pcOPA1 iso 1 and 7 cells suggesting less reliance on glycolysis for ATP production. (n = 60 cells across 3 separate transfections). (J,K) Seahorse XFe96 data for pcOPA1 iso 1 and 7 and control compared to wild type NIH-3T3 MEF cells. Both pcOPA1 isoform expressing cells show basal OCR rescue to wild type levels, but do not fully restore SRC. (n = 8 replicates per group, normalized to cell count, error bars ± SD). All statistical comparisons are Kruskal-Wallis with post hoc pairwise Wilcoxon rank sum test with BH correction, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001


To investigate if this phenotype was due to OPA1–/– cells having a specific sensitivity to OPA1 iso 1 and 7 mediated over-expression, NIH-3T3 MEF cells were transiently transfected with OPA1 iso 1 or 7. Figure 2G shows representative MEF cells labeled with Mitotracker orange, with Figure 2H showing a heat map of HIS-tagged OPA1 iso 7 protein fluorescence demonstrating that mitochondrial morphology is altered with increasing levels of OPA1 iso 7 protein. OPA1 iso 1 expressing cells also demonstrated this overexpression phenotype in NIH-3T3 cells.



OPA1 Isoform 1 and 7 Expression Leads to Bioenergetic Rescue of OPA1 Cells

To modulate expression levels of OPA1 isoform 1 and 7, cell lines were generated from OPA1–/– MEF cells to stably express the optimized OPA1 isoforms, termed pcOPA1 iso 1 and 7, given the varied mitochondrial morphological phenotype observed in the transiently transfected cells. As a control, a pcOPA1–/– cell line was created using an empty pcDNA3.1 plasmid.

Densitometry of Western blot analysis of the stable cell lines (Figure 3A and Supplementary Figure 1) showed that pcOPA1 iso 1 restored 105.8% (± 16.4%, p > 0.05, n = 3 replicates) of NIH-3T3 OPA1 protein levels whereas pcOPA1 iso 7 cells restored 61.8% (± 5.5%, p < 0.05, n = 3) of endogenous NIH-3T3 OPA1 protein levels, showing a substantial increase but still significantly lower than wild-type levels. The overlaid dot plot shows protein extracted from cells sampled at three different time points (•: T = 0, ▲: T = 7, ■: T = 14 days).

The stable pcOPA1 iso 1 and 7 cell lines demonstrated a significant improvement in mitochondrial network morphology. These cells, grown in galactose to force the cells to utilize mitochondrial respiration, showed a significant increase in the number of cells whose mitochondria showed morphological rescue (Figure 3B). To examine if this morphological rescue allowed dynamic remodeling of the mitochondrial networks a mitochondrial fusion assay was performed. This assay monitors the rate of dispersal of PA-GFP signal selectively illuminated in a portion of a cell’s mitochondria; the quicker the rate of dispersal, the higher the rate of fusion in the mitochondria. This assay demonstrated a significant restoration in the ability of pcOPA1 iso 1 and 7 cells to diffuse the PA-GFP signal compared to pcOPA1–/– cells, with an average PA-GFP signal of 30.2% ± 10.9% and 25.7% ± 6.3% remaining in pcOPA1 iso 1 and 7 cells, respectively, at T = 45, compared to 68.6% ± 7.8% in pcOPA1–/– cells (Figure 3C, n = 10 ROI from 5 FOV, p < 0.05). This indicates enhanced mitochondrial fusion mediated by expression of either OPA1 isoform.

To investigate if the stable expression of the two optimized OPA1 isoforms can provide metabolic benefit compared to pcOPA1–/– cells, a number of biochemical assays were performed. Stably expressing cells were passaged for an extended period of time in either 10 mM galactose media or 25 mM glucose media, the former to force cells to utilize mitochondrial respiration in preference to glycolysis. All cell lines performed equally when grown in glucose media for 192 h (Figure 3D). Conversely pcOPA1 iso 1 and 7 cells survived significantly better when grown in galactose media (Figure 3E), with pcOPA1–/– cells showing a significant decrease in cell number after 96 h (3.37 × 106 ± 2 × 105 pcOPA1 iso 1 and 3.07 × 106 ± 1.7 × 105 pcOPA1 iso 7 vs. 1.23 × 106 ± 3.1 × 105 pcOPA1–/– cells, n = 3 replicates, p < 0.01), indicating improved ability to utilize mitochondrial respiration in pcOPA1 iso 1 and 7 cells.

In addition, the oxygen consumption rate (OCR) of these cells was measured (Figure 3F). Notably when pcOPA1 iso 1 and 7 cells are compared to pcOPA–/– cells in either glucose or galactose growth conditions, pcOPA1 iso 1 and 7 cells demonstrate a far greater ability to modulate their mitochondrial respiration. Both pcOPA1 iso 1 and 7 cells outperform pcOPA1–/– cells when grown in glucose (basal OCR in glu: pcOPA1–/– 38.9 ± 0.84 pmol/min vs. pcOPA1 iso 1 49.7 ± 0.86 pmol/min and pcOPA1 iso 7 53.62 ± 1.5 pmol/min, normalized to cell count, n = 8 replicates, p < 0.01, Figure 3E). If each cell line is compared when grown in either galactose (gal) or glucose (glu) media, pcOPA1 iso 1 and 7 cells also showed a marked increase in both basal OCR and Spare Respiratory Capacity (SRC) (Figure 3G; basal OCR: pcOPA1–/– glu 38.9 ± 0.84 pmol/min vs. gal 41 ± 0.57 pmol/min (p > 0.05), pcOPA1 iso 1 glu 49.7 ± 0.86 pmol/min vs. gal 70.2 ± 1.7 pmol/min (p < 0.001), pcOPA1 iso 7 glu 53.62 ± 1.5 pmol/min vs. gal 67.7 ± 2 pmol/min (p < 0.001); SRC (% of basal OCR): pcOPA1–/– glu 93.6% ± 3.8% vs. gal 104% ± 3.7% (p > 0.05), pcOPA1 iso 1 glu 142.4% ± 6.2% vs. gal 170.6% ± 5.7% (p < 0.01), pcOPA1 iso 7 glu 130.7% ± 3.5% vs. gal 169.7% ± 4.1% (p < 0.001), normalized to cell count, n = 8 replicates). This suggests a much improved ability of pcOPA1 iso 1 and 7 cells to alter their metabolism to meet environmental constraints compared to pcOPA–/– cells. Furthermore, when pcOPA1–/– cells were grown in galactose prior to the Seahorse analysis they demonstrated extremely low OCRs (basal OCR: galactose grown pcOPA1–/– 3.8 ± 0.65 pmol/min) which could not be rescued by providing the cells with glucose during the assay (basal OCR: glucose grown 3.4 ± 0.57 pmol/min).

To examine the reliance of pcOPA1 cells on glycolysis vs. mitochondrial respiration for ATP production, an ATP rate assay was undertaken. When grown in galactose pcOPA1 iso 1 and 7 cells showed an increase in ATP production from mitochondrial processes compared to pcOPA1–/– cells indicating rescued mitochondrial function (Figure 3H, mito-ATP production in galactose: pcOPA1–/–206 ± 8.8 pmol/min, pcOPA1 iso 1 345.1 ± 22.5 pmol/min, pcOPA1 iso 7 331.6 ± 23.5 pmol/min). Interestingly this ability to use mitochondria for ATP generation is still favored by pcOPA1 iso 1 and 7 cells when grown in glucose media, with an increase in mitochondrial ATP production (mito-ATP production glucose: pcOPA1–/– 195 ± 13 pmol/min, pcOPA1 iso 1 279.1 ± 37.6 pmol/min, pcOPA1 iso 7 288.7 ± 24.7 pmol/min) and a corresponding decrease in glycolytic ATP production (glycol-ATP production glucose: pcOPA1–/– 284.7 ± 37.8 pmol/min, pcOPA1 iso 1 199.7 ± 44.7 pmol/min, pcOPA1 iso 7 229.1 ± 37.4 pmol/min).

To confirm this reduction in reliance of glycolysis in pcOPA1 iso 1 and 7 cells, the Peredox fluorescent protein assay was employed (Hung et al., 2011). Peredox protein increases its fluorescence in response to cytosolic NADH levels, with higher levels of cytosolic NADH being indicative of increased levels of glycolysis. pcOPA1 iso 1 and 7 cells grown in glucose show significantly lower levels of Peredox NADH mediated fluorescence (pcOPA1–/– 3.8 ± 0.9 vs. pcOPA1 iso 1 2.1 ± 0.5 and pcOPA1 iso 7 2.1 ± 0.6 normalized fluorescence ratio, n = 55 cells observations across 3 separate transfections, p < 0.0001), suggesting these cells have a decreased reliance on glycolysis for ATP production compared to pcOPA1–/– cells (Figure 3I).

The mitochondrial activity of pcOPA1 iso 1 and 7 was compared to wild-type (wt) MEF levels grown in galactose media. Notably, rescued cells had no statistical difference in basal OCR when normalized to cell count (Figure 3J; Basal OCR: NIH-3T3 70.3 ± 4.4 pmol/min, pcOPA1 iso 1 72.8 ± 8.3 pmol/min, pcOPA1 iso 7 77.1 ± 8.5 pmol/min, normalized to cell count, n = 8 replicates, p > 0.05) although all three showed a significant improvement compared to pcOPA1–/– cells (Basal OCR: pcOPA1–/– 46.2 ± 4.6 pmol/min, n = 8 replicates, p < 0.001). However, there was a significant difference in the spare respiratory capacity (SRC) of rescued cells compared to wt MEF cells (Figure 3K; SRC as% of baseline: NIH-3T3 216.4% ± 6.5%, pcOPA1 iso 1 168.9% ± 7.1%, pcOPA1 iso 7 154.5% ± 5%, pcOPA1–/– 100.8% ± 5.4%).



AAV delivered OPA1 iso 1 and OPA1 iso 7 Show Benefit in a Mouse Model of Retinal Mitochondrial Dysfunction

Previously our lab has utilized an established rotenone model of complex I deficiency which phenotypically resembles optic neuropathies such as DOA and Leber Hereditary Optic Neuropathy due to significant RGC loss leading to RNFL thinning and a progressive decrease in visual acuity (Zhang et al., 2002; Chadderton et al., 2013).

To investigate the utility of OPA1 iso 1 and OPA1 iso 7 as therapeutic entities, recombinant AAV vectors were produced and evaluated in the rotenone induced mouse model of mitochondrial dysfunction. The AAV2/2 serotype was chosen for the study due to its ability to transduce RGCs efficiently (Dudus et al., 1999; Chadderton et al., 2013). Adult 129 S2/SvHsd mice were intravitreally injected with 1 × 109 vg of AAV2/2-OPA1 iso 1 or AAV2/2-OPA1 iso 7 followed by injection of the complex I inhibitor rotenone 3 weeks later. After 2 weeks mice were analyzed for visual function (Figure 4). As AAV2/2-OPA1 iso 1 and AAV2/2-OPA1 iso 7 were injected at different times, each is considered with its respective cohort of controls independently.
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FIGURE 4. Analysis of AAV2/2-OPA1 iso 1 and AAV2/2-OPA1 iso 7 treatment in a rotenone induced model of optic neuropathy. Adult 129 S2/SvHsd mice were intravitreally injected in both eyes with 1 × 109 vg of either AAV-OPA1 iso 1 or AAV-OPA1 iso 7 and 1 × 108 vg of AAV-CBA-EGFP, 3 weeks post AAV delivery 0.6 μl 1.5 mM rotenone was administered intravitreally. (A,B) optokinetic response, maximum spatial frequency (cyc/deg), measured 3 weeks post-rotenone administration. Rotenone treated wt animals in both cohorts show a significant decrease in OKR which is significantly improved by AAV2/2-OPA1 iso 1 or 7 treatment (p < 0.05 and p < 0.01, respectively). (C,D) Show the photopic negative response (PhNR) measured 2 weeks post-rotenone. AAV2/2-OPA1 iso 1 treated animals administered with rotenone show significant protection of PhNR amplitudes compared to wt animals given rotenone (p < 0.05), however, AAV2/2-OPA1 iso 7 treated eyes administered with rotenone only showed a modest trend toward protection (p≈ 0.2). (E,F) Show the area of RBPMS staining (μm2) as a measure of RGC cell survival. Neither treatment showed statistically significant benefit in RGC area, however, AAV2/2-OPA1 iso 1 should a modest trend toward protection (p ≈ 0.2). Open circle = mean, OPA1 iso 1 and 7 ± rotenone; n = 7; wt ± rotenone, n = 8 (OPA1 iso 1 cohort) and wt ± rotenone, n = 10 (OPA1 iso 7 cohort) pairwise Wilcoxon rank sum test with BH correction (*p < 0.05, **p < 0.01).


The optokinetic response (OKR) is a measure of the visual tracking response elicited by a moving pattern. This pattern can be altered to test the maximum spatial frequency the mouse can observe, measured in cycles/degree. The higher the spatial frequency the better the visual acuity. Critically, mice treated with either AAV2/2-OPA1 iso 1 or AAV2/2-OPA1 iso 7 showed no decrease in OKR when compared to uninjected age matched 129 S2/SvHsd mice [hereon referred to as wild-type (wt)] with a mean of 0.43 ± 0.03 cyc/deg for wt compared to 0.43 ± 0.04 cyc/deg AAV2/2-OPA1 iso 1 treated animals (Figure 4A, n = 7, p > 0.05) and 0.42 ± 0.02 cyc/deg wt compared to 0.42 ± 0.01 cyc/deg AAV2/2-OPA1 iso 7 treated animals (Figure 4B, n = 7, p > 0.05). Injection of rotenone significantly decreased the OKR of wt mice compared to untreated wt eyes (wt + rotenone OPA1 iso 1 cohort: 0.15 ± 0.09 cyc/deg, n = 8, p < 0.01; OPA1 iso 7 cohort: 0.16 ± 0.07cyc/deg, n = 7, p < 0.001). There was significant protection of spatial visual function when eyes were treated with either AAV vector prior to rotenone insult with AAV2/2-OPA1 iso 1 showing an OKR of 0.26 ± 0.08 cyc/deg (n = 7, p < 0.05 compared to wt + rotenone) and AAV2/2-OPA1 iso 7 showing an OKR of 0.32 ± 0.05 cyc/deg (n = 7, p < 0.01 compared to wt + rotenone). AAV treatment with AAV2/2-OPA1 iso 1 or AAV2/2-OPA1 iso 7 demonstrated maintenance of 60.5 ± 19% and 76.9 ± 11.9% of the OKR, respectively, compared to their wt controls, with rotenone treated eyes demonstrating 37.6± 17.7% and 34.9± 20.4% of the OKR in the OPA1 iso 1 and 7 groups, respectively. This represents a large proportion of protection, although the OKR was still significantly lower than wt controls.

The photopic negative response (PhNR) of treated animals was interrogated. PhNRs are an electroretinogram (ERG) measurement obtained under dark-adapted conditions as a measure of inner retinal electrical activity and are used as a selective measure of RGC activity (Figures 4C,D). AAV2/2-OPA1 iso 1 (7.4 ± 3 μV) and AAV2/2-OPA1 iso 7 (3.9 ± 4.9 μV) treated animals show no statistical decrease in PhNR compared to untreated wt eyes (iso 1 cohort: 7.7 ± 4 μV, iso 7 cohort: 6.1 ± 4.1 μV), however there is a clear trend toward decreased PhNR in AAV2/2-OPA1 iso 7 treated eyes. Both groups showed a significant decrease in PhNR amplitudes in eyes injected with rotenone when compared to untreated wt eyes (wt + rotenone OPA1 iso 1 cohort: 1.28 ± 1.5 μV, n = 8, p < 0.01; OPA1 iso 7 cohort: 1.9 ± 3.5 μV, n = 10, p < 0.05). Notably, AAV2/2-OPA1 iso 1 treated eyes show a significant benefit in PhNR when insulted with rotenone compared to wt eyes (AAV2/2-OPA1 iso 1 + rotenone: 5.3 ± 5.1 μV, n = 7, p < 0.05) In comparison AAV2/2-OPA1 iso 7 treated eyes showed a modest trend toward benefit (AAV2/2-OPA1 iso 7 + rotenone: 3.1 ± 3.2 μV, n = 7, p ≈0.2) but displayed more variability within the treated group. As AAV2/2-OPA1 iso 1 treated eyes (without rotenone insult) maintained 96% of the PhNR amplitude of wt animals and AAV2/2-OPA1 iso 7 treated only maintained 64% of wt PhNR it suggests there may have been a modest detrimental effect of AAV2/2-OPA1 iso 7 treatment at this dose.

Whole mounts of the experimental retinae stained for RBPMS, a marker for RGCs, were analyzed to assess if AAV2/2-OPA1 iso 1 and AAV2/2-OPA1 iso 7 retinae showed increased protection of RGCs, by measuring the total area of RBPMS positive staining (Figures 4E,F and Supplementary Figure 2 shows representative wholemount images). Treatment with either AAV-OPA1 construct did not lead to significant changes in RGC area when compared to untreated wt retinae (AAV2/2-OPA1 iso 1: 3.75 ± 0.69 mm2 (n = 7) vs. wt 4.14 ± 0.55 mm2 (n = 8), p > 0.05; AAV2/2-OPA1 iso 7: 3.73 ± 0.59 mm2 (n = 7) vs. wt 4.15 ± 0.46 mm2 (n = 10), p > 0.05). Treatment of wt eyes with rotenone led to significant loss of RGCs (wt + rotenone OPA1 iso 1 cohort: 1.81 ± 0.57 mm2, n = 10, p < 0.01; wt + rotenone OPA1 iso 7 cohort: 1.26 ± 1 mm2, n = 8, p < 0.001) which neither AAV2/2-OPA1 iso 1 (2.23 ± 0.5 mm2, n = 7, p ≈0.2) nor AAV2/2-OPA1 iso 7 (1.43 ± 1 mm2, n = 7, p > 0.05) treatment was able to protect from, however AAV2/2-OPA1 showed a modest trend toward RGC protection.



AAV Treatment Shows Benefit in Primary DOA Patient Derived Fibroblasts

To investigate if AAV mediated delivery of OPA1 iso 1 or 7 could improve mitochondrial function in a DOA model, patient derived fibroblasts were generated from 3 DOA patients. DOA 1 (46 y/o, Female) is heterozygous for 53del10 deletion and DOA 2 (49 y/o, Female) and DOA 3 (18 y/o, Female) represent two generations from the same family and are heterozygous for the 1334G > A mutation which leads to an R445H substitution. To act as controls 3 age matched control fibroblast cell lines were used. These donors showed no indication of either mitochondrial or ocular deficits. Figure 5A shows endogenous OPA1 mRNA levels as well as Western blot densitometry analysis of OPA1 protein normalized to β-actin levels in each of the 6 cell lines (n = 4 technical replicates, see Supplementary Figure 3 for representative blot). Although mRNA levels remain similar between DOA patients and controls, all three patient cell lines appear to show a deficit of OPA1 protein compared to the control lines, with DOA 1 (53del10) showing the largest decrease. To test the feasibility of AAV2/2-OPA1 mediated therapy all three patient cell lines were treated with 1 × 105 MOI of either AAV2/2-OPA1 iso 1 or 7 before levels of OPA1 mRNA and protein were assessed (Figure 5B). Densitometry was performed on total OPA1 protein normalized to β-actin protein levels and for statistical analysis all DOA samples treated with a given virus were combined. Figure 5B shows there is a significant increase of total OPA1 protein in cells treated with OPA1 iso 1 virus, but this did not quite reach significance with OPA1 iso 7 treated cells.
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FIGURE 5. (A) Protein and RNA analysis of 3 DOA fibroblast lines (het 53del10: green and het R445H: purple) and 3 control fibroblast lines (gray). RNA (n = 4 technical replicates) and protein (n = 4 technical replicates) levels are relative to the mean of control samples. (B) RNA and protein analysis from patient cells treated with 1 × 105 MOI of AAV-OPA1 iso 1 or 7. RNA samples are relative copy numbers for each construct (n = 4 technical replicates) and compare endogenous RNA from all OPA1 isoforms (gray) and transduced OPA1 iso 1 (yellow) or 7 (red) RNA. Densitometry analysis of transduced cells is normalized to the untreated mean for all 3 patient cell lines and shows the mean of all three cell lines for a given treatment (n = 3 replicates per cell line, •, ▲, and ■ represent DOA 1, 2, and 3, respectively). (C) Basal OCR and (D) SRC analysis of three DOA patient derived fibroblast lines, DOA 1 (het 53del10) DOA 2 (het R445H) and DOA 3 (het R445H), grown in galactose either untreated (gray) or treated with four MOIs of either AAV2/2-OPA1 iso 1 (yellow shades) or AAV2/2-OPA1 iso 7 (red shades) 48 h prior to analysis (Seahorse XFe96). OCR was normalized to protein content. SRC was measured as the difference between basal and maximal OCR after removal of non-mitochondrial OCR. (n = 3 replicates, Dunnett’s Test vs. Untreated). (E) Comparison of the basal OCR of 3 control fibroblast cell lines with the 3 patient cell lines untreated, color coded by mutation (n = 3 replicates). (F) Comparison of the mean control basal OCR and the only dose found to significantly alter basal OCR from C), 2.5 × 104 MOI AAV-OPA1 iso 7 in DOA 1 cells. (G) SRC of control cell lines compared to DOA cell lines, color coded by mutation (n = 3 replicates). (H) Comparison of the mean SRC of the 3 control lines with untreated DOA SRC values and the viral doses that achieved the largest increase in SRC for each from (D) [outlined bars (n = 3 replicates)]. #p < 0.1, ∗p < 0.05, ∗∗∗p < 0.001, error bars ± SE.


These fibroblasts were treated with multiple MOI doses of AAV2/2-OPA1 iso 1 and 7 ranging from 5 × 104 to 2 × 105 in 5-fold increments and were subjected to Seahorse analysis of OCR as a dosing study to test if any functional benefit could be observed. Figures 5C,D shows the basal OCR and Spare Respiratory Capacity of these cells normalized to protein content. The basal OCR of these cells remains largely unaltered by AAV treatment apart from DOA 1 cells treated with AAV2/2-OPA1 iso 7 at an MOI of 2.5 × 104 (Figure 5C, 38.5 ± 2.6 pmol/min/mg protein, Dunnett’s test, n = 3 replicates, p < 0.05).

When examining the SRC of treated DOA patient cells (Figure 5D, only AAV2/2-OPA1 iso 7 treated cells showed significant benefit when compared to untreated, with AAV2/2-OPA1 iso 1 having no significant positive or negative affect in our study. DOA 1 showed maximal benefit to SRC when treated with the highest dose of 2 × 105 MOI (53.3 ± 4.6 pmol/min/mg protein, Dunnett’s test, n = 3 replicates, p < 0.05). DOA 2 showed significant improvement of their SRC at 1 × 105 MOI (40.8 ± 3.4 pmol/min/mg protein, Dunnett’s test, n = 3 replicates, p < 0.05). Of note, DOA 3 showed benefit at two separate MOIs, 2.5 × 104 and 1 × 105 (81.8 ± 3.9 pmol/min/mg protein and 85.3 ± 4.6 pmol/mg/protein respectively, Dunnett’s test, n = 3 replicates, p < 0.001) but not with the MOI in between of 5 × 104.

Figure 5E shows the basal OCR of the 6 different fibroblast lines, color coded by genotype (gray: controls, green: 53del10, purple: R445H, and black bar indicates the group mean). There is a large deficit in basal OCR in DOA 1 cells harboring 53del10. Intriguingly there appears to be an increase in the basal OCR of the R445H cell lines, DOA 2 and 3 which show 120.5 and 131.5% of control cell basal oxygen consumption respectively. To further demonstrate the beneficial effect observed with AAV2/2-OPA1 iso 7 treatment, Figure 5F shows a comparison between the average basal OCR of the three control lines compared to that of DOA 1 cells, as well as the DOA 1 cells treated with 2.5 × 104 AAV2/2-OPA1 iso 7. Before treatment DOA 1 showed 52.2% of the basal OCR of the control cells, with AAV treatment increasing this to 69.4%.

Figure 5G shows the SRC of control cells compared to the DOA cell lines. Both DOA 1 and DOA 2 show a reduction in SRC when compared to control cell lines, however DOA 3 shows high levels of SRC. When comparing the level of increase in SRC AAV-OPA1 treatment mediates (Figure 5H), DOA 1 increases from 83.3 to 120.6% of control levels, DOA 2 increases from 66.3 to 84.7% of control levels and DOA 3 increases from 121.2 to 177% of control levels.



DISCUSSION

The current study provides clear support for the value of OPA1 based gene therapies for DOA and potentially more broadly for other ocular disorders involving mitochondrial dysfunction. These results suggest that OPA1 isoforms 1 and 7 are the prevalent isoforms expressed in healthy retinal tissue and that both isoforms can be used as potential therapeutic modalities, but consideration needs to be given to ensure appropriate dosing of OPA1 protein. Notably, codon optimized versions of OPA1 isoform 1 and 7 were generated and both isoforms were shown to modulate mitochondrial bioenergetics in cell models of OPA1 dysfunction and protect spatial visual function and PhNR responses in a chemically induced mouse model displaying many of the morphological and functional phenotypes of optic neuropathy, although the OPA1 based therapy only provided a trend toward protection of RGCs. Of note, we demonstrated for the first time that AAV-OPA1 therapeutic interventions can alter mitochondrial bioenergetics in DOA patient derived fibroblast cells, with both OPA1 isoforms evaluated demonstrating the ability to significantly alter mitochondrial bioenergetics by increasing mitochondrial SRC. Taken together, these data underscore the potential utility of OPA1 based gene therapy.

Initial analysis of the OPA1 isoforms expressed in healthy human retinal tissue (Li et al., 2014), representing the first time human retinal tissue has been directly assessed, corroborated with previous studies showing isoforms 1 and 7 to be most prevalently expressed in human tissue in general. It is worth noting that isoform 5 was previously identified as the most highly expressed in human brain tissue (Olichon et al., 2007). In the data analyzed here this was not the case but intriguingly there was a difference in isoform 5 expression levels when comparing the peripheral and macular retinal samples. This difference could be due to the different cellular composition across the human retina, with differences in rod and cone photoreceptor density and cells such as RGCs becoming less prevalent toward the retinal periphery (Drasdo et al., 2007). RNAseq data stratified by cell type would help illuminate the exact isoform distribution in RGCs, however previous analysis of OPA1 isoforms in rat RGCs suggested there was no significant difference in isoform expression patterns between RGCs and the retina at large (Kamei et al., 2005).

The correlation observed between RNA transcript levels involved in mitochondrial fission and fusion suggests that relative expression levels of mitochondrial remodelers may be important to balance mitochondrial network morphology. It is plausible that the increased OPA1 expression provided by transient expression of either OPA1 isoform tested here led to an aggregated mitochondrial network frequently observed due to shifting the balance of fission and fusion. This phenotype has previously been suggested to be due to a compensatory increase in mitochondrial fission (Misaka et al., 2002; Cipolat et al., 2004). Our study highlights the necessity to regulate expression levels of OPA1 tightly in order to provide the maximal benefit to the recipient cell.

Once appropriate levels of OPA1 protein can be achieved there is clear potential for benefit to mitochondrial outputs, as demonstrated by analysis of OPA1 isoform 1 and 7 OPA1–/– MEF stable cell lines. Codon optimization of OPA1 isoform 1 and 7 did not perturb their function as OPA1–/– MEF cells stably expressing either isoform could use mitochondria for ATP production significantly better than OPA1–/– cells, and moreover, OCR under normal physiological conditions could be restored to wild type levels. In terms of their bioenergetic profiles, the two isoforms provide similar levels of functional rescue using these assays. However, pcOPA1 iso 7 cells do show an increased rescue of mitochondrial network morphology (Figure 3A).

Importantly, this study represents the first demonstration that AAV-OPA1 based gene therapy can maintain visual function, evaluated here by OKR. However, just a trend to a corresponding protection of RGCs was obtained. There appears to be a disparity between the two isoforms tested in ability to protect against rotenone insult, with OPA1 iso 1 also demonstrating protection of the PhNR response in treated animals—although a trend toward PhNR protection can also be seen in OPA1 isoform 7 treated animals. One could hypothesize that the disparity between OKR protection compared to PhNR may be due to preferential protection of subsets of RGCs involved in movement, allowing visual function to be preserved whilst there is still a significant reduction in overall RGC activity. It is also noteworthy that AAV-OPA1 iso 7 treatment appears to have had a more dramatic effect on the PhNR response in these animals in the absence of rotenone when compared to AAV-OPA1 iso 1 treatment alone. This is also interesting given that there was no reduction in RGC area between OPA1 iso 7 treated and untreated animals, suggesting cell survival and functionality may be separable. In this study, at equal doses, the two isoforms do not provide equal levels of protection.

Previous AAV-OPA1 based therapeutic studies have shown some protection of RGCs (Sun et al., 2016b; Hu et al., 2018; Sarzi et al., 2018). While this was not recapitulated in our study, there is a trend toward increased RGC number in the rotenone treated AAV-OPA1 isoform 1 cohort compared to wild type mice treated with rotenone. The data suggest that despite levels of RGC loss being similar in all rotenone treated groups, the function of the remaining RGCs is enhanced by both of the OPA1 isoforms, allowing for maintenance of a significant level of visual function. Further work is needed to examine potential dosage levels of each isoform to establish whether both functional and histological benefits can be achieved.

The rotenone model presented here is not directly analogous to a DOA animal model as the insult is acute rather than a prolonged retinal degeneration. Although the model does recapitulate the preferential RGC dysfunction, the mechanism of rotenone induced degeneration is different from that seen in DOA, namely the inhibition of complex I of the electron transport chain vs. OPA1 haploinsufficiency (Alavi et al., 2007; Davies et al., 2007). As such the data here show that OPA1 based gene therapy potentially has a wider applicability as a therapeutic agent for mitochondrial disorders outside of its potential utility in DOA.

The analysis of DOA patient derived fibroblasts underscores the differing effects different viral doses of AAV-OPA1 isoforms can enact and also highlights the range of effects different OPA1 mutations can have on mitochondrial function. Previous analysis of fibroblasts derived from DOA patients with the OPA1 R445H have also found an increase basal OCR over that of control cells, with the hypothesis proposed that basal OCR is increased in these cells as a compensatory mechanism (exact age at time of all biopsies unclear; mean age 23 for 3 patients, n = 5; Amati-Bonneau et al., 2005). Furthermore, the FCCP mediated, maximal respiration and spare respiratory capacity of a fibroblast line with the R445H mutation has previously been shown to be significantly increased compared to control fibroblasts, but no increase in basal OCR was observed (age 30; Kane et al., 2017). However this situation is not so clear cut as R445H has also been found to be one of the most deleterious mutations in patient derived fibroblasts, with cells exhibiting lower, but not significantly so, basal and maximal respiration compared to controls (mean age: 38; n = 2; Del Dotto et al., 2018b). It is possible that age is a modulating factor for the phenotypic variation observed with the R445H mutation, as mitochondria have long been associated with age related dysfunction (Jarrett et al., 2010; Sun et al., 2016a; Elfawy and Das, 2019). The two patients with the R445H mutations in this study have a mean age of 33.5, with both displaying higher basal OCR than controls. Age could also potentially explain why the SRC of DOA 2 (49 years) is lower compared to DOA 3 (18 years), and indeed why the SRC of DOA 3 is the highest of all cells assayed in this study. Further work is needed to fully elucidate the underlying biochemical effect of the R445H mutation. It is positive that AAV delivered OPA1 isoform 7 significantly increased the SRC in both DOA 2 and DOA 3 cells, which would in theory allow cells to better modulate their metabolism to meet fluctuating energy demands. In this study, efficacy was related to the viral dose delivered. The youngest patient, DOA 3 (∼30 years younger than the others) demonstrated the highest untreated SRC and the largest level of benefit with two doses of virus, potentially suggesting a higher level of plasticity in mitochondrial dynamics.

Currently no other studies have examined the 53del10 deletion, but our data suggests it leads to haploinsufficiency via a decrease in OPA1 protein levels coupled with a decrease in basal OCR and SRC below that of control fibroblasts. Here we have shown that AAV delivered OPA1 isoform 7 can significantly improve both the basal OCR and SRC of these cells, albeit at different doses.

The increase in SRC is promising for potential DOA therapeutics as previous studies have shown patient derived cells to have OCR deficiencies (Amati-Bonneau et al., 2005; Belenguer and Pellegrini, 2013; Vidoni et al., 2013; Kane et al., 2017; Liao et al., 2017; Del Dotto et al., 2018b). Clearly SRC is part of a broader range of mitochondrial roles that are affected by mutations in OPA1, with some debate as to whether mitochondrial dysfunction or the deficiency in mitochondrial network regulation is the main component in DOA related RGC loss (Del Dotto et al., 2018a), but this study highlights the potential utility of AAV delivered OPA1 isoforms to modulate mitochondrial bioenergetics in patient derived cells.

It is unclear why OPA1 isoform 7 outperformed isoform 1 in DOA patient cells and is in contrast to the greater benefit found with OPA1 isoform 1 in the rotenone model shown here, but this could potentially be due to differing physiological roles performed by the two isoforms, although previous work examining the functions of different isoforms has found limited difference between isoforms 1 and 7 (Del Dotto et al., 2017). It seems plausible that with an altered dose that OPA1 isoform 7 could prove as effective as isoform 1 in the animal model and likewise OPA1 isoform 1 could show similar levels of benefit in patient cells.

The current study supports the view that finely regulated dosage appears to be crucial to provide functional benefit when utilizing OPA1 based therapies, and therefore it may be of great benefit to employ the endogenous OPA1 promoter for such therapies, however, currently the endogenous OPA1 promoter remains poorly defined. If of a suitable size, incorporating the endogenous promoter into an AAV-OPA1 expression cassette, or employing genome editing strategies, thereby utilizing the endogenous promoter in situ, could potentially much improve ability of the construct to provide appropriate OPA1 protein dosage.

Critically, the study provides clear evidence of rescue of spatial visual function in vivo of an AAV-OPA1 based gene therapy and represents a step forward in the use of OPA1 isoforms as therapeutic interventions for DOA and potentially for other optic neuropathies more broadly as seen in the rotenone induced mouse model. Intriguingly, this further adds to the evidence that the neuro protective properties of OPA1 may potentially be utilized in a wide array of scenarios. However, the study also underscores that if OPA1 based therapeutics are to be fully efficacious then careful regulation of dosage needs to be achieved.
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Purpose: was to create an in vitro model of human retinal detachment (RD) to study the mechanisms of photoreceptor death.

Methods: Human retinas were obtained through eye globe donations for research purposes and cultivated as explants. Cell death was investigated in retinas with (control) and without retinal pigment epithelium (RPE) cells to mimic RD. Tissues were studied at different time points and immunohistological analyses for TUNEL, Cleaved caspase3, AIF, CDK4 and the epigenetic mark H3K27me3 were performed. Human and monkey eye globes with retinal detachment served as controls.

Results: The number of TUNEL-positive cells, compared between 1 and 7 days, increased with time in both retinas with RPE (from 1.2 ± 0.46 to 8 ± 0.89, n = 4) and without RPE (from 2.6 ± 0.73 to 16.3 ± 1.27, p < 0.014). In the group without RPE, cell death peaked at day 3 (p = 0.014) and was high until day 7. Almost no Cleaved-Caspase3 signal was observed, whereas a transient augmentation at day 3 of AIF-positive cells was observed to be about 10-fold in comparison to the control group (n = 2). Few CDK4-positive cells were found in both groups, but significantly more in the RD group at day 7 (1.8 ± 0.24 vs. 4.7 ± 0.58, p = 0.014). The H3K27me3 mark increased by 7-fold after 5 days in the RD group (p = 0.014) and slightly decreased at day 7 and was also observed to be markedly increased in human and monkey detached retina samples.

Conclusion: AIF expression coincides with the first peak of cell death, whereas the H3K27me3 mark increases during the cell death plateau, suggesting that photoreceptor death is induced by different successive pathways after RD. This in vitro model should permit the identification of neuroprotective drugs with clinical relevance.

Keywords: human retina, in vitro model, retinal detachment, photoreceptor death, cell death pathways


INTRODUCTION

Retinal detachment (RD) is one of the most common causes of photoreceptor cell death worldwide (Subramanian and Topping, 2004). Photoreceptor cells die when they are physically separated from the underlying retinal pigment epithelium (RPE) and choroidal vessels, which provide metabolic support to the outer layers of the retina. Although various pathological changes occur in detached retinas (Anderson et al., 1981; Lewis et al., 1994; Jablonski et al., 2000), studies on experimental models have shown that photoreceptor cell death is immediately induced, as early as 12 h after the RD event, and peaks after 2 or 3 days (Cook et al., 1995; Hisatomi et al., 2001; Arroyo et al., 2005). This indicates that an early intervention could potentially preserve the photoreceptors, but delayed care may lead to photoreceptor loss and visual acuity deterioration as consequences. Photoreceptor degeneration processes are currently not fully understood. In rodent models of RD, apoptotic and cell death factors such as apoptosis inducing factor (AIF) and RIPK3 were detected 3 days post detachment (Hisatomi et al., 2001, 2002; Trichonas et al., 2010). The contribution of the apoptotic pathway to photoreceptor death was clearly demonstrated in rodent models of RD by the anti-apoptotic intraperitoneal injection treatment of Bcl-X-TAT fusion protein, which markedly decreased photoreceptor death, 3 days post detachment (Hisatomi et al., 2008). AIF release and Caspase-9 activation were observed in RD human retinas (Hisatomi et al., 2008), but the use of anti-apoptotic factors such as Z-VAD in rodent models of RD did not significantly reduced photoreceptor death (Murakami et al., 2013), suggesting that other pathways are also activated during the cell death process.

Photoreceptor cell death also occurs during the disease course of other retinal disorders such as retinitis pigmentosa (RP), age-related macular degeneration (AMD), and after light-damage of the retina (Wenzel et al., 2005; Ambati and Fowler, 2012; Sahaboglu et al., 2013). Although the causes and clinical characteristics of each retinal disorder differ, accumulating evidence suggests that some molecular pathways leading to photoreceptor cell death appear to be shared by these diseases at least in part (Sancho-Pelluz et al., 2008; Murakami et al., 2013; Zencak et al., 2013). As example, cell cycle proteins play a key role in neurons committed to cell death in several neurodegenerative diseases (Herrup and Yang, 2007) including inherited retinal dystrophies as well as acute retinal injury by light (Al-Ubaidi et al., 1992; Vincent et al., 1996; Yang et al., 2001; Nguyen et al., 2003; Höglinger et al., 2007; Zencak et al., 2013), where post-mitotic neurons start to express nuclear cyclin-dependent kinase 4 (CDK4), usually implicated in the re-entry into the cell cycle. The in vitro CDK4 inhibition in retina explants of a mouse model of RP induced by roscovitine evidenced the role of this kinase in the cell death process (Zencak et al., 2013). Loss-of-function studies revealed that downstream and upstream molecular actors, E2F1 and BMI1, respectively, contribute also to cell death induction, BMI1 having the most important role.

Interestingly, and in accordance with the potential action of BMI1, epigenetic modifications recently appeared to play a role during retinal degeneration – such as DNA methylation (Wahlin et al., 2013; Farinelli et al., 2014) and histone modifications (Corso-Díaz et al., 2018; Zheng et al., 2018). An interference with DNA methylation using a DNMT (DNA methyltransferases) inhibitor in vitro in retinal explants showed a neuroprotective action on photoreceptor survival during the degenerating process (Farinelli et al., 2014). The authors also demonstrated an increase in DNA methylation in dying photoreceptors in several RP animal models analyzed, suggesting DNA hypermethylation as a common denominator in the photoreceptor degeneration pathway. Their findings thus propose a complex relation between DNA methylation and retinal degeneration, which may include both protective actions and disease-driving elements (Farinelli et al., 2014). A similar observation was postulated with the appearance of the H3K27me3 mark, which presents a small increase during the degenerative process in the Rd1 retina, a mouse model of retinitis pigmentosa (Zheng et al., 2018), but the cell type expressing this mark was not determined.

In this study, we investigated human retinas in vitro, in order to have a better comprehension of the cell death mechanisms that may occur in patients affected by RD. Our work aims to reveal whether apoptosis, cell cycle reentry and epigenetic modifications are also involved in an in vitro model of human RD.



MATERIALS AND METHODS


Biological Samples

Retina tissues from human eye globes were obtained following procedures conformed to the tenets of the Declaration of Helsinki for biomedical research involving human subjects and according to the ethical approval (protocol No 340-15) and Swiss law. Human globes received from the Lausanne Eye Bank had been assessed as unsuitable for cornea transplantation. The overall health of the donor before death was considered and tissue from donors with previous history or treatment that might damage the retina was rejected.

We also used sections of Macaca fascicularis eye globes obtained for a previous experiment we performed for a gene therapy study, including controls injected with vehicle (TSSM) in which a retinal detachment was observed (for the animal origin and experimentation authorization, please refer to Matet et al., 2017).



Protocol for Preparing Human Retinal Explants

Following the donor cornea retrieval, the posterior segment was recovered; the vitreous was removed, then the sclera and retina were cut in a flower shape with four cuts. Next the retina was detached from the RPE, choroid and sclera, in order to obtain the in vitro model of RD. For the control samples, to maintain the RPE, Proteinase-K incubation during 20 min was performed as previously described in Zencak et al., 2013. The peripheral retina was dissected into small pieces of a minimum of about 5 mm × 5 mm. Retinal explants were placed on Millipore membrane inserts (Millicell Cell Culture Plate Inserts, Merck Millipore, Merck, Darmstadt, Germany), which were then placed in a 6 well plate (Nalgene Nunc, Rochester, NY, United States), with 1.5 mL of medium in each well. The R16 medium was first used, but we observed little cell death in this condition. The medium used contained: 1% B27, 1% FBS, 1% P/S, 97% DMEM/F12. The explants were maintained at 37°C, 5% CO2, and the medium was changed every 48 h. During this protocol, fixation was performed 1, 3, 5 and 7 days after dissection using 4% paraformaldehyde for 120 min. The explants were cryopreserved in 30% sucrose, then mounted using Yazulla [water solution containing 22.5% of egg albumin (Applichem) and 2.3% gelatin (Merck)] and subsequently frozen at −20°C.



Retinal Explant Cultures

In order to mimic retinal detachment, the retinal explant of each donor sample was held in the medium without RPE, and with RPE for the control group [as previously described for mouse retina explants (Zencak et al., 2013)]. The presence of RPE was ascertained by a regular pigmented epithelium with normal nuclei. No choroid or sclera was present in the samples analyzed in this work. Indeed, we observed that the presence of the choroid provoked marked cell death (data not shown).

Four retinal explants fulfilled the inclusion criteria (n = 4). All 4 explants were negative for known retinal diseases. Each biological sample was divided in two groups: RD group (without RPE) n = 4, and control group (with RPE) n = 4, and served for all the time points analyzed.



Immunohistochemistry

Immunohistochemical analysis was performed according to standard protocols (see below), on a series of 14 μm-thick cryosections. Antibodies against Cleaved-Caspase-3, apoptosis-inducing factor (AIF), Cyclin-dependent-kinase 4 (CDK4), BCL2 Associated X, Apoptosis regulator (BAX), Receptor Interacting Serine/Threonine Kinase 3 (RIPK3) and the H3K27me3 antigens were used (Table 1). Slides were incubated 1h with the blocking solution containing 10% Normal Goat Serum (NGS) and 0.3% TritonX-100, followed by overnight incubation with the primary antibody diluted in blocking solution, and then washed 3 times with PBS. Appropriate fluorescent secondary antibody was incubated for 1h at room temperature (Table 1). Nuclei were counter-stained with 4,6-diamidino-2-phenylindole (DAPI). When comparison of fluorescence was made between groups (for instance in Figure 3), pictures were taken with the same acquisition time for a specific labeling (in this figure, H3K27me3: 900 ms, AIF, 700 ms and DAPI: 25 ms).


TABLE 1. List of primary and secondary antibodies for immunochemistry.
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H3K27me3 and AIF Labelings

An antigen retrieval treatment was performed prior to antibody incubation. The cryosections, in a 10 mM citrate buffer at pH 6.0, were first heated in a microwave oven 5 min at 696 W and then cooled down for 30 min at room temperature (RT).

H3K27me3 fluorescence intensity (Supplementary Figure S2) was quantified using Fiji (ImageJ). The images were cropped to select only the ONL, then the same intensity threshold was applied to all the pictures, and the mean intensity was automatically measured in the area above threshold. Some nuclei in the RD proximity picture were saturated, leading to an underestimation of the mean intensity on this picture.



CDK4 Labeling

To amplify CDK4 signal, a DAB staining was performed with a previous anti-peroxidase agent (0.3% H2O2 for 5 min at RT). After primary antibody incubation, biotinylated goat anti-rabbit antibody was added for 1h and then the ABC substrate for 30 min. DAB revelation lasted 2 min at RT.



Active Caspase-3 Staining

The Cleaved-Caspase-3 staining (Cell Signaling Technology #9661, Table 1) was performed according to standard protocol, with one hour blocking with 5% NGS.



TUNEL Staining

To visualize dying cells on sections, a TUNEL assay kit conjugated with TMR (Terminal deoxynucleotidyl Transferase Biotin-dUTP Nick End Labeling) was performed following instructions (Roche Diagnostics, Basel, Switzerland). Negative controls consisted of omitting the terminal deoxynucleotidyl transferase enzyme from the labeling, and gave no staining at all. Cells with a homogenous nucleus staining the size of the whole nucleus, or a little shrunk, or with a circle staining (corresponding probably to the euchromatin), were taken into account as previously described in Sahaboglu et al., 2013.



Statistical Analysis

Positive cells were counted in the most central retina sections. All measurements were taken by Olympus BX6 fluorescein microscopy. The quantification of positive cells was performed on the pictures from 10 different slices for each sample. Because after 3 days in vitro, the shape of the retinal tissue can change, we always considered (1) areas which were well layered and where no confusion could be made between ONL and INL cells, and (2) homogeneous areas in a full 40x field. All the data are expressed as mean plus or minus the standard error of the mean (SEM). Data were analyzed using the Mann-Whitney U-test and the p-value given.



RESULTS


Number of Photoreceptor Layers

In all explants, the number of photoreceptor layers was quite stable in both groups and at different time points (Table 2 and Figure 2C). Some heterogeneity exists within the same tissue sample, but each group contained retina with similar numbers of photoreceptor rows (Figure 2). We checked the presence of cones and found M/L-OPSIN-positive cells from 1 to 7 days of the culture period (data not shown). With time, many cells had M/L-OPSIN mislocalization suggesting a degenerative process. However, we did not investigate the rate of the cone degeneration because of the heterogeneity of the samples received, which were often from the retinal periphery region.


TABLE 2. Temporal expression of cell death markers during the culture of human retina explants with and without RPE.
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TUNEL Staining; Cell Death Marker

TUNEL-positive cells were present from the beginning of the experiment at a low level in the control group despite the different postmortem delays (12, 14, 23, and 24 h) and the dissection procedure of the tissue. The number of TUNEL-positive cells significantly and markedly increased after 3 days in vitro (DIV) and remained elevated until 7 DIV. An increase of more than 10-fold of TUNEL-positive cells was observed at 3 DIV between the RD and the control groups (p = 0.014) (Table 2 and Figures 1A,D). Interestingly, this augmentation of cell death coincides with what has been described for rhegmatogenous RD in vivo (Hisatomi et al., 2001; Arroyo et al., 2005). A significant 38% increase of TUNEL-positive cells continued to occur between 3 DIV and 7 DIV (Table 2 and Figures 1A,D). We then investigated the presence of potential actors of the cell death process. Note that the TUNEL-positive cells also appeared in the INL (Figure 1A and Table 2), and their number is increased at all time points, by the absence of the RPE.


[image: image]

FIGURE 1. Expression of cell death markers on human retinal explants, an in vitro model of retinal detachment. (A,D) TUNEL-positive cells imaging (arrows) and counting at 1 DIV, 3 DIV, 5 DIV, 7 DIV in RD group (-RPE) and control group (+RPE). The presence of RPE produced an artifact red fluorescent background (pink arrow). (B,E) Imaging and counting of AIF-positive cells, which are present at 3 DIV in RD group (-RPE), but are rare at 5 DIV (arrow). A representative AIF-positive cell is shown at high magnification. (C,F) CDK4 positive cells imaging (arrows) and counting in RD group (-RPE) and control group (+RPE), at 1 DIV and 7 DIV. DIV: Days in vitro, ONL: outer nuclear layer, RPE: retinal pigment epithelium. Calibration bar: 20 μm.



[image: image]

FIGURE 2. (A,B) Imaging and counting of H3K27me3-positive cells at 1 DIV and 7 DIV, in the human in vitro model of RD (-RPE) and control (+RPE). Note the marked increased number of H3K27me3-positive cells at 5 DIV (B) and 7 DIV in the RD group (-RPE). (C) The number of photoreceptor rows is stable all along the culture system in the two groups (RD model +RPE and control -RPE). DIV: Days in vitro, ONL: outer nuclear layer, RPE: retinal pigment epithelium. Calibration bar: 20 μm.
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FIGURE 3. H3K27me3 mark distribution in a retina of two patients with retinal detachment (RD) due to tumor growth. (A) The first row of pictures showing the retina nuclei evidenced by DAPI staining indicates that in the retinal detachment (RD) area, the cell density is weaker in the ONL and this layer is thinner for patient 2 compared to the control area. The H3K27me3 staining shows a markedly stronger level in the RD area (see also magnification in Panel B) in comparison to the intact area. AIF labeling is absent in all ONL samples, but highly present in the inner segments of rods and cones (better shown in panel B). A light expression is also present around some nuclei of INL cells. The fourth row presents the merged labeling of the three previous stainings. (B) High magnification of the insets presented for H3K27me3 and AIF labeling in panel (A). Note the altered size of the inner segments in the detachment area as suggested by the AIF labeling (probably present in the mitochondria of this organelle). RD: Retinal detachment, ONL: outer nuclear layer, INL: inner nuclear layer. Calibration bar: 25 μm.




Neither the Canonical Apoptotic Pathway, nor Necrosis Is Activated in the Human RD Group

Cleaved-Caspase-3 is a final effector of apoptosis (Slee et al., 2001; Kim et al., 2002; Zacks et al., 2003; Murakami et al., 2013) and was chosen to reveal the extent of apoptotic events in the retina with and without RPE. Surprisingly, very rare positive cells in the ONL were present in both groups and no peaks of apoptosis were identified (data not shown). In the INL, an average of 0.6 positive cell per 40× field was observed in explants without RPE at 3 DIV (n = 1), none at 5 DIV (n = 1), and 0.3 at 7 DIV (n = 2). BAX was not found in the ONL of any explant at any time point. A few BAX-positive cells were observed in the INL: none at 1 DIV in both groups and an average of 0.9 positive cell per field was present at 7 DIV in explants with RPE, and none in explants without RPE (n = 3). RIPK3, a marker of necrosis, was also absent from the ONL of both groups. Only some cells in the retinal ganglion layer were observed after 7 days in vitro without RPE (Supplementary Figure S1). RIPK3 was also absent from the INL of explants with and without RPE at 1 and 7 DIV (n = 1). However, the technique sensitivity may have revealed only cells with highly expressed antigens and thus may underestimate the total number of positive cells.



Apoptosis-Inducing Factor (AIF) Staining

Apoptosis-Inducing Factor is normally localized in mitochondria membranes. During cell death, AIF is released and translocated to the nucleus (Susin et al., 1999; Hisatomi et al., 2001, 2008). AIF can be released from mitochondria either in a caspase-dependent or caspase-independent way (Sanges and Marigo, 2006) and can mediate caspase-independent cell death (Sanges and Marigo, 2006). We observed that AIF was present in cell nuclei in the ONL at 1 DIV and with a marked peak at 3 DIV in the RD group. AIF-positive cells augmented when TUNEL-positive cells increased at 3 DIV (Table 2 and Figures 1B,E). The increase was about 10-fold in comparison to the control group (n = 2). At 5 DIV and 7 DIV there were almost no visible AIF-positive cells. No AIF-positive cells were detected in the INL at any time point in explants with RPE (n = 1) or without RPE (n = 3).



The Cell Cycle Marker CDK4 Is Moderately Expressed During the Degenerative Process in Absence of RPE

No CDK4 was observed in the photoreceptor nuclei of the control group after 1 DIV and only very few cells expressed this protein between 3 and 7 DIV. In the RD group, CDK4-positive cells were present starting at 1 DIV (Table 2 and Figures 1C,F); their number moderately increased afterwards and remained stable between 3 and 7 DIV. Comparison between the two groups showed statistical difference at each time-point, except for 5 DIV (Table 2 and Figure 1F). Note that the numbers of CDK4-positive cells are much lower in comparison to TUNEL-positive ones (Table 2).



Epigenetic Modifications of the H3K27me3 Mark Occur at the Late Stage of the Degenerative Process

Recent works described epigenetic modifications during the course of retinal degeneration (Wahlin et al., 2013; Corso-Díaz et al., 2018) with a small increase of the H3K27me3 mark level in retina extract (Zheng et al., 2018). As we also observed that epigenetic modifications occur at the histone level in some rodent models of retinitis pigmentosa (unpublished data), we investigated the H3K27me3 mark known to regulate gene repression (Wahlin et al., 2013). In the control group, the number of H3K27me3-positive cells in the ONL remained low until 5 DIV and showed a slight elevation at 7 DIV, whereas an important increase of this mark was observed at 5 DIV in the RD group and stayed elevated at 7 DIV, although partially reduced (Table 2 and Figures 2A,B). Note that the elevated number of H3K27me3-positive cells appears after the peak of TUNEL-positive cells at 3 DIV.



The H3K27me3 Mark Is Present in Photoreceptors of Detached Retina

Seizing the opportunity to obtain sections from 4 eye globes containing a uveal melanoma resulting in retinal detachment, we investigated the distribution of the H3K27me3 mark in these retinas. In the attached region close to the center of the retina, the H3K27me3 was present in photoreceptors and homogenously distributed. In the area where the detachment was the most noticeable (mid-periphery, at the opposite side of the optic nerve) and where the retina was thinner, many photoreceptors expressed high level of H3K27me3. To ensure that such difference in the mark presence was not due to retinal area or thickness, we also looked at the periphery where the retina was of the same size and not detached by the tumor. We observed a discrete H3K27me3 labeling as described for the non-detached central part. The Figure 3 presents two representative cases out of four with the same pattern. The intensity of the H3K27me3 fluorescence signal was quantified in the ONL shown in the Supplementary Figure S2 and provides the following results: no RD fluorescence mean intensity = 107.8; RD mean intensity = 146.1 and no RD periphery mean intensity = 108.5. Interestingly, more TUNEL-positive cells were observed in the thin retina area close to the tumor, where the H3K27me3 level was high (Supplementary Figure S3). Two samples showed several dying cells in the ONL and, remarkably, the upper INL also contained TUNEL-positive cells (5 and 8 TUNEL-positive cells per slice in INL in each positive sample in the detached area).

No AIF labeling in the nucleus of ONL cells was detected (Figure 3). Unfortunately, we were no longer able to check the expression of CDK4 in these samples, due to human-CDK4 antibody issues (Santa Cruz antibody production discontinued). However, we used previous material from monkeys (Macaca fascicularis eyes). We performed subretinal injections with TSSM (vehicle) as a control group for a gene therapy study and to complete the present work we evaluated whether the retina detachment, which led to some very local tissue thinning, was correlated to CDK4 expression and the presence of the H3K27me3 mark. The CDK4 labeling was made previously and we added labeling for H3K27me3. The detached area displayed a higher level of H3K27me3 marks after 90 days in comparison to the non-detached area. Some very rare CDK4-positive cells were observed (Supplementary Figure S4). The ONL size cannot be compared, because the samples are not from the same regions.



DISCUSSION

The present data open new perspectives to test in vitro different drugs to block a specific cell death pathway, at several time points of the degenerative process, in order to optimize cell survival. This work reveals the presence of various potential actors of cell death and the comprehension of their mechanisms is still necessary to correctly propose a protective approach for the injured photoreceptors.

A clear demonstration of apoptosis as a major form of photoreceptor cell death after RD was made by Cook and colleagues in a cat model of RD (Gavrieli et al., 1992; Cook et al., 1995). They showed that photoreceptor cells in the detached retina exhibit strong TUNEL reactivity as well as pyknotic morphological changes. Moreover, they demonstrated that the photoreceptor cell death after RD occurs within an earlier period than previously recognized: TUNEL-positive cells are detected as early as 1–3 days after RD, followed by a decline in their number over the next few weeks. This early activation of cell death, has been confirmed in other animal models of RD with rhegmatogenous RD (Hisatomi et al., 2001; Arroyo et al., 2005).

In our in vitro model of human RD, we noticed the peak of TUNEL-positive cells at 3 days in vitro (DIV), with a plateau until 7 DIV (latest time-point), thus underlining the need for urgent surgery in patients affected by retinal detachment. Surprisingly, a post-mortem delay inferior to 24 h (12, 14, 23, and 24 h) had little effect on photoreceptor death, probably because a minimal metabolism is maintained between the RPE and the photoreceptors. We also noticed cell death in the INL, mostly in the absence of the RPE. A similar observation, but with fewer TUNEL-positive cells, was made in two eye globes (out of four) where the retinal detachment occurred after tumor growth. The tumor may have compromised the retina vessel blood flow in those cases. These data suggest that the culture conditions recapitulate some features of the in vivo retinal detachment, but the environment does not contain immune cells and factors that may be secreted after prolonged retina detachment. In addition, the lack of blood flow may also influence the rate of photoreceptor death.

Several works revealed in animal models that Caspase-3 is activated during some forms of retinal degeneration (Wenzel et al., 2005; Sancho-Pelluz et al., 2008; Trichonas et al., 2010; Murakami et al., 2013). We thus investigated the course of Cleaved-Caspase-3 activation in our in vitro model. Surprisingly in both groups, only few cells were positive for this enzyme suggesting alternative pathways conducting the sensory cells to death.

However, the AIF expression pattern resembles that described after retinal detachment in rodents as well as in human samples (Hisatomi et al., 2008). Interestingly, the peak of AIF parallels the first elevated raise of dying photoreceptors suggesting a role of AIF in this early degenerative process. The appearance of AIF is only transitory whereas the cell death process is still continuing, implying that other actors are involved in this process. Nonetheless, these results suggest that the first wave of degenerating photoreceptors requires appropriate and specific drugs to block AIF action in order to enhance the survival of the retina. They also support previous studies in rodents showing that inhibitors of the HIV protease, nelfinavir and ritonavir, can act as anti-cell death factors, impeding, in the photoreceptors, the translocation of AIF into the nucleus, and suggest that such mechanisms may also be involved in the RD in human retina (Hisatomi et al., 2008).

We also investigated whether a factor involved in the necrosis process, RIPK3, was expressed during the retinal degeneration phase. No positive cells were observed in the ONL, but some appeared in the GCL at a late stage of the culture without RPE, suggesting that retinal detachment does not stimulate necrosis in photoreceptors. A similar observation was made in the retinas detached due to melanoma tumors.

Concerning the potential factors that may be responsible for the continuation of cell death, we investigated whether proteins of the cell cycle were re-expressed as observed in several models of retinal degeneration (Vincent et al., 1996; Yang et al., 2001; Nguyen et al., 2003; Höglinger et al., 2007). We previously identified that CDK4 is reactivated in various rodent models of inherited retinal dystrophies as well as during light damage (Zencak et al., 2013) and plays a role in the execution phase of photoreceptor death (Zencak et al., 2013). In control explants, a low number of CDK4-positive photoreceptors was present in all time points examined starting at 3 DIV. In the RD group, CDK4 was significantly more expressed in all time points, but the kinetics of CDK4 appearance did not correlate or precede the peak of cell death observed at 3 DIV. Moreover, the number of CDK4-positive cells was much lower than the number of TUNEL-positive cells. This observation differs from those obtained in rodent models of retinal dystrophies (Zencak et al., 2013). These results suggest that CDK4 is probably not involved in the first peak of cell death at 3 DIV and may little account for the continuation of photoreceptor degeneration at later time points. In this situation, we cannot exclude that some microglia may also express CDK4.

We found that the H3K27me3 mark showed a massive increase at 5 DIV in the RD group, in contrast with the control group where the level was very low. Epigenetic modifications have been poorly documented so far in retinal diseases, nonetheless interesting changes in DNA methylation were observed in retinas of different mouse models of retinal degeneration. DNA methylation is generally associated with repression of transcription (Jones and Liang, 2009) and was recently observed to be increased in dying photoreceptors (Farinelli et al., 2014). The TUNEL assay for dying cells co-labeled the 5mC-positive cells (anti-5-methylcytosine antibody was used to analyze photoreceptor DNA methylation in situ) to a great extent, suggesting an intimate connection between increased DNA methylation and the degeneration of the photoreceptors (Chang et al., 2002; Kaur et al., 2011; Sahaboglu et al., 2013; Farinelli et al., 2014). DNA methylation was found to be most prominent during the final stages of cell death (Farinelli et al., 2014). However, it cannot be excluded that hypermethylation of specific genes may be starting far earlier (Farinelli et al., 2014). Our positive results for the H3K27me3 mark well correlate with DNA methylation in photoreceptors. Indeed, EZH2, the enzyme that methylates H3 on lysine 27, recruits the DNA-methyl transferase (DNMT) necessary for DNA methylation (Viré et al., 2006) suggesting that EZH2 first initiates epigenetic changes which are then reinforced by DNMTs. EZH2 belongs to the Polycomb repressive complex-2 (PRC2) and interestingly, BMI1, a protein of PRC1 often acting after PRC2, was identified to be crucial during photoreceptor death (Zencak et al., 2013). H3K27me3 staining may thus be more relevant to identify genes involved in the process of cell death.

However, in the present study, the highest peak of H3K27me3-positive cells is expressed at 5 DIV, suggesting that the first wave of photoreceptor death is independent of EZH2 activity and that the continuation of the degeneration may be related to EZH2. Supporting this hypothesis the anti-apoptotic agent Z-VAD reduced the number of TUNEL-positive cells in a rat model of RD, but not photoreceptor loss (Murakami et al., 2013), suggesting other death mechanisms. The histological analysis of retinal detachment due to tumor growth showing high level of H3K27me3 supports also a potential role for EZH2 in photoreceptor death, in pathophysiological conditions in situ. Interestingly, a higher expression of H3K27me3 was also found in the photoreceptor layer of a monkey retina, 90 days after detachment, suggesting that this injury induced a long term change of the cell homeostasis, the consequence being enigmatic at this stage although rare CDK4-positive cells were observed. This in vitro work needs to be confirmed by future studies with specific inhibitors to prevent photoreceptor death at different injury stages. This should reveal whether the medication to slow down photoreceptor degeneration has to be adapted to each stage of the degenerative process. Such studies were not possible yet due to the low number of samples obtained each year.

These data also support the clinical observations highlighting the importance to take in charge the patient to perform RD surgery within the first 3 days, in order to optimize for the best functional recovery. In view of our and other previously published results, successive death pathways are activated after retinal detachment, necessitating adapted therapies for each disease stage to protect the retina.



CONCLUSION

This study demonstrates the relevance of human retina explant cultures to model retinal detachment. Furthermore our results suggest that the cell death due to retinal detachment is controlled by different features including AIF during the early photoreceptor death wave, whereas epigenetic modifications, controlled by the H3K27me3 mark, may account for the late phase of the degenerative process. Further studies need to identify which gene expressions are affected by such modifications and if drugs inhibiting these pathways may have a protective action on photoreceptors during RD.
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Supplementary Figure 1 | BAX and RIPK3 expression in human retina explants with and without RPE. BAX expression was very rarely observed in both groups. An example of BAX labeling is presented for the 1 DIV time point (upper left panel). RIPK3 expression was observed in the retinal ganglion cell layer of retina cultivated without RPE at 7 DIV without RPE (lower right panel). DIV: Days in vitro, ONL: outer nuclear layer. Calibration bar: 25 μm.

Supplementary Figure 2 | H3K27me3 mark labeling in a retina of one patient (case 3) with retinal detachment (RD) due to tumor growth, whose intensity has been quantified (see body text). The left and right columns show the homogeneous presence of the H3K27me3 mark in all retinal layers. The central column shows a markedly higher expression of the H3K27me3 mark in the ONL in the RD area. Note that also some cells in the INL are well positive. The DAPI staining also appears brighter, probably due to chromatin condensation induced by the H3K27me3 mark. RD: Retinal detachment, ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer. Calibration bar: 25 μm.

Supplementary Figure 3 | TUNEL-positive cells are present in the detached retina area of the patient case 1. TUNEL-positive cells (red) were detected in the detached retina area above the melanoma (upper right picture) and not in the attached region (upper left picture). The corresponding nucleus stainings (DAPI, blue) are presented below. The merged pictures reveal that the great majority of the TUNEL-positive cells are present in the ONL. The stars show two red spots in the INL corresponding to two red blood cells (autofluorescence and no DAPI staining). RD: Retinal detachment, ONL: outer nuclear layer. Calibration bar: 25 μm.

Supplementary Figure 4 | H3K27me3 mark is present in ONL cells long time after retinal detachment. No detection of the H3K27me3 mark is visible in the non-detached retina, whereas 90 days after RD, the detached retina presents punctuated labeling of the mark. The second and third rows of pictures present the retina nucleus (DAPI staining) and the merged pictures. Note the reduced number of photoreceptor in the RD group. The last panels show a regular expression of CDK4 in the INL (probably in the Muller cells nuclei), whereas the ONL is devoid of its expression. Rare CDK4-positive cells were detected in the ONL of detached retina. RD: Retinal detachment, ONL: outer nuclear layer. Calibration bar: 50 μm.
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Vision impairment and blindness in humans are most frequently caused by the degeneration and loss of photoreceptor cells in the outer retina, as is the case for age-related macular degeneration, retinitis pigmentosa, retinal detachment and many other diseases. While inner retinal neurons survive degeneration, they undergo fundamental pathophysiological changes, collectively known as “remodeling.” Inner retinal remodeling downstream to photoreceptor death occurs across mammalian retinas from mice to humans, independently of the cause of degeneration. It results in pervasive spontaneous hyperactivity and membrane hyperpermeability in retinal ganglion cells, which funnel all retinal signals to the brain. Remodeling reduces light detection in vision-impaired patients and precludes meaningful vision restoration in blind individuals. In this review, we summarize current hypotheses proposed to explain remodeling and their potential medical significance highlighting the important role played by retinoic acid and its receptor.
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INTRODUCTION

The retina is a multilayered sensory organ located in the back of the eye, in the inner side of the eyecup, behind the lens (Kolb, 1995). It is divided into two main compartments: the outer retina, populated by photoreceptors (rods and cones), and the inner retina, populated by neural and glial cells, including horizontal cells, bipolar cells, amacrine cells, retinal ganglion cells (RGCs), astrocytes and microglia. Large retinal-specific cells, known as Müller glia, span radially across the outer and inner retinal regions. Light stimulation of photoreceptors initiates a chain of electrochemical responses which are transmitted and modulated by retinal interneurons (i.e., horizontal, bipolar, and amacrine cells), finally converging on RGCs. RGCs reside in the ganglion cell layer (GCL), the inner-most layer of the retina, and their axons form the optic nerve, which leaves the retina and enters the brain, synapsing at the lateral geniculate nucleus on both hemispheres. From there, visual information is finally sent into the primary visual cortex area (V1) located in the occipital lobe. The basic retina-to-brain pathway of visual information is shared by virtually all known mammals as well as other animals with anatomical parallels.

In humans, most cases of vision loss are due to photoreceptor degeneration. Photoreceptor cell death can be the result of many different types of diseases and disorders, including inherited monogenic retinitis pigmentosa (RP, incidence ∼1:4000) (Verbakel et al., 2018), idiopathic age-related macular degeneration (AMD, ∼200 million patients worldwide) (Wong et al., 2014), retinal detachment (Kreissig, 2016), and environmental injuries (Athanasiou et al., 2013).

In RP rods die before cones, night-vision is lost early-on, and the visual field increasingly shrinks from the periphery to the center, until all photoreceptors die. The process can take years to decades in humans and weeks to months in different animal models (Collin et al., 2020; Winkler et al., 2020). Many different mutations in several different genes can cause RP. If the mutation is characterized early on, gene-therapy mediated delivery of the corrected gene can prevent or reduce photoreceptor death (Miraldi Utz et al., 2018; Takahashi et al., 2018). However, in most cases, treatment is unfeasible, and only a handful of successful clinical trials have been approved and conducted so far. Therefore, RP still remains an orphan disease with no routine treatment that can slow down photoreceptor loss or improve residual vision before complete blindness. Transgenic mice and rats with single-gene mutations, for example in Rhodopsin or Pde6b, reliably recapitulate the features of the disease in humans, with progressive vision loss ending in total absence of photoreceptors and light responses (Nakazawa et al., 2019). In addition, there are also important RP models in large mammalians, including dogs, cats, sheep, horses, pigs and non-human primates (Winkler et al., 2020).

As opposed to RP, AMD is much more frequent and caused by a still unknown etiology, even though specific risk factors have been identified (Hageman et al., 2008). Cones degenerate in the macula, where their density is the highest, at the point of sharpest vision in the human retina. High-acuity vision is damaged, and the central visual field is affected much more than the periphery. An initial phase of this disease, called dry-AMD, is characterized mainly by the death of photoreceptor cells. It, is followed by wet-AMD, characterized by expanding deterioration of the retinal tissue, including neovascularization and the formation of drusen deposits. Neovascularization is driven primarily by an increase in vascular-endothelial growth factor (VEGF). Most available anti-AMD treatments are designed to reduce or slow-down neovascularization, using monoclonal antibodies against VEGF or its receptor (Gil-Martinez et al., 2020). However, there is currently no treatment that can prevent or stop the death of photoreceptors, let alone reverse it. The macula is a sub-compartment of the retina which, in mammalians, exists only in primates. Therefore, available animal models used for AMD research, from rodents to pigs and rhesus monkeys, can recapitulate only some aspects of the disease (Zeiss, 2010; Pennesi et al., 2012).



DOWNSTREAM EFFECTS OF PHOTORECEPTOR DEGENERATION

The progressive death of photoreceptors in the outer retina sends ripple effects to the much less numerous inner retinal neurons, including most critically the RGCs, which funnel all visual information out of the retina. In response to the progressive death of photoreceptors, there are a number of both structural and functional changes in inner retinal neurons and RGCs. These pathophysiological changes, observed in the surviving inner retina cells, are collectively known as remodeling (Jones et al., 2012, 2016a), and have been described in human AMD (Jones et al., 2016c) and human RP (Jones et al., 2016b). Structural changes in the surviving areas include de novo neuritogenesis and dendritic reorganization, cell migration and layer disruption, and the formation of a thick inner limiting membrane by reactive Müller glia cells (Iandiev et al., 2006; Lin et al., 2012a; Pfeiffer et al., 2020). Functional abnormalities across outer and inner retinal circuits include changes in synaptic transmission and electrical coupling among similar and different neuronal subtypes, as well as persistent spontaneous oscillations and retinal waves (Marc et al., 2007; Lin et al., 2012b; Euler and Schubert, 2015). RGCs develop intrinsic spontaneous hyperactivity and cell membrane hyperpermeability (Tochitsky et al., 2016; Telias et al., 2019; Denlinger et al., 2020).

These structural and functional abnormalities observed during remodeling do not happen in unison across the degenerating retina. Changes such as neuronal hyperactivity and enhanced membrane hyperpermeability can be observed as soon as days or weeks upon degeneration onset in mice and rat models of RP and AMD (Tochitsky et al., 2016; Telias et al., 2019; Denlinger et al., 2020), while structural changes and the disruption of cell layers happen only upon prolonged degeneration of many weeks to months (Garcia-Ayuso et al., 2019; Pfeiffer et al., 2020). Collectively, functional remodeling results in a “noisy” retina, obscuring remaining light-responses and reducing signal fidelity in treatments aimed at restoring vision (Barrett et al., 2015; Stasheff, 2018).



RETINOIC ACID-DEPENDENT SIGNALING IS ESSENTIAL FOR REMODELING

Every day, rod and cone cells can synthesize millions of copies of opsin proteins and there are hundreds of millions of rods and cones in the mouse retina (Kolb, 2005; Goldberg et al., 2016). To react to light, each individual opsin molecule binds to retinaldehyde (specifically, 11-cis-retinal), the universal chromophore (Daruwalla et al., 2018). Retinaldehyde in mammals is synthesized by dehydrogenation of vitamin A (retinol), a reaction carried out by retinol dehydrogenase (RDH) in RPE cells, rods, cones and Müller glia cells. In humans suffering from malnutrition, vitamin A deficiency results in night blindness and photoreceptor cell damage and subsequent degeneration (Wiseman et al., 2017). Retinaldehyde is oxidized into retinoic acid (RA) by retinaldehyde dehydrogenase (RALDH), an enzyme that is expressed across retinal cells (Luo et al., 2006; Harper et al., 2015). Binding of RA to its nuclear receptor (RARα/β/γ) releases it from co-repressor (CoR), allowing it to form a heterodimeric complex with retinoid orphan receptors (RXRα/β/γ) that can bind DNA and act as a transcriptional activator and enhancer.

An early ex vivo study of retinal bipolar cells, testing the hypothesis that RA is the trigger behind remodeling, was conducted using light-induced retinal degeneration in albino mice (Lin et al., 2012a). The effects of remodeling were assessed by measuring neuritogenesis in bipolar cells. De novo neuritogenesis and an increase in neurite length shown in degenerated retinas, were recapitulated when RA-signaling was enhanced. Conversely, they were prevented when RA-signal was pharmacologically or genetically blocked. Interestingly, manipulation of RXR had a stronger effect on remodeling than similar manipulations of RA synthesis and RAR activity. Retinal degeneration was associated with increased translation of glutamate receptor 2 (GluA2) and β-Ca2+/calmodulin-dependent protein kinase II (βCaMKII) in the inner retina, where all three RXR isoforms directly bind βCaMKII during remodeling. This might suggest a form of homeostatic plasticity in response to increased excitation. However, the molecular mechanism downstream to this interaction, and how it is part of neuritogenesis, or any other aspect of remodeling, was not elucidated. Furthermore, in a model of light-induced retinal damage, neuritogenesis is observed as soon as a few days after insult, while in most transgenic mouse and rat models of RP, these changes occur during late stages of remodeling, but hyperactivity can be detected very early-on. Thus, although morphological reorganization of dendrites in the inner plexiform layer might have important consequences to signal processing and synaptic plasticity, it is not likely to be the source of persistent retinal hyperactivity and sustained spontaneous electrical oscillations, but rather its result.

Our studies have demonstrated that RA/RAR-signaling is necessary and sufficient to explain two critical and early aspects of remodeling in RGCs: hyperactivity and hyperpermeability (Tochitsky et al., 2016; Telias et al., 2019; Denlinger et al., 2020). Using mouse models for fast and slow RP (rd1 and rd10, respectively), we found that photoreceptor degeneration is directly associated with a P2X-dependent increase in RGCs membrane permeability. This increase in permeability, termed hyperpermeability, was measured by ex vivo incubation of retinas with nuclear dyes that can pass through the P2X receptor pore (“Yo-Pro”) but are otherwise unable to enter cells. In wildtype retinas only ∼5% of all GCL cells (excluding vascular pericytes) loaded Yo-Pro, while ∼30% of cells did so in rd retinas. Loading was always prevented by pre-incubation with the P2X receptor antagonist TNP-ATP, and it could not be potentiated by adding the P2X receptor agonist Bz-ATP in neither type of retina. Hyperpermeability could be induced in healthy retinas when intravitreally injected with all-trans RA and was reduced in rd retinas upon intraocular injection of RALDH blockers or RAR antagonists. In wildtype mice, overexpression of a constitutively active form of RARα that is never repressed by CoR and does not require activation by RA, resulted in increased membrane permeability in almost every transduced RGCs. Furthermore, delivery of a dominant-negative form of RARα to rd mice prevented Yo-Pro permeability in RGCs. Therefore, we found RAR activation to be necessary and sufficient to induce P2X-dependent membrane hyperpermeability, in an ATP-independent manner.

Blockade of RAR activation in the inner retina of rd mice, using small-molecule inhibitors, resulted in reduced spontaneous hyperactivity 3–7 days later (Telias et al., 2019). Ablation of endogenous RAR activation by viral transduction of rd RGCs with dominant-negative RARα for 1–2 months, also resulted in decreased hyperactivity. Both treatments reduced the average frequency firing of RGCs by ∼50%, from 6–8 Hz to 2–4 Hz. Overall, activity levels in all cases were not affected by acute pharmacological blockade of synaptic input, suggesting that RGCs are the intrinsic and main source of hyperactivity during degeneration, as well as RA’s main cellular target. Given the way retinaldehyde and RA are transported between cells and shuttled from the cytoplasm to the nucleus (Maden, 2002), it might be the case that the source of RA to RGCs are Müller glial cells which take up retinaldehyde from the outer retina and re-distribute it throughout the inner retina, including the RGCs, where sustained RAR activation causes persistent post-synaptic hyperactivity (Figure 1).
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FIGURE 1. Suggested model for RAR-dependent remodeling. Retinaldehyde is synthesized in the outer retina by retinol dehydrogenase (RDH) in rods, cones and retinal pigmented epithelium (RPE). Excess retinaldehyde as the result of photoreceptor death is converted by retinaldehyde dehydrogenase (RALDH) into retinoic acid, probably in different retinal neurons and eventually transported to retinal ganglion cells (RGCs). In RGCs, retinoic acid binds its receptor (RAR), initiating transcriptional activation, which leads to increased P2X7 expression, making it hyperpermeable. Another, still unknown mechanism, results in RAR-dependent hyperactivity, probably via overexpression or activation of voltage-gated ion channels or ionotropic receptors for neurotransmitters.


Whatever mechanism delivers RA to RGCs, the resulting remodeling is stereotypical and found in RGCs of mice and rat models of RP (Tochitsky et al., 2016; Telias et al., 2019), as well as in a rat model of AMD (Denlinger et al., 2020). In RP mice, degeneration-dependent spontaneous hyperactivity obscures remaining light responses, and blocking RAR activation in vivo improves light sensitivity and visual perception (Telias et al., 2019). In AMD rats, RAR-dependent hyperpermeability in RGCs allows region-specific visual restoration using photoswitches (Denlinger et al., 2020). Since the P2X7 promoter does not include RARE sequences, it is unlikely that RAR directly drives an increase in P2X7 expression. Thus, factors that mediate the interaction between RAR-dependent transcription and P2X receptors, and whether the same factors are in charge for both hyperpermeability and hyperactivity, remain to be determined. Still, blocking RALDH, RA, or RAR is a promising and available prospective to augment residual vision in patients with slow retinal degeneration, and boost visual restoration in completely blind patients, by increasing the signal-to-noise ratio in RGCs.



SYNAPTIC REMODELING AND HYPERACTIVITY IN RETINAL DEGENERATION

The question of whether photoreceptor degeneration alters the circuitry in the outer and inner retina is critical for vision restoration. If the circuits remain unaltered, or any alterations to them are compensated for by a homeostatic counter-mechanism, then vision restoration technologies in humans, such as prosthetic devices, can be expected to achieve high acuity. Early studies on retinal remodeling showed that the surviving retina does not remain intact (i.e., spontaneous hyperactivity), and that these pathophysiological changes could be attributed to abnormal synaptic plasticity, including cell- and layer-specific alterations to the expression of metabotropic and ionotropic glutamate receptors in bipolar cells, amacrine cells and RGCs of degenerating retinas (Marc et al., 2003, 2007; Stasheff, 2008). Yet, other studies make the argument that the structure and function of the circuitries that converge on RGCs remain largely unchanged by photoreceptor degeneration (Margolis et al., 2008; Mazzoni et al., 2008).

A change in synaptic input can be indirectly measured by assessing the expression of synaptic proteins and neurotransmitter-associated receptors and enzymes, in inner retinal neurons in correlation with photoreceptor degeneration. When mice were subjected to light-induced retinal damage, photoreceptor death was associated with an increase in the expression and trafficking of ionotropic glutamate receptors (GluR2) in the outer plexiform layer 7 days later, but this increase subsides after 30 days (Lin et al., 2012b). Immunohistochemistry analysis of synaptic markers (i.e., RIBEYE and gephyrin) in WT vs. rd1 retinas, shows a decrease in excitatory input on ON-RGCs and an increase in GABAergic input onto OFF-RGCs in correlation with degeneration, but the distribution of the synaptic connections across the dendritic trees of RGCs remained unchanged by degeneration and the differences between WT and rd1 are relatively modest (Saha et al., 2016).

Photoreceptors are continuously releasing glutamate onto counterpart bipolar cells, and light reduces glutamate release at the ribbon synapse. As photoreceptors die, they lose their outer segments and therefore their reactivity to photons, leading to an expected loss of light-dependent changes in glutamate release in the outer retina, affecting bipolar cells as degeneration progresses. This sustained abnormal excitation of bipolar cells by dying photoreceptors would be expected to induce different downstream effects onto different types of amacrine cells and RGCs, depending on the ON or OFF sign of the second synapse. Indeed, studies into degeneration-dependent hyperactivity have shown that two separate oscillatory networks exist (Euler and Schubert, 2015). The oscillatory network in the outer retina, composed by dying cones, rod bipolar cells and horizontal cells, oscillates at a frequency of up to ∼3 Hz (Haq et al., 2014). These oscillations, the study claims, arise from retrograde release of GABA from horizontal cells back onto cones. The oscillatory network of the inner retina is composed by AII amacrine cells and cone bipolar cells, and oscillates at ∼10 Hz (Borowska et al., 2011; Trenholm et al., 2012). These inner retinal oscillations seem to be an important component of the spontaneous hyperactivation induced by photoreceptor death and were shown to be insensitive to blockers of voltage-gated Ca2+-channels and enhanced by blockers of hyperpolarization-activated currents (Ih). They seem to originate from the activation of voltage-gated Na+-channels expressed in AII amacrine cells and spread to ON-bipolar cells through gap junctions. In particular, the role of gap junctions in mediating these oscillations has been confirmed in several studies (Ivanova et al., 2016). This is functionally meaningful, as in visually impaired rd mice ex vivo treatment with gap junction blockers reduces hyperactivity and improves light responses (Toychiev et al., 2013; Barrett et al., 2015).

However, these studies do not identify the trigger mechanism behind these plastic events in inner retinal neurons, and how these cells are able to “sense” the death of photoreceptors in the outer retinal compartment. While these hypotheses might explain many of the electrophysiological abnormalities associated with pathological hyperactivity, it is still insufficient to explain other aspects of remodeling, such as membrane hyperpermeability, de novo neuritogenesis and layer disruption. For specific synaptic proteins to increase or decrease their expression in specific cell types, a complex feedback signaling network must exist, ultimately triggering aberrant gene expression. Yet, these signaling networks and their “core” gene-expression event remains absent from studies into synaptic remodeling. Furthermore, in both mice and rats with retinal degeneration, blockade of all synaptic input onto RGCs is not sufficient to significantly reduce degeneration-dependent hyperactivity (Sekirnjak et al., 2009; Tochitsky et al., 2016; Telias et al., 2019; Denlinger et al., 2020). Most importantly, whatever functional and synaptic changes might be affecting different cell types across the outer and inner retina during degeneration, the structural constrains of the retina itself compel research to focus on the net effect of remodeling on RGCs, as all information leaving the retina must transit through them. While many studies show pathological or homeostatic plasticity taking place in bipolar and other cells, evidence from RGCs suggesting a significant pre-synaptic mechanism driving their hyperactivity is still missing at large. From this we conclude that, in order to reduce hyperactivity and boost residual light responses and visual restoration techniques, efforts must be put into understanding the mechanisms behind intrinsic pathophysiological changes caused by degeneration in RGCs.



SUMMARY AND CONCLUSIONS

Finding the molecular mechanism behind pathophysiological remodeling is essential to block degeneration-dependent hyperactivity. During retinal degeneration, a process that can take decades in humans, remnant light responses are obscured by hyperactivity. Blocking or reducing hyperactivity unmasks light responses, opening a therapeutic window to enhance vision in patients suffering from RP, AMD and other photoreceptor degeneration diseases. In patients that are completely blind, restoration of vision might be possible through photo-pharmacology (Tochitsky et al., 2018), optogenetics (Baker and Flannery, 2018) or prosthetic devices (Mirochnik and Pezaris, 2019). However, low signal-to-noise ratio will result in poor visual restoration, regardless of the method employed. In the best-case scenario, the dead outer retina would be repopulated by implantation of photoreceptors differentiated from stem cells (Llonch et al., 2018). Yet, even in such a case, remodeling might persist, as its long-lasting effects and their reversibility are still largely unknown. Therefore, understanding the source of hyperactivity becomes critical.

As photoreceptors die, their necrotic outer disks and bodies release their content into the extracellular matrix. Since photoreceptors greatly outnumber the rest of the cells in the retina (∼70% of the cells in a mouse retina), their slow degeneration provides a sustained source of bioactive molecules that can percolate the inner retina, crossing cell and layer membranes. Among these, purines and retinoids have been proposed as candidates (Aplin et al., 2016; Telias et al., 2019). In parallel, loss of photoreceptors deprives bipolar cells of glutamate, triggering consequent pathological homeostatic mechanisms (Haq et al., 2014). All of these might contribute to the many aspects of remodeling, and most importantly to the pervasive hyperactivity that develops in the inner retina in general and in RGCs in particular.
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Vision and hearing disorders comprise the most common sensory disorders found in people. Many forms of vision and hearing loss are inherited and current treatments only provide patients with temporary or partial relief. As a result, developing genetic therapies for any of the several hundred known causative genes underlying inherited retinal and cochlear disorders has been of great interest. Recent exciting advances in gene therapy have shown promise for the clinical treatment of inherited retinal diseases, and while clinical gene therapies for cochlear disease are not yet available, research in the last several years has resulted in significant advancement in preclinical development for gene delivery to the cochlea. Furthermore, the development of somatic targeted genome editing using CRISPR/Cas9 has brought new possibilities for the treatment of dominant or gain-of-function disease. Here we discuss the current state of gene therapy for inherited diseases of the retina and cochlea with an eye toward areas that still need additional development.
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INTRODUCTION

Over 2.2 billion people worldwide experience vision impairment or irreversible vision loss1, and over 466 million people worldwide experience serious hearing loss2, making these the most prevalent sensory impairments. Many forms of vision and hearing loss are inherited and current treatments only provide patients with temporary or incomplete relief. Because many inherited sensory defects have identified disease genes, developing effective genetic therapies has been a primary research goal for several decades. Recent exciting advances in gene therapy have shown promise for the treatment of inherited retinal and cochlear diseases, both in the area of gene replacement and in the area of targeted genome editing (e.g., CRISPR/Cas9) to correct underlying genetic defects. However, there are still substantial limitations hampering widespread clinical use of genetic therapies in the retina and cochlea, including issues of distribution and uptake of the vectors by the target cells, a limited window of opportunity for treatment in degenerative disorders, attenuation of gene expression after a period of time, and efficiency/off-target concerns with novel genome editing strategies.


Inherited Diseases of the Retina

The retina is the transparent, light-sensitive tissue at the back of the eye (Figure 1A) responsible for capturing light and converting it to an electrical signal to be delivered to the visual cortex in the brain where conception of vision occurs. The retina has evolved into a multi-cellular laminated structure, within which the different cells are organized and interconnected to maximize the efficiency and resolution of light perception (Figure 1B). The primary cells involved in the detection of light are the retinal rod and cone photoreceptors. Rods are necessary for low-light or “night” vision while cones perform bright-light color vision perception. The leading causes of irreversible vision loss are age-related eye diseases including age-related macular degeneration, diabetic retinopathy, glaucoma, and cataract3 (reviewed in Haddad et al., 2006; Simo-Servat et al., 2013; Singh and Tyagi, 2018). While these highly prevalent retinal diseases are not monogenic, they do often have a genetic component that contributes to disease in combination with environmental or other factors. In addition, inherited retinal dystrophies/diseases (IRDs) affect roughly 1 in 1380 individuals with an estimated 36% of the population as healthy carriers of one or more IRD causing mutations (Hanany et al., 2020). Combined, this underscores the need for the development of genetic therapies targeting the retina.
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FIGURE 1. Schematic Illustrations of the Cochlea and Retina. (A) The structure of the eye, (B) layers of the retina (Sc, sclera; CBV, choroidal blood vessel; BM, Bruch’s membrane; RPE, retinal pigment epithelium; PR, photoreceptors; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer) and (C) The structure of the inner ear, (D) cross-section of the cochlea and a close-up of the Organ of Corti. Shown are selected genes which are associated with disease in humans. Genes marked in red represent a selection of those that have been evaluated successfully in animal models while those in blue have been evaluated in human clinical trials. Images were created with BioRender.com.


IRDs are a group of retinal dystrophies caused by mutations in over 271 different known genes (with many still unknown), that can target various cells within the retina. Virtually all inheritance patterns are represented in IRD genes including autosomal dominant, autosomal recessive, X-linked, digenic, polygenic, and even mitochondrial disorders. IRD genes expressed in photoreceptors can lead to various macular degenerations/dystrophies and retinitis pigmentosa (RP) and are involved in ocular development, phototransduction, cellular metabolism, and in the development and maintenance of photoreceptor structure. Mutations in retinal pigment epithelium (RPE) genes include those involved in retinoid recycling, cellular metabolism, and cellular homeostasis and can lead to macular dystrophies as well as Leber’s Congenital Amaurosis (LCA). Mutations in retinal ganglion cell IRD genes are largely associated with mitochondrial function, but also include regulators of intracellular transport and transcription, and can lead to optic atrophy. A summary of known IRD genes can be found at: https://sph.uth.edu/retnet/sum-dis.htm.

Depending on the gene, the onset of disease varies from birth to adulthood. Photoreceptor dystrophies are the most common within the retina and can be classified by the primary affected cell type and whether central or peripheral vision is lost first. RP and rod-cone dystrophies typically affect rods first, while macular dystrophies/degenerations and cone-rod dystrophies often affect cones first (Rattner et al., 1999). However, it is worth noting that in many cases of macular dystrophy, where macular cones are the first cells targeted, the causative gene is expressed in the adjacent RPE, with vision loss arising due to secondary cone damage. Patients with RP and rod-cone dystrophies often initially present with night-blindness which is followed by gradual peripheral vison loss (Ferrari et al., 2011). As the patients’ visual fields gradually shrink over time, irreversible vision loss eventually ensues (Ferrari et al., 2011). Individuals with cone-rod dystrophies have a rapid loss of central vision early in their life, which is followed by gradual peripheral vison loss (Morimura et al., 1998; Fukui et al., 2002; Klevering et al., 2004).

Current treatment options to correct the more mild symptoms of vision loss include corrective lenses or contacts and more permanent laser correction surgery. In more severe cases where progressive vision loss occurs due to retinal degeneration, a more invasive approach is necessary. These advanced therapeutic options are all still in development or in early clinical use and include gene therapy, gene editing, reprogramming, cell therapy, optogenetic therapies, and retinal prostheses. The time at which these therapies are useful varies greatly. For maximum efficacy, gene therapy needs to be delivered in the early stage of disease to prevent further degeneration. In contrast, other options have a wider therapeutic window, but have had less success thus far, both in development and in clinical use (Maeda et al., 2019; Wood et al., 2019).



Inherited Diseases of the Cochlea

The inner ear is a small, fluid-filled compartment (Figure 1C) encased in the temporal bone and located at the base of the skull. The acoustic energy from sound is converted to an electrical impulse that the brain perceives as hearing through a multi-step process. Sound waves hit the tympanic membrane (eardrum) which vibrates the attached ossicular chain (three small ear bones). This vibration is transmitted to the fluid in the cochlea and basilar membrane (Figure 1D), and resulting fluid waves are sensed by the hair cells in the organ of Corti through mechanotransduction. The specialized sensory hair cells in the cochlea comprise a single layer of inner hair cells (IHCs) responsible for converting the mechanical signal into an electrochemical one, and three layers of outer hair cells (OHCs) involved in modulating and amplifying auditory signals. Mechanical deflection of stereocilia on the surface hair cells results in depolarization, and subsequent signal transmission to the auditory cortex (Rubel and Fritzsch, 2002). The differentiation of sound frequencies is facilitated by the length of the cochlea and the stiffness of the basilar membrane (Manoussaki et al., 2006).

Sensorineural hearing loss (SNHL), defined as the presence of a deafness-causing etiology in the cochlea or auditory nerve, accounts for more than 90% of hearing loss in adult patients. Approximately 50–60% of all cases of congenital deafness are directly linked to genetic factors, with higher numbers in developed countries (Marazita et al., 1993; Smith et al., 2005). Currently there are 49 identified genes known to be responsible for autosomal dominant non-syndromic hearing loss, 76 autosomal recessive genes, and 5 X-linked genes4 and (Duman and Tekin, 2012; Yuan et al., 2020) with many more remaining to be mapped. These genes play a role in a variety of processes including hair bundle development/function, hair cell adhesion, synaptic transmission, cochlear ion homeostasis, cellular homeostasis/energy generation, and regulation of the extracellular matrix (reviewed in Dror and Avraham, 2010; Stamatiou and Stankovic, 2013; Zhang W. J. et al., 2018). As in the retina, disease onset can vary from birth to late adolescence. The pattern and progression of symptoms in patients help identify what mutation(s) may be involved and determine whether interventions, genetic or otherwise, may be beneficial.

Current treatment options focus on amplifying sound through hearing aids or electrical stimulation of auditory neurons via cochlear implants for individuals with severe deafness. Cochlear implants are currently the most successful sensory prosthetics available, allowing deaf individuals to understand speech (Wilson and Dorman, 2008; Roche and Hansen, 2015). However, their effectiveness is limited to quiet spaces and suffers from poorly detailed sensory perception (Muller and Barr-Gillespie, 2015; Roche and Hansen, 2015; Weiss et al., 2016). In addition, while highly beneficial, cochlear implants merely treat the symptoms of hearing loss without addressing the underlying cause, so cochlear gene therapy has been an exciting therapeutic goal.



Syndromic Sensory Inherited Diseases

In addition to inherited disease genes affecting a single tissue (e.g., the retina or the cochlea), there are a large variety of disease genes that are syndromic, affecting multiple tissues. Structural parallels in photoreceptors and cochlear hair cells mean that there are also a large number of disease genes that cause dual syndromic deafness and blindness. These genes often induce photoreceptor degeneration rather than optic atrophy and are frequently classed under the larger umbrella of ciliopathies. The most common form of dual deafness and irreversible vision loss involves the many genes associated with Usher syndrome (El-Amraoui and Petit, 2014; Mathur and Yang, 2015, 2019). Usher syndrome is clinically broken down into three types, Ush1, Ush2, and Ush3, due to the severity of hearing and vision loss, presence or absence of vestibular problems, and the age of onset for the symptoms (Millan et al., 2011). Patients with Ush1 are born with severe hearing loss, have abnormal vestibular systems, and progressive vision loss due to RP beginning during childhood. Individuals with Ush2 are born with mild to severe hearing loss and have progressive vision loss starting during adolescence. People with Ush3 develop hearing loss during adulthood and vision loss during adolescence and develop vestibular abnormalities. The types are further subdivided due to the underlying genetic cause. The proteins associated with each type are localized into similar regions in the retina and cochlea (Figure 2) and often associate or interact with one another, thus mutations in several genes can lead to similar patient phenotypes.
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FIGURE 2. Site of Usher proteins in the retina and the cochlea. Shown are illustrations of the photoreceptor and hair cell highlighting the regions affected by different Usher syndrome genes. Ush1 genes/locations are shown in cyan, Ush2 genes/locations in purple, and Ush 3 genes in lime green. Hair cell legend structures: ankle links (purple), lateral links (green), contact region (gold), tip link (red), kinocilium links (blue), kinocilium (K). Images were created with BioRender.com.


Other disease genes with multiple affected areas include many of the retinal disease genes that cause optic atrophy such as MECR and ACO2 which are also associated with cerebellar defects and ataxias (Heimer et al., 1993; Sharkia et al., 2019). In other cases, these disorders also have a deafness component, for example in the case of TIMM8A, which is associated with deafness-dystonia-optic neuropathy syndrome (Tranebjaerg, 1993). However, these syndromic disorders are very complex, and in some cases, different mutations in the same gene lead to isolated optic atrophy or ataxias, such as the case of AFG3L2 (Di Bella et al., 2010; Colavito et al., 2017). Some syndromic forms of vision loss such as Batten disease affect the brain and bipolar cells, the inner retinal neurons responsible for conveying signals from photoreceptors to ganglion cells (Kleine Holthaus et al., 2020). These various syndromic diseases highlight molecular similarities in various sensory disorders, and suggest that examining sensory disorders from a broader, non-organ-specific perspective may be beneficial.



Commonalities Between the Retina and the Cochlea


Favorable Biological Characteristics

One problem with systemic delivery or delivery to systemic organs besides rapid clearance/excretion of the vector is potential activation of the immune system. In contrast, both the eye and the ear represent accessible local delivery sites that are fairly protected from the systemic immune system. This permits a prolonged half-life for delivered material and reduces the chance of a systemic immune response or off-target effects in other parts of the body.

The inside of the eye, including the retina, is isolated from the systemic circulation by the blood-retinal barrier and the blood-aqueous barrier, maintained by tight junctions between retinal pigment epithelial cells; between vascular endothelial cells in the ciliary processes, Schlemm’s canal inner wall endothelial cells and the iris vasculature; and between the cells in the non-pigmented ciliary epithelium (Campbell and Humphries, 2012; Coca-Prados, 2014). Thanks to these barriers, the eye has a limited immune system with only local immune and inflammatory responses present to maintain homeostasis, allowing the retina to be immune-privileged (Zhou and Caspi, 2010; Cunha-Vaz et al., 2011). Likewise, the cochlea is also isolated and surrounded by bone with even less access to the rest of the body. The endothelial cells lining the cochlear blood vessels form the blood-labyrinth barrier (BLB) or blood-cochlea barrier (BCB), which is comparable to the blood-brain barrier (BBB) in its ability to tightly regulate the exchange of macromolecules and ions between the blood system and the inner ear. The BLB maintains the homeostasis of the inner ear and isolates it from any pathogens found in the blood, allowing the inner ear to also maintain relative immune-privilege (Salt and Hirose, 2018).

Another benefit of genetic therapies for both the retina and cochlea is the need to deliver only small amounts of therapeutic agents, which is due to the ability to deposit material directly to or in very close proximity to the target cells, allowing for greater chance of uptake by the desired cells with limited loss due to systemic distribution.

In addition, the majority of the cells in both the retina and cochlea are post-mitotic and fully differentiated. This provides both opportunities and challenges for gene delivery. One substantial advantage is that the lack of cell division permits evaluation of changes in gene expression over time (for example due to vector loss or epigenetic changes) without concern about dilution of non-integrated vectors by cell division. Similarly, non-integrated vectors are not lost over time due to cell proliferation. In contrast, post-mitotic cells can be harder to transfect and target than dividing ones, making it more difficult to achieve cellular uptake of therapeutic vector. In addition, the non-proliferating nature of retinal and cochlear sensory cells means that in general once lost, cells are gone forever. Though research effort has been focused on combatting this by the use of stem cells or by regenerating cochlear hair cells, in general the degenerative nature of disease when post-mitotic cells are affected means the therapeutic window is narrow, as treatments delivered after too many cells have died will not be effective.



Testing and Development Benefits

From a therapeutic development standpoint, the bilateral nature of the retina and cochlea is also beneficial. Treating only one eye or cochlea allows the contralateral eye/cochlea to serve as an internal control for analysis, since the treatment rarely escapes the treated eye/cochlea. However, leakage from one ear to the other after scala tympani injections has been reported (Lalwani et al., 2002b), so restriction of therapeutic agents to a single eye or retina should be confirmed prior to interpreting resultant functional data.

Another benefit of developing and testing gene therapies in the retina and cochlea is that there are a variety of ways to perform non-invasive functional testing to assess therapeutic efficacy in both animal models and humans. The non-invasive nature of these tools also enables measurements to be performed longitudinally, essential for efficiently evaluating the duration of therapeutic effects. In vivo imaging in the retina includes spectral-domain optical coherence tomography (OCT) and fundus imaging/angiography to assess distribution of tagged genetic vectors and retinal structure. Non-invasive functional testing in the retina include electroretinography (ERG) to measure retinal neuronal responses, as well as optokinetic tracking (OKT) to measure visual acuity (Cai et al., 2010; Koirala et al., 2013). In vivo cochlear functional testing includes assessments of auditory brainstem responses (ABR) and distortion product otoacoustic emissions (DPOAE) to evaluate inner ear function. Imaging modalities can be used in parallel, including computed tomography (CT) and magnetic resonance imaging (MRI) to evaluate cochlear structure (Razek and Huang, 2012; Al-Rawy et al., 2017).





THE USE OF ANIMAL MODELS TO STUDY RETINAL AND COCHLEAR INHERITED DISEASES

Preclinical gene therapy studies are an essential component of therapeutic development. They are used to assess safety and efficacy, but are also used to assess a variety of other parameters that can have a huge influence on outcomes. These can include (1) optimizing vector content, including promoter/enhance choice, gene sequence, inclusion of intronic and untranslated region (UTR) sequences, etc.; (2) evaluating methods to prevent gene silencing, such as elimination of CpG islands, the inclusion of insulators, etc.; (3) testing methods to promote or prevent genomic integration, such as the inclusion of transposases or S/MARs; (4) evaluating vector packaging, including the use or development of various viral compaction methods, engineering novel viral serotypes to enhance tissue tropism, engineering novel non-viral vectors; (5) assessing delivery methods; (6) assessing cellular uptake and targeting of vectors, including vector/particle optimizations to enhance cellular uptake; and (7) evaluating gene expression levels, knockdown efficiency, or duration of expression. The length of this list highlights how much development and testing often occurs before genetic therapies can even be evaluated for their ability to elicit functional improvement in the target disease.

Animal studies are necessary to fully understand the effects of gene therapy in a true organ microenvironment and to investigate the toxicities involved in long-term studies. The majority of preclinical retinal and cochlear studies have used rodents as preferred animal models. Mice have well characterized genomes, with genetic, biological, and behavioral characteristics similar to humans, and their genomes can be easily manipulated which is a boon for studies of inherited diseases. Guinea pigs have also been used for evaluation of auditory dysfunction as they are susceptible to noise induced hearing loss, making them a commonly used model for optimizing gene delivery approaches and to assess the efficacy of gene-based treatments not targeted to a specific disease gene (for example delivery of growth factors for general neuroprotection) (Chen et al., 2018; Pinyon et al., 2019; Lafond et al., 2020). Final preclinical studies for both safety and efficacy use larger animal models, including pigs, dogs, and non-human primates, as these animals may better mimic the anatomy or immune system of human structures or because they offer further evidence of efficacy, for example in the RPE65 dog model (Kelley et al., 2018; Maddalena et al., 2018; Ding et al., 2019; Gyorgy et al., 2019; Gardiner et al., 2020; Ivanchenko et al., 2020).


Retinal Animal Models

There is an extensive body of literature using mouse models for retinal gene therapy (for example, there are over 1,700 PubMed hits for “mouse retinal gene therapy”) and for the study of IRD disease mechanisms (e.g., Sakamoto et al., 2009; Sakami et al., 2014; Chakraborty et al., 2020; Genc et al., 2020). However, there are some differences between the mouse and human eye that make evaluation in larger animals prudent. First, in contrast to the human retina which is developed at birth, the cells of the mouse retina are not fully produced prenatally. While the first wave of retinogenesis begins during embryonic stages (E11–E18), including horizontal cells, cone photoreceptors, some amacrine cells, and retinal ganglion cells, the second wave of retinogenesis takes place postnatally (P0–P7) with the rod photoreceptors, bipolar interneurons, and Müller glial cells (Cepko et al., 1996; Heavner and Pevny, 2012). Thus studies showing effective gene therapy after early postnatal treatment in mice may not translate well to humans. There are also structural differences in addition to the obvious size difference, most notably the larger relative size of the lens and the lack of a macula in mice. The flatter lens in human eyes (compared to mice) means that the relative intravitreal volume is quite different, critical for designing and evaluating dosing strategies. Also important is the lack of a macula in the mouse eye. The macula is both very fragile and the primary site of pathology for many IRDs, so the lack of a macula in the mouse can make it challenging to test therapies that need to target the macula or adjacent areas. In addition to lacking a macula, the rod:cone ratio in mice is much higher than in humans, making studies on cone-specific macular dystrophies more challenging (Volland et al., 2015). In spite of this, many successful preclinical studies (further discussed below) have used mice to assess gene therapies in models of cone or macular dystrophies, however, modeling the physical constraints of the macula is challenging in rodents. Testing gene therapies in non-human primates allows for a better approximation of how results will translate clinically, especially with regards to vector delivery, uptake, and gene expression (Yiu et al., 2020). Non-human primates also have a macula, which is advantageous for developing treatments for both IRDs and other macula-targeted disease such as age-related macular degeneration (Picaud et al., 2019). However, there are several limitations to using non-human primate models, including cost, ethical concerns, and perhaps most importantly, the lack of models for IRDs. One rare early exception to the lack of non-human primate genetic models was a squirrel monkey model in which trichromatic vision was restored to animals lacking the L-opsin gene by the delivery of an adeno associated virus (AAV) 2/5 vector (Mancuso et al., 2009). However, in general, functional efficacy of IRD treatments has not been evaluated in non-human primates due to the historical lack of genetic flexibility.

Slowly however, there are signs that this lack of genetic primate models may be changing due to the genome-editing capabilities of CRISPR-based genome editing strategies. Germline knockout models in non-human primates have been established (Niu et al., 2014), but the long life-span and singleton birth pattern make germline models in non-human primates practically prohibitive. More recently however, a somatic, macular knockout model of CNGB3-associated achromatopsia has been generated in monkeys using AAV9-mediated delivery of a CRISPR/Cas9-based construct (Lin et al., 2020). Similarly, somatic, AAV5-mediated delivery of a CRISPR/Cas9 GUCY2D knockdown construct was used to generate a macaque model of cone-rod dystrophy (McCullough et al., 2019). While still in the early stages, these innovative genome editing tools may pave the way for expanded use of large animal models.



Cochlear Animal Models

Mice are also widely used as genetic models for hearing loss. Mouse models of hearing loss have been created using a variety of genetic approaches, ranging from traditional knockouts to modern gene-edited germline models (see for example Charizopoulou et al., 2011; Michel et al., 2017; Schrauwen et al., 2018; Zhang H. et al., 2018). The major difference between the mouse and human auditory system is the timeline of development. Mice are naturally born deaf and don’t begin to hear until ∼P14, as the final development of the organ of Corti occurs early postnatally. This is a practical disadvantage for gene therapy for congenital deafness, firstly because delivery in rodent models during the early postnatal period—while likely to be successful—would be difficult to mimic clinically since the corresponding human developmental stage occurs in utero. Secondly, it has been proposed that in many cases of congenital deafness the cellular and molecular disease process has already started in utero, making effective postnatal interventions all the more difficult to achieve. While mice are widely used in genetic studies, guinea pigs are more notably used in cochlear studies involving cochlear implants due to easier and more reproducible surgical access to the inner ear compared to other rodent models (Wysocki, 2005; DeMason et al., 2012; Mistry et al., 2014) and their susceptibility to noise-induced hearing loss. The guinea pig also has a hearing range which is more conducive to human hearing comparisons, compared to other small rodent species (Heffner and Heffner, 2007).

In addition to developmental differences, there are also anatomical differences between the mouse and human ear that are relevant to the evaluation of gene therapies. The human cochlea and labyrinth are approximately 20-fold larger than rodents and 3 to 4-fold larger than monkeys (Ren et al., 2019). Studies have found that inner ear volumes correlated with animal body mass across different species while looking at mice, rhesus monkeys, and humans (Ekdale, 2013; Dai et al., 2017) suggesting that the larger size of primates might enable them to serve as intermediate models for translation of rodent findings into humans. In addition to inner ear volume differences, there are also anatomical differences between the human and mouse ear that have implications for gene/drug delivery. Intratympanic delivery is a common way to deliver drugs destined for the inner ear in patients and rodent models, and it is thought that drugs have some permeability through the otic capsule (the bony structure surrounding the cochlea) in addition to through the round window membrane. However, the human otic capsule is significantly thicker than that in mouse and guinea pig, so human drug/therapeutic delivery throughout the length of the cochlea may not be well-modeled by rodent studies (Mikulec et al., 2009).

Assessments of audiovestibular function after saline injection into the oval or round window in non-human primates showed no evidence of toxicity as assessed by auditory function, histology, or behavior suggesting that drugs and therapies can be delivered to the primate ear (Dai et al., 2017). Consistent with this observation, primate models have been used to evaluate genetic therapies; for example, transmastoid injection in the round window of AAV9 carrying a GFP reporter achieved >90% transduction of both inner and outer hair cells in one of their test animals but no clear transduction of hair cells in the other (Gyorgy et al., 2019). In addition, as with the retina, the lack of genetic models for hearing loss in primates has also prevented their widespread use for testing of therapeutic efficacy, and as yet, no CRISPR/Cas9 non-human primate models of SNHL have been reported.




DELIVERY METHODS FOR GENE THERAPY


Delivery of Genes to the Retina

Delivery of genetic therapies to the retina typically involves subretinal, intravitreal, or suprachoroidal injection of material, with variations on the site of entry (Figure 3A). Subretinal injections deliver material between the photoreceptors and the RPE. This is the most widely used method for therapies targeting photoreceptors or RPE since material is in close proximity to most target cells. However, the method is invasive, causing retinal detachment at the site of injection, and has greater potential for complications during the procedure. Intravitreal injections avoid these issues by delivering into the vitreous cavity of the eye. This procedure is in routine clinical practice for the delivery of anti-angiogenesis agents to treat neovascularization associated with diseases such as age-related macular degeneration (Todorich et al., 2014). However, material delivered intravitreally typically has poor penetration into the outer retina (Farjo et al., 2006; Dias et al., 2019), due both to the content of the vitreous itself as well as to the inner limiting membrane which forms a physical barrier between the retina and the vitreous. Identifying ways to improve delivery of genetic material to the outer retina after intravitreal delivery has been a critical research goal in the past several years. Many methods have been tried, including making genetic modifications to AAV capsids (Petrs-Silva et al., 2009; Dalkara et al., 2013), including agents to digest or disrupt the inner limiting membrane (Dalkara et al., 2009; Cehajic-Kapetanovic et al., 2011), application of electrical currents (Song et al., 2019, Song C. et al., 2020), and the inclusion of adjuvants such as tyrosine kinase inhibitors or proteasome inhibitors (Dias et al., 2019). Modification of viral capsids led to almost complete transduction of the outer retina after intravitreal injection in the mouse retina, but did not achieve this milestone in larger animal models such as dog and non-human primate (Mowat et al., 2014; Boyd et al., 2016; Ramachandran et al., 2017). This highlights an area where testing in larger animals is essential due to the relative (and absolute) difference in vitreous volume and inner limiting membrane thickness between mice and other larger animals (Matsumoto et al., 1984; Puk et al., 2006; Dalkara et al., 2009). Consistent with this, many intravitreal optimization studies are now being done in large animals, including sheep and non-human primates (Ross et al., 2020; Song H. et al., 2020), and overall this field has made significant advancements. While all of the above-mentioned studies were designed to optimize delivery of AAV-based gene therapies to the outer retina, researchers are also experimenting with ways to enhance non-viral gene delivery to the outer retina after intravitreal delivery. For example, various agents, such as chloroquine and hyaluronic acid, have been incorporated into non-viral delivery complexes in order to enhance uptake, but thus far they have met with limited success (Devoldere et al., 2019; Mashal et al., 2019).
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FIGURE 3. Injection sites into the retina and the cochlea. Shown are (A) the three major injection sites for delivery to the retina and (B) the three main injection locations for the cochlea. Images were created with BioRender.com.


More recently, suprachoroidal injection has gained prominence for gene delivery to the outer retina. In this method, material is delivered between the choroid and the sclera (Figure 3A), a region largely accessible only in larger animals. It is further complicated by the need for advanced imaging techniques, such as OCT, to visualize and inject through the use of novel microneedles (Patel et al., 2011; Kim et al., 2014; Yiu et al., 2014; Willoughby et al., 2018). The most notable advantage of this approach is the potential ability to reach the outer retina without performing a disruptive subretinal injection, and many groups are exploring this new avenue. Recently, a phase 3 clinical trial using suprachoroidal injection to deliver triamcinolone for the treatment of uveitis with macular edema reported no serious adverse events related to the treatment and positive efficacy outcomes, paving the way for future clinical use of this delivery method (Yeh et al., 2020). Various groups are testing the use of this method for retinal gene therapy with AAVs in a variety of animal models including rats, pigs, and non-human primates with generally promising results (Touchard et al., 2012; Ding et al., 2019; Yiu et al., 2020). Some groups have also been testing suprachoroidal delivery with non-viral methods, but few full published results are available yet (Kansara et al., 2020). The suprachoroidal approach has great promise for less invasive delivery to the retina, but there are concerns about penetrating through multiple layers of tissue (from the choroid through the RPE into the retina) and about initiating immune responses. One alternative approach that has been shown to induce better retinal transduction with attenuated immune responses in non-human primates is transscleral microneedle-based subretinal delivery (Yiu et al., 2020), which may be another delivery method for further exploration.



Delivery of Genes to the Cochlea

As the cochlea is encased in bone (Figure 1C), the delivery of material to the right location without creating significant damage that may lead to further hearing loss is a major challenge. Largely because of this delivery challenge, the field of cochlear gene therapy has been slower to develop than retinal gene therapy. Yet in the last few years, preclinical studies targeting the cochlea have rapidly increased in number, as tools and methodologies have improved. Modes of delivery for the cochlea involve cochleostomy in the lateral wall of the cochlear basal turn, canalostomy in the semicircular canal or injections through the round window, scala media, or posterior semicircular canal (Figure 3B). Cochleostomy, in which a hole is drilled in the basal cochlea into the endolymphatic space and material is thereby injected directly into the scala media, has been shown to be reasonably efficient in generating AAV-mediated gene expression in the inner ear (Shibata et al., 2009; Yoshimura et al., 2018). However, the procedure has been shown to have higher potential to induce hearing loss than round window membrane injection (Chien et al., 2015; Delmaghani and El-Amraoui, 2020). Round window membrane injections have been successfully used in early postnatal mice (Akil et al., 2012; Askew et al., 2015; Landegger et al., 2017; Pan et al., 2017), and very recent studies have shown this method to be effective in adult non-human primates (Gyorgy et al., 2019; Ivanchenko et al., 2020). Others have shown reporter gene or therapeutic gene expression in the murine inner ear after in utero injection of AAV2 into the otocyst (Miwa et al., 2013; Hu C. J. et al., 2020), potentially important given the very early onset of many forms of congenital deafness. Canalostomy involves injection in the posterior semicircular canal, and has been shown to efficiently transduce inner and outer hair cells after treatment of adult mice and is reported to have less chance of leading to damage (Suzuki et al., 2017). Canalostomy can also be combined with round window membrane injection to further improve inner ear transduction in adult mice (Yoshimura et al., 2018). While much remains to be refined in the area of cochlear gene delivery, recent successes using non-human primate models support an optimistic view for the future of human cochlear gene delivery.



GENE THERAPY IN THE RETINA AND COCHLEA


Preclinical Gene Therapy in the Retina

The earliest proof-of-principle studies for retinal gene therapy took place in the early 1990s and involved gene supplementation via transgenesis in spontaneously occurring IRD models (Lem et al., 1992; Travis et al., 1992). While paving the way for several decades of further development, even these early studies highlighted one of the most challenging, and as yet incompletely resolved, issues in retinal (and cochlear) gene therapy: levels of expression. For both recessive IRD genes as well as autosomal dominant genes associated with haploinsufficiency, generating enough expression to mediate full rescue remains problematic (Ali et al., 2000; Cai et al., 2009). Shortly after these initial transgenesis studies, efforts were made to use adenovirus to transduce the retina (Bennett et al., 1994; Li et al., 1994), but safety concerns and lack of efficiency led to a shift to the use of AAV (Ali et al., 1996). More recently, lentivirus has been used for retinal gene therapy, especially for targeting neovascularization, but lentiviruses have thus far been fairly ineffective at targeting photoreceptors (Kalesnykas et al., 2017; Becker et al., 2018; Holmgaard et al., 2019). In the intervening 25 years, AAV-mediated retinal gene therapy had been used in a vast number of different preclinical IRD models, including those targeting photoreceptors (e.g., Rho, Prph2, Nmnat, Abca4, Cngb3, Rpgr), retinal ganglion cells (e.g., Xiap), Müller cells (e.g., Vegfa, Dp71), bipolar cells, (Cln3), and the RPE, (e.g., Rpe65, Lrat) (Ali et al., 2000; Batten et al., 2005; Mookherjee et al., 2015; Georgiadis et al., 2016; Becker et al., 2018; Zhang et al., 2019; Barboni et al., 2020; Greenwald et al., 2020; Kleine Holthaus et al., 2020; McClements et al., 2020; Wassmer et al., 2020; Figure 1B). Notable successes with these models led to testing in larger animal models, in particularly RPE65 and RPGR dog studies providing further support for the efficacy of AAVs (Bainbridge et al., 2015; Beltran et al., 2015; Gardiner et al., 2020; Song C. et al., 2020).

Much recent work in the field of retinal gene therapy with AAVs has focused on evolving viral capsids to improve transduction efficiency and refine the type of cells that can be targeted. This has been successful in the mouse, where novel engineered viral capsids have been shown to be much more efficient that parent viruses (Dalkara et al., 2013; Khabou et al., 2016; Frederick et al., 2020). Because viral tropsims can also be species specific, recent work on directed evolution of AAV capsids has used the non-human primate model (Byrne et al., 2020). This approach involves injection with libraries generated with cap gene variants, harvesting the retina, performing PCR to enrich cap gene variants present (i.e., that transduced cells) and reformulating virus. This selection process is repeated several times with additional steps included in subsequent rounds to increase diversity in cap genes. The exciting end result was the identification of novel AAV variants capable of efficiently transducing non-human primate cones after intravitreal injection, a key therapeutic goal that had not been achieved previously (Byrne et al., 2020).

While AAV-mediated therapies have been remarkably successful, there have been some concerns. Though largely considered safe, some studies have shown that the AAV vector is able to move from the eye to other areas of the body, from both intravitreal (Dudus et al., 1999; Han et al., 2012) and subretinal injection (Weber et al., 2003). Along with potential systemic distribution and immunogenicity, another challenge with AAV is its loading capacity. Standard AAVs can only accommodate genes which are <5 kbp (Wu et al., 2010), smaller than many IRD genes such as USH2A and ABCA4. There have been advancements in AAVs which increase capacity to 10 kbp, through dual AAV vectors. Dual AAV vectors split the load into two fragments which are then co-delivered and recombine in the target cell though either homologous recombination or trans-splicing strategies (Xu et al., 2004; Ghosh et al., 2011; Trapani et al., 2014). Though initially the efficiency of this approach was limited, additional novel strategies to overcome size limitations are being studied including the use of oversized AAV, trans-splicing dual AAV, overlapping dual AAV, and hybrid dual AAV (reviewed in Trapani, 2019). However, as a result of these potential limitations, for many years there has been interest in the development of non-viral gene delivery methods.

Though many different non-viral formulations have been successfully used to transfect cells, fewer have been successful in vivo. One of the most successful has been polylysine DNA nanoparticles complexed with polyethylene glycol. These nanoparticles are non-immunogenic, and have the capacity to compact up to 20 kbp of DNA (Fink et al., 2006). Importantly, they have demonstrated robust transfection, sustained for up to 15 months, in both photoreceptors and the RPE in the mouse retina (Farjo et al., 2006; Han et al., 2012; Koirala et al., 2013). This translated into improved functional outcomes in Prph2, Rho, Abca4, and Rpe65-associated IRD models (Cai et al., 2009, 2010; Koirala et al., 2013; Han et al., 2014, 2015). Other non-viral retinal gene therapy formulations have also recently been shown to promote improvement in murine IRD models. For example, solid lipid nanoparticles carrying the human RS1 gene have been shown to mediate structural improvement in the mouse Rs1h knockout model of X-linked juvenile retinoschisis (Apaolaza et al., 2015, 2016). Another lipid-based system has also recently shown promising results. The ECO-lipid ((1-aminoethyl) iminobis[N-(oleicylcysteinyl-1-amino-ethyl) propionamide]) based system incorporates a pH sensitive endosomal escape mechanism to help promote release and preservation of DNA after uptake by cells. This system is multifunctional and can be conjugated to other compounds to facilitate targeted cell uptake. It has recently been used to deliver plasmid DNA and mediate improvements in the Rpe65 and Abca4 IRD models (Sun et al., 2017, 2020).

The vast majority of IRD model recue studies have involved gene supplementation to treat loss-of-function or haploinsufficiency-associated mutations. However, many IRD gene mutations are gain-of-function or dominant-negative alleles and for many years researchers have recognized the need for more complex therapies capable of knocking down mutant genes while also supplementing with the correct allele. This approach has been tested in a dog model of adRP; a mutation-independent shRNA targeting rhodopsin was paired with an RNAi-resistant human RHO cDNA (in AAV), and shown to promote long-term protection of retinal structure and function (Cideciyan et al., 2018). Proof-of-principle studies using RNAi-based approaches to knock down mutant transcripts have also been evaluated in mice for the treatment IRD associated with Prph2, Impdh1 (RP10), Guca1a (cone-rod dystrophy), and Pde6b (RP) with varying levels of success (Tam et al., 2008; Tosi et al., 2011; Petrs-Silva et al., 2012; Jiang et al., 2013).

More recently, CRISPR/Cas9 based genome-editing approaches have gained popularity in preclinical studies to correct dominant IRD mutations. These approaches hold great promise for somatic gene editing, and various approaches have been tried. Perhaps the most obvious strategy is correcting IRD mutations using homology directed or micro-homology repair-based approaches. This has been tried in an RPGR model carrying a Cas9 transgene. AAV2/8 was used to deliver an RPGR-targeted gRNA and a region of homologous DNA carrying the corrected sequence (Hu S. et al., 2020). This study reported sequence correction in a large percentage of cells but the benefits were only apparent after ∼6 months, likely due to the overall inefficiency of homology directed repair. In addition, a challenge with homology-based repair approaches is the small carrying capacity of AAV. Designing a construct for delivery of Cas9, a homologous DNA segment for repair, and the gRNA can be challenging. To overcome this challenge, other groups have used two separate AAVs, one carrying the Cas9 and one carrying the gRNA and homologous region. This approach was used to target Rpe65, and reported homology-directed repair efficiencies in excess of 1%. Though this seems low, it was sufficient to mediate functional improvement. Other groups have taken advantage of an alternative repair pathway called micro-homology-mediated end joining, where a much shorter (∼20 bp) homologous region is supplied, and the whole expression cassette (Cas9, gRNAs, and homology region) fit into a single AAV. A study using this approach to target a Gnat1 model reported improvement in light-sensitivity and visual acuity (Nishiguchi et al., 2020). An alternative approach for gain-of-function mutations is to target the mutant allele for knockout rather than correcting the mutation. While genes associated with haploinsufficiency may require concurrent gene supplementation, this approach has the benefit of relying on more efficient non-homologous end joining mechanisms rather than on the less efficient homology-based repair mechanisms. It has been tried with success in both rat and mouse models of rhodopsin-associated IRD (Bakondi et al., 2016; Giannelli et al., 2018; Patrizi et al., 2021). In addition to using CRISPR/Cas9 for gene editing, there are several alternative approaches that utilize a dead (d)Cas9/gRNA to target a transcriptional regulator to the appropriate place in the genome. A recent exciting study used this approach to target the VPR transcriptional activator (dCas9-VPR) to the M-opsin gene (Opn1mw) with an Opn1mw-specific gRNA where it activates gene transcription (Bohm et al., 2020). When dCas9-VPR/Opn1mw-gRNA under the control of the rhodopsin promoter was delivered to the Rho± retina, researchers observed expression of M-opsin in rods, and importantly, improvements in scotopic vision and retinal structure. Genome editing in the mouse retina has also been attempted for Pde6b-associated RP (using electroporation), Cep290-associated LCA (further discussed below), and Gucy2d-associated cone-rod dystrophy (Ruan et al., 2017; McCullough et al., 2019; Vagni et al., 2019). Somatic genome-editing, and non-genome editing CRISPR-based therapeutic strategies are likely to become increasingly prevalent, particularly as tools to block chronic Cas9 activity, suppress immune responses, and increase the efficiency of homology directed repair are developed (reviewed in Nakamura et al., 2021).

The earliest clinical retinal gene therapy trials used AAV2 based vectors to deliver RPE65 for the treatment of LCA (Bainbridge et al., 2008; Cideciyan et al., 2008; Maguire et al., 2008), with groups reporting varying degrees of improvement and persistence of effect. In initial phase I/II clinical trial using the AAV2/2 vector carrying RPE65 cDNA with an RPE65 promotor, investigators observed improved visual function for 3 years (Bainbridge et al., 2008, 2015). Another group using rAAV2 carrying hRPE65 driven by the ubiquitous, chicken β-actin (CBA), promotor found no significant side-effects after 12 months but reported no significant improvement in vision (Hauswirth et al., 2008; Cideciyan et al., 2009). A follow-up done 6 years later saw progressive vision loss, reduced retinal sensitivity, and thinning of the photoreceptor outer nuclear layer (Jacobson et al., 2015). The third initial trial was conducted by Spark Therapeutics Inc. (Philadelphia, PA) using AAV2-hRPE65v2 with a CBA promotor (at three different doses) and reported sustained improvement after 2 years regardless of the dosage, with the greatest improvement in the younger children (Maguire et al., 2008, 2009). A few years later Spark Therapeutics Inc. released its results from a phase 3 clinical trial data using LuxturnaTM (voretigene neparvovec, AAV2-hRPE65v2) in patients with vision loss associated with RPE65. Bilateral subretinal injections of the highest dose tested in the prior trial found improved vision with no adverse effects or immune response after 1 year (Russell et al., 2017). This is the first phase 3 clinical trial to report significant gene therapy efficacy for IRD, and after submission to the FDA, Luxturna was approved for use and is now in clinical practice.

Since then, several other clinical trials for retinal gene therapy have been undertaken (Figure 1B). Recently promising results from a PhaseI/II trial for CNGA3-associated achromatopsia were published showing that the AAV vector was well-tolerated and initial measures of efficacy were promising, including improvement in visual acuity, contrast sensitivity, and cone function [NCT02610582 (Fischer et al., 2020)]. Many other retinal gene therapy clinical trials are currently ongoing or recruiting, targeting RPGR and PDE6B-associated RP, CNGA3 and CNGB3-associated achromatopsia, RPE65-associated LCA, RS1-associated x-linked retinoschisis, and ND4-associated optic neuropathy5. All of these studies utilize an AAV-based delivery method, and thus far non-viral retinal gene therapy has not yet progressed to clinical testing. Excitingly, the first retinal gene therapy trial to use CRISPR/Cas9-based genome editing has recently started recruiting (NCT03872479). The trial, which targets CEP290-associated LCA is not only a milestone in retinal gene therapy, but also represents the first time CRISPR-based treatments will be delivered directly into the body in any trial, and results are eagerly anticipated. This study uses an AAV5 vector to deliver Cas9 and CEP290 specific gRNAs and was effective in both a humanized CEP290 mouse model and in a non-human primate model (Fischer et al., 2020).



Cochlear Gene Therapy

As in the retina, the earliest cochlear gene therapy took the form of proof-of-principle studies utilizing transgenic overexpression to rescue hearing in mutant models with hearing loss (Fujiyoshi et al., 1994; Ahmad et al., 2007). By the late 1990s, researchers were exploring ways to deliver AAVs and adenoviruses to the middle and inner ear often using the guinea pig model described above (Lalwani et al., 1996, 1998; Mondain et al., 1998). Subsequently, an extensive number of functional studies were undertaken to genetically deliver antioxidants or neurotrophic factors to the ear for the treatment or prevention of noise- and pharmaceutical-induced auditory toxicity, rather than for inherited cochlear diseases (e.g., Bowers et al., 2002; Lalwani et al., 2002a; Kawamoto et al., 2003b, 2004; Liu et al., 2008). However, neither of these approaches targets or corrects the underlying genetic defect in the case of inherited forms of hearing loss. Excitingly, in 2012 a model of congenital deafness was rescued by delivery of a gene therapy vector. This landmark study used an AAV1 vector delivered by either round window membrane injection or cochleostomy to generate Vglut3 expression in a Vglut3 knockout mouse model of hereditary deafness. This study demonstrated almost complete rescue of ABR recordings for over one year (69 weeks was the longest time evaluated) after delivery at P10-12 (Akil et al., 2012). Subsequently, antisense oligonucleotides were used to correct splicing in an Usher syndrome mouse model (Ush1c) leading to functional improvements in low-frequency hearing (Lentz et al., 2013; Ponnath et al., 2018; Wang et al., 2020). Since then, some AAV-mediated functional and/or structural rescue has been reported in multiple inherited models of deafness, including those associated with mutations in the gap junction gene connexin 26, the potassium channel subunit Kcnq1, the stereocilia gene whirlin, the antioxidant gene Msr3b, the usher 1C gene harmonin, the usher 3 gene clarin, the gene Slc26a4, and the ion channel Tmc1, among others (Yu et al., 2014; Chang et al., 2015; Iizuka et al., 2015; Chien et al., 2016; Kim et al., 2016; Pan et al., 2017; Dulon et al., 2018; Nist-Lund et al., 2019; Lan et al., 2020; Figure 1D).

Delivery of therapeutics to neonatal mice allows for therapeutic intervention before the organ of Corti develops fully, thus allowing for administration before early postnatal degeneration has begun, and this approach has been taken by several groups (Landegger et al., 2017; Pan et al., 2017). For example, AAV-mediated expression of Ush1g, a submembrane scaffold protein necessary for morphogenesis of the sensory stereocilia in cochlear hair cells, was delivered into Sans null mutant (Ush1g–/–) mice at P2.5 and found to preserve hair cell function near wild-type levels (Emptoz et al., 2017). Critically, studies such as this one demonstrate that cochlear AAV-mediated gene delivery can generate protein that folds, transports, and functions properly, and that early delivery prior to full development can prevent hair cell degeneration.

Delivering AAV to older/adult mice (compared to neonates) results in a drop in efficiency and duration of expression. For example, AAV-mediated delivery of Vglut3 led to better and longer lasting recovery after neonatal delivery (P1-3) than later delivery (P10) (Akil et al., 2012), although good results were reported for P10-12 delivery as well. A more recent investigation using a modified AAV2 vector to deliver harmonin at either P0-1 or P10-12 found improvement in the function and structure of the P0-1 treated mice with no treatment effects in those treated at P10-12 (Pan et al., 2017). However, other recent studies have achieved good gene expression in hair cells without damaging the organ of Corti after delivery in adult animals, with delivery at either 6 or 10 weeks of age (Suzuki et al., 2017; Tao et al., 2018; Yoshimura et al., 2018). Although gene expression was lower in most cases than with neonatal delivery, it is encouraging that post-development delivery for cochlear therapy is becoming more effective.

As in the retina, there has been great interest in designing optimized AAVs for cochlear delivery. This includes several new synthetic AAVs such as Anc80L65, which has shown very high efficiency in transducing both inner and outer hair cells after injections at 7 weeks of age through the posterior semicircular canal (Suzuki et al., 2017; Hu C. J. et al., 2020). As in the retina, the limited capacity of AAV (<5 kbp) is a significant limitation. This is particularly problematic since many cochlear disease genes, such as those associated with Usher syndrome, are too large to be delivered by AAV. As a result, the dual-AAV strategy, in which one AAV carried the 5′ end of the gene (in this case the congenital deafness gene otoferlin), while the second AAV carried the 3′ end has also been evaluated in the cochlea. Although this requires recombination of the two cDNAs after delivery, researchers reported stable otoferlin gene expression and improvement in hearing after dual-AAV delivery, suggesting it may be a useful therapeutic approach (Akil et al., 2019).

A number of non-viral gene therapy strategies have also been tested in the cochlea. One of the earliest was a study in which cationic liposomes were microinjected into the guinea pig cochlea, and short-term reporter gene expression was observed in the organ of Corti (Wareing et al., 1999). Lipid core nanocapsules have been evaluated for their ability to penetrate through the round window membrane for subsequent material delivery (Zou et al., 2008). Polyethyleneimine (PEI)/DNA complexes and quaternized chitosan coupled Na-carboxymethyl-beta-cyclodextrin complexes have also been tested for their ability to generate reporter gene expression, but overall transfection efficiency still has room for improvement (Tan et al., 2008; Ren et al., 2010).

CRISPR/Cas9 and somatic genome editing strategies have also begun to be applied to the cochlea. One major potential benefit of this approach is that if the endogenous gene error can be corrected in enough cells, the challenge of generating sufficient levels of expression from an exogenous transgene is circumvented. While some groups are working on optimizing individual steps in the path to effective in vivo cochlear genome editing (Tang et al., 2016; Kang et al., 2020; Zhao et al., 2020), other groups have directly applied genome editing technology to models of inherited deafness. Gao et al. used cochleostomy to deliver a cationic liposome formulation containing a Cas9-gRNA ribonucleoprotein (RNP) complex targeting a mutant Tmc1 allele to the scala media at P0-2. They reported improved preservation of hair cells at 8 weeks post-injection and improved ABR thresholds at 4 weeks post-injection compared to uninjected controls (Gao et al., 2018). These exciting preliminary studies demonstrate the potential for future application to somatic genome editing for cochlear diseases.

In spite of rapid advancements in preclinical testing of cochlear gene therapies since 2012, this strategy has not made the jump to widespread clinical testing. Only one gene therapy Phase I/II safety and tolerability clinical trial for severe hearing loss has been completed (NCT02132130). The study involved intralabyrinthine delivery of recombinant adenovirus carrying the Hath1/Atoh1 transcription factor (Figure 1D). This transcription factor has been widely evaluated in preclinical studies to promote hair cell regeneration, however few data are available about the trial and its findings have not yet been reported, although as of September 2020, the study is listed as “completed” and results are eagerly awaited (Crowson et al., 2017).



ROLE OF TIME OF DELIVERY AND DURATION OF EFFECT ON THE OUTCOMES

While progress is being made for both retinal and cochlear gene therapy, it is necessary to remember one of the key limiting factors of gene therapy for inherited dystrophies: time. Due to the nature of degenerative hereditary diseases, unless intervention is applied early, the optimal therapeutic window will be missed. In many cases patients may not even know they have a genetic disorder until symptoms are severe enough to see their physician, at which point, the progression of the disease is often far enough along that affected cells are dead or dying. This is particularly challenging in the case of degenerations that affect neuronal cells, since there is, as yet, no effective way to regenerate or replace lost neurons (although this is a goal of the stem cell transplantation field). To a certain degree, this is an area where cochlear gene therapy is ahead of retinal gene therapy. There have been extensive preclinical studies focused on regeneration of hair cells in deafened mice (largely in non-genetic models) by delivery of the transcription factor Math1 (also known as Hath1/Atoh1) (Kawamoto et al., 2003a; Shou et al., 2003; Baker et al., 2009; Kraft et al., 2013), and several of these studies have produced promising results. However, while cochlear regeneration of hair cells may be more within reach than photoreceptor regeneration, the earlier onset of many forms of congenital deafness (compared to inherited irreversible vision loss) counteracts some of this benefit. In studies with mice, this issue can be partially overcome by the fact that the sensory organs of the eye and ear are not fully developed at birth, and thus therapy can be administered very early in the course of the pathology. However, this advantage is lost in the transition to human patients. Individuals with an early developmental disorder would need to have therapy administered while still in the womb, which introduces additional challenges to the already complex nature of cochlear gene delivery. Regardless of the time-of-onset, early detection and intervention in patients is key to effective treatment. Clinical support for this idea comes from early reports from the LCA retinal gene therapy trials. RPE65-associated LCA is an early onset disease (in contrast to many inherited retinal diseases), and in the initial phase 1 clinical trial the greatest improvement was observed in the younger children (Maguire et al., 2008, 2009). The need for intervention early in the disease process also highlights the need for treatments and delivery strategies that do not themselves result in vision or hearing loss. Both subretinal injection and cochlear delivery methods have the potential to impair function (Wang et al., 2013), so optimizing delivery approaches should remain a key research goal.

In addition to delivery at the appropriate time in the course of the disease pathology, an additional concern is the potential need for repeat dosing. The ideal gene therapy would be effective long-term after delivery of a single dose. However, generating and maintaining sufficient levels of gene expression remains a challenge. Improving duration of expression at levels high enough to maintain functional rescue is essential (Adijanto and Naash, 2015; Hardee et al., 2017; Goswami et al., 2019; Patil et al., 2019; Wang et al., 2019).

In the case of the retina, the current measures of therapeutic longevity come from the early LCA trials, where results have been variable. Some groups reported functional visual improvement up to 3 years despite cell degeneration still taking place (Cideciyan et al., 2013; Testa et al., 2013), while other groups reported that the improvement in vision diminished in patients after 3 years (Bainbridge et al., 2015; Jacobson et al., 2015). In other cases, it has been reported that the beneficial effects are more durable, persisting at the 4 year follow-up (Maguire et al., 2019) however, different trials have used different outcome measures to assess improvement. The mechanism underlying limited duration of effects is unclear, however it has been suggested that the virally-expressed RPE65 levels declined over time to below the levels necessary to remain therapeutically relevant (Bainbridge et al., 2015). It is also possible that loss of non-transduced RPE cells led to such severe stress in the retina that the transduced RPE cells were insufficient to prevent the eventual photoreceptor degeneration. Clearly, these findings highlight both the promise and vast room for continued technical and scientific advancement needed for clinical application of retinal and cochlear gene therapy.



FUTURE PERSPECTIVES

Both the eye and cochlea are organs which have favorable anatomy for gene therapy with small sizes that can be easily treated with small doses of therapeutics, a contralateral control and easy non-invasive analytical techniques. They are also sites of many different forms of inherited hearing loss and irreversible vision loss caused by several hundred known genes, and thus they are prime targets for novel therapies. The monogenic nature of most inherited diseases of the eye and ear make gene therapy an attractive method to potentially correct causative genetic defects and cure disease, rather than just treating symptoms. There are various limitations and challenges still to face including (1) the limited number of patients carrying any given mutation, although allele-independent approaches are being developed, (2) limited carrying capacity of common viral-delivery methods, (3) the rapid progression of degeneration in some pathologies, (4) limited distribution and longevity of gene expression after single-dose treatments, (5) difficulty transfecting/transducing post-mitotic cells, and (6) the need for delivery methods that are less invasive. Yet all these areas are being actively studied, and outcomes with genetic therapies are likely to keep improving. Another area that has seen rapid progress in the last decade is genetic diagnosis. The accessibility and accuracy of genetic testing in the past few years has improved drastically (Shearer et al., 2011; Lin et al., 2012; Furutani and Shimamura, 2017; Men et al., 2017; Furutani et al., 2019). As genetic testing and screening improve, the ability to identify causative pathogenic alleles and potential at-risk individuals increases. Earlier screening and diagnosis are essential to earlier intervention.

The commonalities between the eye and the ear, coupled with the numerous syndromic genetic disorders with both an auditory and visual component mean that coordination between the fields is likely to be beneficial. Collaboration and resource sharing between groups studying both the retina and the cochlea may help advance the development of clinically relevant therapies for both vision and hearing loss, and lead to significantly improved quality of life in patients.
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FOOTNOTES

1
https://www.who.int/en/news-room/fact-sheets/detail/blindness-and-visual-impairment

2
https://www.who.int/en/news-room/fact-sheets/detail/deafness-and-hearing-loss

3
https://www.cdc.gov/visionhealth/basics/ced/index.html

4
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5
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Stem cell scientists have developed methods for the self-formation of artificial organs, often referred to as organoids. Organoids can be used as model systems for research in multiple biological disciplines. Yoshiki Sasai’s innovation for deriving mammalian retinal tissue from in vitro stem cells has had a large impact on the study of the biology of vision. New developments in retinal organoid technology provide avenues for in vitro models of human retinal diseases, studies of pathological mechanisms, and development of therapies for retinal degeneration, including electronic retinal implants and gene therapy. Moreover, these innovations have played key roles in establishing models for large-scale drug screening, studying the stages of retinal development, and providing a human model for personalized therapeutic approaches, like cell transplants to replace degenerated retinal cells. Here, we first discuss the importance of human retinal organoids to the biomedical sciences. Then, we review various functional features of retinal organoids that have been developed. Finally, we highlight the current limitations of retinal organoid technologies.
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INTRODUCTION

The retina is a thin (∼0.25 mm) layer of neurons in the back of the eyeball—it is a part of the central nervous system that grows inside of the eye during development. In the nineteenth century, Santiago Ramon y Cajal, father of the neuron theory of the nervous system, introduced the first comprehensive morphology of neural cell types, including the cells of the retina, in a number of vertebrate species (Lerma and De Carlos, 2014). Since then, many studies have investigated different aspects of this complex system and its development through ontogeny. We now know that the retina is composed of several layers, with different cell types consisting of horizontal, bipolar (BCs), amacrine, and ganglion cells (GCs), as well as photoreceptors (PRs), and three types of glial cells, including microglia, astrocytes, and Müller glial cells (Bringmann et al., 2006). However, many features of vertebrate retinal function and development are still unknown, making it difficult to recapitulate the retina in vitro using stem cells.

Organoids derived from induced pluripotent stem cells (iPSCs), or embryonic stem cells (ESCs), have been used by researchers to create in vitro tissues that mimic their natural counterparts, advancing medical research in the 1980s and beyond (Shannon et al., 1987). More recently, new methodological advances for culturing tissues have opened up new possibilities for basic research on various human organs—e.g., the brain (Qian et al., 2019), intestine (Sprangers et al., 2020), kidney (Taguchi et al., 2014), prostate (Gao et al., 2014), and retina (Zhong et al., 2014; Cowan et al., 2020). Scientists have successfully developed retinal organoids that closely resemble many aspects of the real retina using human and mouse stem cells. Lab-grown retinal organoids are composed of several types of cells organized in a physiologically and morphologically complex manner (Eiraku et al., 2011). A retina-specific synapse, referred to as the ribbon synapse, is formed in such organoids (Castro et al., 2019). These organoids also show physiological responses to light stimuli to some degree (Zhong et al., 2014; Wahlin et al., 2017). As such, retinal organoids can be used as a basic model for investigating various therapies or treatments. For example, retinal organoids can be used to study retinal degeneration, human retinal implants, optogenetics and gene therapies, drug screening and toxicity, and the stages of retinal development. Therefore, they provide a human model for personalized therapeutic approaches and can be used in transplants of a patient’s degenerated retinal cells (see the summary of potential applications of retinal organoids in Figure 1). Despite recent progress in retinal organoid technology, our knowledge is still in its infancy, and organoids have not recapitulated all developmental stages of the natural retina.
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FIGURE 1. Some potential applications for retinal organoid technology. Retinal organoids can be used to (A) study the development of the retina, (B) investigate various therapeutical approaches, including gene therapy for retinal disorders, (C) test electronic chip implants, (D) facilitate cell transplantation, (E) test human retinal disease models, and (F) conduct drug screening.


In this review, we discuss some real-world problems illustrating the necessity of speeding up the development of retinal organoid technology for medical research. We then highlight the key functional aspects of retinal organoids—e.g., visual cycles, synaptogenesis, and retinal pathways—and the physiological recovery of the retina after retinal cell or organoid transplantation. Finally, we discuss current constraints regarding, and unanswered questions about, retinal organoids.



THE NECESSITY OF IMPROVING RETINAL ORGANOID MODELS

According to the World Health Organization [WHO] (2019), more than one billion people globally have a vision impairment that could have been prevented or is yet to be addressed. According to eye health data and statistics, the number of people with the most common eye diseases will double by 2050 (Varma et al., 2016). In order to better understand retinal diseases, and develop treatments for them, a proper retinal model is critically needed.

Donated post-mortem retinal tissues, especially those affected by retinal disorders, are suitable in vitro testbeds for investigating underlying pathophysiology mechanisms. The quality of data obtained from the molecular biology, the imaging, and the visual function of a post-mortem retina depends on rapid isolation and a regular oxygen supply (Pannicke et al., 2005; Cowan et al., 2020). Gene expression can change rapidly post-mortem in a tissue-specific manner (Ferreira et al., 2018). Post-mortem transplantation of eye components depends on the persistence of tissue; for example, 36% of corneal transplants using post-mortem tissues with death-to-preservation times of more than 6 h failed (Mohamed et al., 2016). There are several constraints on using donated post-mortem retinal tissues, including organ availability and its pathological state, as well as the ethical requirements of the state and institution where the procedure is conducted.

The 2-dimensional (2D) culture of immortalized retinal cell lines is a resource for study of retinal pathologies and drug testing. 2D culture of different retinal cell lines is needed for studying different retinal diseases. For example, human retinal pigment epithelium (RPE) cell lines can be used to study age-related macular degeneration (AMD) (Kozlowski, 2015), and MIO-M1 human Müller glial cell lines can be used to study diabetic retinopathy or retinal degeneration (Yong et al., 2010). Moreover, the 2D culture of reprogrammed iPSCs-derived retinal cells (Lamba et al., 2006) has been established for the study of multiple conditions—e.g., disease modeling, drug testing and discovery, and cell replacement therapies (O’Hara-Wright and Gonzalez-Cordero, 2020). Nevertheless, 2D retinal culture may not emulate important naturalistic aspects of native retinal cells in vivo, and also fails to entirely recapitulate the morphology and functional physiology of the human retina.

Animal models are another widespread tool that can be used to study retinal diseases and develop treatments—e.g., through genetic or interventional modifications (Volobueva et al., 2019). The retinal tissue of non-human species can mimic aspects of retinal diseases found in humans. For example, rd10 mice carrying a spontaneous mutation of the phosphodiesterase gene in rod cells are a model of autosomal recessive retinitis pigmentosa, which leads to rod degeneration in humans (Gargini et al., 2007). Animal models assist researchers in understanding diseases and their prevention, diagnosis, and treatment, in cases where human research would be impractical or ethically prohibited. Although our understanding of retinal pathophysiology has been improved by animal models, there are considerable drawbacks in extrapolating the findings of rodents to humans. For example, the absence of the macula and photopigmentation in rodents, differences in color vision—e.g., dichromatism in rodents (Szatko et al., 2020) vs. trichromatism in humans—and differences in tissue structure, size, refractive properties, and the nature of the retinal vascular system (Achberger et al., 2019b; Castro et al., 2019). A key solution for overcoming the aforementioned limitations would be to generate 3-dimensional (3D) functional retinal tissues in vitro.



RETINAL ORGANOID FUNCTIONALITY


The Visual Cycle in Retinal Organoids

Retinal pigment epithelium (RPE) plays a critical role in photoreceptor survival and functionality, as well as modulation of the visual cycle—the conversion of an incoming photon into an electrical signal (Wright et al., 2015). Thus, in order to generate functional retinal organoids, it is important to integrate components of the visual cycle, including RPE. RPE is composed of polarized cells within the basal and apical membranes. On the apical side, RPE connects with PRs through a network of microvilli, which allows exchange of materials between PRs and RPE (Kang et al., 2009; Sahu and Maeda, 2018). RPE supports PRs by providing nutrients, removing waste products, releasing growth factors, and regulating the length of PRs by phagocytosis. Most importantly, the RPE plays a fundamental role in retinol cycling by recycling 11-cis retinal from all-trans isomers for the next visual cycle (Ramsden et al., 2013; Tsin et al., 2018; Choi et al., 2020). The expression of RPE markers includes MERTK (a phagocytosis marker) and BEST1 (a basal marker), as well as RPE65, LRAT, and CRALBP (which are visual cycle markers). Each of these markers has been identified in vitro in RPE differentiated from iPSCs (Chichagova et al., 2018).

RPE spheroids isolated from hiPSC-derived retinal organoids are able to reach maturation. Such a state of cellular, molecular, and physiological maturity is indicated by a number of features, including repigmentation, marker expression, and phagocytosis (Liu et al., 2018). Co-culturing retinal organoids with hiPSC-derived RPE elevates the differentiation of retinal progenitors derived from human iPSCs (Akhtar et al., 2019), suggesting that RPE promotes retinal differentiation. In the presence of 9-cis retinal, rod differentiation is accelerated in organoid cultures with proper rhodopsin expression at day 120, indicating visual cycle control between RPE and PRs as an essential part of retinal development (Kaya et al., 2019). Maturation of PRs is promoted in the presence of retinoic acid (the pleiotropic all-trans-retinol form) (Zerti et al., 2020). To date, the co-culturing of RPE with supplementary components, like 9-cis retinal, is the only available method for activating the visual cycle (to some degree) in retinal organoids. We discuss this further in the section: “Current limitations of retinal organoid technology.”



The Maturation of Retinal Pathways

Visual inputs to the retina are encoded by distinct visual pathways in parallel for transmission to the brain via ganglion cells (GC). In mice, there are approximately 15–20 channels (pathways) based on GC dendritic morphologies (Coombs et al., 2006; Volgyi et al., 2009) and 30 functional output channels based on calcium imaging recordings (Baden et al., 2016). ON and OFF channels, which are responsible for the fundamental functional features of the visual system, can be recorded by electrophysiology techniques (Popova, 2014). ON pathways (ON cells) are activated by light increments, whereas OFF pathways (OFF cells) are activated by light decrements. The characterization of ON and OFF pathways is one of the main goals in retinal organoid engineering.

Single cell patch clamp recording lets us identify hyperpolarization and depolarization of mature PRs in retinal organoids, responding to light and darkness, respectively. Zhong et al. (2014) reported, by means of the patch clamp technique, that 2 out of 13 randomly chosen PRs responded to a light stimulus in hiPSC-derived retinal organoids at weeks 25–27. The authors inferred that the low number of responsive PRs could be due to the low levels of rhodopsin and downstream phototransduction steps that may still be under maturation (Zhong et al., 2014). Cones targeted by patch clamp recording reveal the presence of hyperpolarization-activated cyclic nucleotide-gated (HCN) channels, the fundamental key of phototransduction in PRs (Kim et al., 2019).

Using a microelectrode array (MEA), one can record the action potential of GCs in order to identify network-mediated retinal pathways. The response of GCs in retinal organoids to light stimulus has been recorded at day 150 by MEA. These responses, however, were too indolent to document clear matched spikes to light pulses (Hallam et al., 2018). Such an event might be comparable with spontaneous waves of activity sweeping across the neonatal vertebrate retina before eye-opening (Maccione et al., 2014). Puffing 8-br-cGMP, a secondary messenger of the phototransduction cascade, binding to the gates of Na+ -permeable channels, depolarizes PRs, thus mimicking dark current. In the presence of 8-br-cGMP puff in organoid cultures, MEA recording suggests that GCs with decreased spiking activity are ON, whereas GCs with increased firing rate are OFF (Hallam et al., 2018). The decellularized extracellular matrix-derived peptides from the neural retina (decel NR) and RPE conditions of retinal organoid cultures promote the light-driven responses of ON RGCs of organoids recorded by MEA (Dorgau et al., 2019). Very recently, Cowan et al. (2020) reported the transmission of light responses through the cascade of PRs to BCs and GCs in organoids by using live two-photon laser imaging; however, the percentage of the responsive cells was low (Cowan et al., 2020). To some extent, the ON and OFF retinal pathways of organoids have been characterized, but such responses are still far from replicating the spike activities of ON and OFF pathways in vivo. We discuss this further in the section: “Current limitations of retinal organoid technology.”



Synaptogenesis in Retinal Organoids

The retina processes different visual features in parallel—e.g., brightness, darkness, color, contrast, and motion (Wassle, 2004). For the processing of visual signals, synapses with different kinetics in signal transmission are needed. Indeed, the retina possesses a range of synapses, including chemical, fast electrical, and ribbon synapses.

The somas of retinal neurons are located in the three nuclear layers of the retina, which are separated by a minimum of two synaptic layers. Synapses transmit the signals at the tonic rate of transmitter release and in a graded fashion. Two ribbon synapses exist in the retina: PRs transmit their signals in the outer plexiform layer (OPL), and BCs send signals in the inner plexiform layer (IPL). The ribbon is poised for fast transmitter release, and is ideal for reporting the rapid onset of stimuli (tom Dieck and Brandstatter, 2006; Lagnado and Schmitz, 2015; Okawa et al., 2019). The generation of such synaptic ribbon has been reported during retinal organoid development (Cowan et al., 2020; Sridhar et al., 2020). In human retinal organoids, PR ribbon synapses with vesicles and close contact with BCs and HCs have been observed (Cowan et al., 2020). Presynaptic ribbon markers (RIBEYE and SYNTAXIN3) contain vesicles, close to dense bars, in the synaptic endfeet of the OPL-like region (Gonzalez-Cordero et al., 2017). Moreover, the interconnection between PR axons and BC dendrites forming the retinal-specific ribbon synapses in retinal organoids has been observed using the passive clearing technique (Cora et al., 2019). Ribbon synapses at BCs in the IPL of retinal organoids have not yet been identified. To our knowledge, ribbon synapses at rods and cones of retinal organoids have not been distinguished either.



VISUAL FUNCTION AND CELL TRANSPLANTATION


Visual Function After Cell Transplantation

Cell transplantation is a novel therapeutic strategy to restore visual responses that have been lost to retinal degeneration or disease—for example, inherited retinitis pigmentosa or AMD (West et al., 2009; Stern et al., 2018). Stem-cell-derived retinal organoids and RPE organoid therapy have great therapeutic potential for treating such degenerative diseases. In this section, we focus on visual function after transplanting organoids and RPE sheets or cells isolated from them.



Photoreceptor Transplantation

Transplanted purified human cones isolated from retinal organoids (combining 2D/3D methods) have been incorporated within Nrl–/– mouse retinas with defective S- and M-cone opsins (Gonzalez-Cordero et al., 2017). Subretinally transplanted 3D hESC-derived retinal organoid sheets (day 30–65) in rho S334ter-3 rats have differentiated, integrated, and produced functional PRs, resulting in visual function and active synapses in the recipients’ eyes (McLelland et al., 2018). Jaws-positive PRs (with red-shifted cruxhalorhodopsin) isolated from retinal organoids and subretinally transplanted into blind hosts (mice) can become integrated into the host retina and ON- and OFF pathway responses (Garita-Hernandez et al., 2019).

Cell transplantation may lead to natural interactions among donor and host cells, and transmit cytoplasmic materials. Numerous observations indicate that functional recovery of the host retina might be achieved by transferring cytoplasmic material from transplanted PRs to remaining host PRs (Santos-Ferreira et al., 2016; Chichagova et al., 2018; Gagliardi et al., 2018). Nevertheless, cell transplantation could lead to natural interaction of donor and host cells, as well as transmission of cytoplasmic materials. Transplanting hESC-derived retinal organoids into the retinas of immunodeficient RCS nude rats has been shown to improve visual function; transplanted cells migrate and integrate synaptic connectivity with the host cells during the transfer of cytoplasmic material (Lin et al., 2020).



RPE Transplantation

The transplantation of hESCs-derived RPE cells in patients with AMD has shown promising outcomes in clinical trials (phase I/II)—such outcomes include increases in vision-related quality-of-life and improvements in best-corrected visual acuity (but only in some patients) (Schwartz et al., 2015). Later, Takahashi’s group reported that hiPSC-derived RPE sheets transplanted into human retinas with AMD remained intact and showed good retinal integrity, unchanging visual acuity, and no immune rejection (Mandai et al., 2017).

Cell transplantation entails several challenges: obtaining high-quality transplantable cells in sufficient quantities, achieving integration and function of transplanted cells (Gonzalez-Cordero et al., 2017), and minimizing the risk of cancerogenesis (Singh et al., 2018). Finding specific markers of retinal cells for purification may provide a solution that improves the efficiency of obtaining cells. For example, Gagliardi et al. (2018) has developed the CD73 + PRs MACS method to purify and sort a pool of PRs from hiPSC-derived retinal organoids for transplanting into a host retina (Gagliardi et al., 2018). The other shortcomings remain to be resolved.



CURRENT LIMITATIONS OF RETINAL ORGANOID TECHNOLOGY

Although the field of retinal organoid technology has seen significant progress in recent years, the construction of highly complex mammalian retinas in vitro is still beyond the reach of our current tools. It is still not possible to generate retinal organoids that have the same biochemical and physiological characteristics as mature in vivo retinas. In order to create such organoids, future technology must integrate several additional features, including smooth muscle cells, vasculature, and immune cells like microglia. Additionally, researchers must ensure proper cell orientation and wiring within retinal neurons, and correct RPE orientation for the maturation of the visual cycle and mature ON and OFF pathways, as we discuss in more detail below (see Figure 2, and Achberger et al., 2019a; Kruczek and Swaroop, 2020; Singh and Nasonkin, 2020).
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FIGURE 2. Summary of major challenges in retinal organoid technology: (A) lack of vasculature, (B) RPE orientation for the visual cycle, (C) mature ON and OFF pathways, and (D) proper cell orientation and synaptogenesis.



Vasculature

One of the major challenges in producing 3D organoids is the maintenance of long-term cell viability, which strongly depends on access to nutrients and oxygen (Ozbolat, 2015). The current inability to supply such nutrients has been attributed to the lack of endogenous, engineered vasculature or nutrient channels in the organ (Laschke and Menger, 2012). Without vasculature, the size of an organoid is limited to the diffusional limit of oxygen (Radisic et al., 2006). This problem may be resolved by applying new technological approaches—for example, optimization of scaffold porosity (Chen et al., 2019), inclusion of bioreactor (Ovando-Roche et al., 2018), incorporation of oxygen delivery mechanisms (Li et al., 2012), retina-on-a-chip (Achberger et al., 2019b), 3D bioprinting of vascularized tissues (Richards et al., 2017), and co-culture with mesodermal progenitor cells (Worsdorfer et al., 2019) are areas of current research.



Microglia

Microglial cells are primary resident immune cells that interact with Müller glial cells in the retina. Microglial cells are important for the natural development of a retina because they regulate neuronal survival and synaptic pruning (Li et al., 2012). Microglial cells and other retinal cells in organoids do not arise under the same differentiation conditions, due to differences in their lineages. Microglial cells come from the hematopoietic lineage that colonizes brain tissue during embryonic development (Cunningham et al., 2013). It is suspected that the existence of microglia within the retina may be key to successful retinal development (Li et al., 2019).



RPE

In retinal organoid cultures, mature and functional RPE around PRs is missing. RPE is a retinal cell type that is essential for retinal development. An ablation of RPE in mouse retina at embryonic day E10–11 leads to disruption of the retinal layers and eye growth. This deficiency does not affect retinogenesis at embryonic day E11.5–12.5; however, it disrupts the laminar structure and vitreous production (Raymond and Jackson, 1995; Fuhrmann et al., 2014). Indeed, RPE plays a vital role in the protection and survival of PRs (German et al., 2008). This is confirmed by the fact that the differentiation of PRs has been improved by co-culturing the retinal organoid with RPE (Akhtar et al., 2019). RPE maintains the physiology of the outer retina—for example, by enacting phagocytosis of shed PR outer segments, running the visual cycle, and secreting neurotrophic and vasculotrophic growth factors that promote vascularization (Sparrow et al., 2010; Achberger et al., 2019b). Therefore, the interaction between the retina and RPE is critical, not only during retinal organoid development, but also for visual function in a mature retina.



Degeneration and Loss of Orientation

Another major limitation in producing 3D retinal organoids is degeneration and the loss of orientation through development. The maturation of human retinal organoids in vitro proceeds at about the same rate as human retinal development in vivo (Nakano et al., 2012; Zhong et al., 2014; Wahlin et al., 2017). This long developmental process leads to the degeneration of the organoid. Such degeneration is generally caused by a lack of nutrition or poor passive diffusion, mainly in the inner layers. Therefore, the inner cells disappear before the PRs reach a fully mature stage in the organoid (Reichman et al., 2014). In contrast to the natural cup shape of the retina in vivo, retinal organoids have a spherical form. This shape may be caused by a tendency of suspended cells to form into spheroids with an equal distribution of surrounding cellular layers (Forgacs et al., 1998; Ajduk and Zernicka-Goetz, 2016). Lacking orientation, surrounding tissue and extracellular matrix prevent a proper polarized tissue development (Takano et al., 2015), which is necessary for optic-cup development and peripheral-central specialization.



Synaptogenesis

Retinal synapses are organized in the inner and outer plexiform layers in an orderly fashion. This structure can efficiently process visual signals—for example, through horizontal and vertical synaptic pathways (Wassle, 2004). Immunostaining and electron microscopy have shown ribbon synapse expression in retinal organoids, which in turn may conduct signals from the PRs to the BCs (Wahlin et al., 2017). However, there is a lack of sophisticated traits in the outer plexiform synapses (Haverkamp et al., 2000) within horizontal cells, PRs, and BCs in retinal organoids. Currently, ribbon synapses between BCs, amacrine cells, and GCs have not been detected in retinal organoids. This finding could be due to the disappearance of the inner layer, including the GCs after a certain time period in the organoid culture process—e.g., before maturation of the PRs (Reichman et al., 2014; Zhong et al., 2014). Because BCs arise late in development (Cepko, 2014), GCs may have already disappeared. Moreover, rod and cone ribbon synapses have not been discovered in retinal organoids. Nevertheless, niches like IGF-1 for wiring between retinal cells may influence the formation of synapses in the inner layer of retinal organoids (Mellough et al., 2015).



Retinal Pathways

A fundamental functional feature of the retina is its ability to discriminate between different light stimuli in a way that is recordable by electrophysiology. This ability results from the fact that the retina is composed of different cell types with complex connectivity. However, comparing in vitro retinal organoids to in vivo retinal tissue, researchers have found that retinal organoids are far less morphologically and functionally sophisticated in terms of their synapses, connectivity, and cell subtype varieties (Masland, 2012). Even in long-term cultures, retinal organoids are incapable of generating and maintaining the three clearly separated nuclear layers found in in vivo retinas (Dorgau et al., 2019). Because of this fact, retinal organoids generally lack the complex arrangement of rods and cones found in natural retinas, as well as the connections from rods and cones to interneurons and GC types—e.g., ON and OFF pathways, direction-selective pathways, etc. (Baden et al., 2016; Behrens et al., 2016). Retinal organoids are not only unable to completely respond to light stimuli, but they are also characterized by a lack of retinal pathways, particularly ON and OFF pathways (Dorgau et al., 2019). Immature outer segments of PRs, as initial components of photocascades, might be one of the reasons (Castro et al., 2019). Using MEA as a method to measure retinal pathways, researchers have shown that GCs in organoids are responsive to light stimuli; however, these responses are indolent and can be hard to separate from background noise and spontaneous spikes (Hallam et al., 2018). This behavior is similar to spontaneous activities of the retina during embryonic time (Maccione et al., 2014). However, light responses are clearly detectable at the same age in mice (Ford et al., 2012). New protocols for generating retinal organoids have partially improved responses to light, as measured by MEA recordings (Dorgau et al., 2019); however, such recordings are not comparable with clear light responses in vivo. Using calcium imaging with a two-photon laser microscope, only 16.7% of cells in the outer nuclear layer and 12.0% of cells in the inner nuclear layer of retinal organoids are light-mediated responsive (Cowan et al., 2020), reflecting immature retinal pathways. It appears that retinal organoids vary to some extent in their structure and functionality, a fact that might emanate from various properties of iPSCs lines (Castro et al., 2019). Hosseinzadeh and Fathi (2021) recorded ON and OFF light responses in mouse retinal organoids at day 22 and mouse retinas at postnatal day 1 (P1) via MEA. Mice retinal organoids have not shown any clear responses to light modulation (ON and OFF pathways), while mouse retinas have responded to such stimuli (see Figure 3). However, mouse retinal organoids have responded to electrical stimulus pulses. In addition, retinal organoids have generated spontaneous action potentials, as shown in Figure 3. Overall, retinal organoids mimic the earlier fetal stage concerning electrical activities, with some signs of light responses, but a lack of the clear character of two main retinal pathways, a shortcoming waiting to be resolved. Solutions for this shortcoming are likely to be closely related to synaptogenesis and establishment of electrical retinal pathways.
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FIGURE 3. MEA recordings from mouse retina at day P1 (A) and mouse retinal organoid at day 22 (C). Frames (A,C) provide rastergrams of all responses for cells to visual stimulation blocks with a stimulus of 2 s ON and 2 s OFF that was cycled 25 times per block (3 blocks). Frames (B,D) provide peristimulus time histograms for all responses.




CONCLUSION

It is an exciting time to generate 3D organs in vitro. Technological advances have made much possible; however, several challenges remain to be resolved. ESCs- and iPSCs-derived cell subtypes play a promising role in the generation of retinal organoids, and have clinical implications, especially in personalized medicine. Overall, hiPSCs-derived retinal organoids are an advanced tool for overcoming current and future hurdles. Moreover, retinal organoids can provide us with the data needed to advance various fields of research—for example, models of retinal development and models of retinal pathology. Moreover, they can be used as cell sources for transplants and drug screening. However, recapitulation of human retinal development is currently only a dream. Retinal organoids face many constraints; in particular, visual responses are constrained by physiological pathways. Such challenges have stimulated scientists to advance technologies that may one day generate fully functional retinal organoids. Despite all of these limitations, 3D retinal organoids have already offered unprecedented opportunities to understand some of the mechanisms of retinal development, and have shed light on the pathomechanisms of retinal diseases and cell transplantation. We are close to reaching a technological tipping point where 3D retinal organoids will be able to fully address important questions.
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Mutant PRPF8 Causes Widespread Splicing Changes in Spliceosome Components in Retinitis Pigmentosa Patient iPSC-Derived RPE Cells
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Retinitis pigmentosa (RP) is a rare, progressive disease that affects photoreceptors and retinal pigment epithelial (RPE) cells with blindness as a final outcome. Despite high medical and social impact, there is currently no therapeutic options to slow down the progression of or cure the disease. The development of effective therapies was largely hindered by high genetic heterogeneity, inaccessible disease tissue, and unfaithful model organisms. The fact that components of ubiquitously expressed splicing factors lead to the retina-specific disease is an additional intriguing question. Herein, we sought to correlate the retinal cell-type-specific disease phenotype with the splicing profile shown by a patient with autosomal recessive RP, caused by a mutation in pre-mRNA splicing factor 8 (PRPF8). In order to get insight into the role of PRPF8 in homeostasis and disease, we capitalize on the ability to generate patient-specific RPE cells and reveal differentially expressed genes unique to RPE cells. We found that spliceosomal complex and ribosomal functions are crucial in determining cell-type specificity through differential expression and alternative splicing (AS) and that PRPF8 mutation causes global changes in splice site selection and exon inclusion that particularly affect genes involved in these cellular functions. This finding corroborates the hypothesis that retinal tissue identity is conferred by a specific splicing program and identifies retinal AS events as a framework toward the design of novel therapeutic opportunities.
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INTRODUCTION

Retinitis pigmentosa (RP), the most common form of hereditary retinal dystrophies, is a progressive blinding disease that currently lacks effective therapies (Hartong et al., 2006). Typically, light-sensing photoreceptors and the underlying retinal pigment epithelium (RPE), responsible for photoreceptor homeostasis, are the primary degenerated cells. RP is highly genetically heterogeneous with over 80 disease-causing genes identified to date1. Mutations in splicing proteins are described to account altogether as a second most common cause of autosomal dominant RP (adRP) (Sullivan et al., 2006).

Splicing reaction is a process of excision of non-coding intervening sequences, introns, and exon ligations resulting in coding capacity diversification of a limited number of expressed genes with > 90% of 20,000 human protein-coding genes producing multiple mRNA isoforms. This stepwise reaction is performed by spliceosome, a multisubunit ribonucleoprotein complex with the core components uridine-rich small non-coding nuclear RNAs (snRNAs, U1, U2, U4, U5, and U6) and associated proteins that assemble on pre-mRNA to catalyze the excision of introns (Wahl et al., 2009). Mutations in seven genes coding for pre-mRNA processing factors known as PRPFs (PRPF8, PRPF31, PRPF3, PRPF4, and PRPF6), SNRNP200, and PAP-1 have been described to cause adRP (Sullivan et al., 2006).

While these genes are expressed ubiquitously in all tissues and are highly conserved among eukaryotes, it remains unclear why mutations thereof exhibit exclusively retinal phenotype. It has been proposed that PRPF mutations might cause global splicing dysregulation and affects only retina because of retinal enhanced splicing activity (Tanackovic et al., 2011). Alternatively, a retina-specific splicing code could confer tissue-specific transcripts that are altered by mutations in splicing factors and therefore cause the disease.

PRPF8 is a 220-kDa, evolutionary highly conserved protein described to play a central role in spliceosomal catalytic activity (Grainger and Beggs, 2005; Galej et al., 2013). Mutations in the C-terminal tail have been described to cause adRP (RP13, OMIM600059) (McKie et al., 2001) while mutations in the N-terminal part have recently been found in glaucoma patients. Mutations in PRPF8, unlike PRPF31, show in the majority of cases complete penetrance, with marked disease progression, exhibiting moderate phenotype with residual vision up to their fifth decade or severe clinical phenotypes initiating in the first decade of life (Martinez-Gimeno et al., 2003; Maubaret et al., 2011; Escher et al., 2018). The degree of severity is proposed to be related to the type of mutation (Escher et al., 2018). Mouse models, Prpf8-H2309P with knocked-in missense mutation, showed only mild phenotype in RPE ultrastructure only at 2 years of age, without any loss of ERG signal (Graziotto et al., 2011). Therefore, these animal models are insufficient and human models that recapitulate the clinical phenotype are required to decipher the mechanism of disease.

Native human retina is a largely inaccessible tissue that cannot provide enough research material. Moreover, it is non-expandable due to its postmitotic state. The generation of induced pluripotent stem cells (iPSCs) from accessible tissue like patient’s skin, and coaxing them toward retinal tissue, offers an unprecedented opportunity to study the disease and also find new therapies. Moreover, the advantage of the iPSC-based models is that they recapitulate the disease-causing mutation and patient’s genetic complexity, essential for complex and late-onset diseases. The iPSCs can be directed toward both photoreceptors and RPE cells, capturing their morphology and function (Hirami et al., 2009; Reichman et al., 2014; Zhong et al., 2014) and have been used successfully in disease modeling (Lukovic et al., 2015, 2020; Shimada et al., 2017; Buskin et al., 2018). The identification of primary affected cell type in RP is hampered due to strong interplay between photoreceptor and RPE cells; namely, mutations of genes expressed in RPE lead to secondary photoreceptor degeneration; conversely, mutations in genes expressed in photoreceptors induce collateral RPE disruptions. This task is additionally obscured in PRPF-caused RP owing to their ubiquitous nature. Recent studies support RPE as likely primary affected cell type by PRPF mutations. Mouse models Prpf3-T49M, Prpf8-H2309P and Prpf31 + ⁣/− showed moderate ultrastructural alterations including loss of basal infoldings, accumulation of amorphous deposits beneath the RPE and presence of vacuoles while neural retina remained intact (Graziotto et al., 2011). These morphological alterations observed in old mice are preceded by functional disruption in phagocytosis of photoreceptor outer segments (POS) and altered adhesion between RPE microvilli and photoreceptors 10 days upon birth (Farkas et al., 2014). Finally, in PRPF31-RP patient-derived photoreceptors and RPE, both cell types were altered, however; iPSC-RPE were most severely affected with ultrastructural and functional abnormalities. Furthermore, this study showed that spliceosome global dysregulation underlies disrupted RPE polarity, trans-epithelial resistance, phagocytosis, primary cilia length, and incidence in human and mouse genetic background (Buskin et al., 2018). The aforementioned studies prompted us to study PRPF8 pathomechanism in a cell-autonomous manner in patient-derived RPE cells.

Herein, we have generated RPE cells from reprogrammed dermal skin fibroblasts derived from a patient diagnosed with adRP and bearing a pathogenic mutation in PRPF8 (NM_006445:c.6974_6994del) (Lukovic et al., 2017) in a heterozygous state (from here on: Patient-RPE) and patient’s non-affected tissue, i.e., fibroblasts (from here on: Patient-fibroblasts). An unrelated, non-affected individual was used as control (from here on: Control-RPE and Control-fibroblasts). We generated RNA sequencing (RNA-Seq) data for three independent experimental replicates per sample and performed a whole-transcriptome analysis where healthy control samples were compared to mutation-bearing cells, in order to depict retinal-specific transcriptional signature caused by the mutation.



MATERIALS AND METHODS


Human Subjects

Research procedures followed the principles of the Declaration of Helsinki. The study was approved by the Research Ethical Committee of the Hospital of Terrassa and Valencian Ethics Committee CAEC (Comité Etico Autonomico de Estudios Clínicos), Valencia, Spain. Both subjects provided written informed consent after the nature of the study procedures had been fully explained.



adRP Patient’s Clinical Phenotype

The patient reported a history of nyctalopia starting from the first decade of life. At the age of 20 the best-corrected visual acuity (BCVA) was 20/40 in the right eye and 20/30 in the left eye. Anterior segment examination showed minimal posterior subcapsular cataract in the right eye, being normal in the left eye. Fundus examination showed the typical RP changes, consisting in optic disk pallor, retinal vessel attenuation, and extensive bone spicule-like pigmentation extending from the vascular arcades toward the periphery. No abnormalities at the macula were detected. Humphrey visual field examination showed a severe visual field loss, with 10° central preserved and a peripheral remnant in the left eye. Electroretinography was abolished at that time.

At the age of 47, lens surgery had been performed in the right eye, so that BCVA was 20/40. In the right eye, she presented a moderate subcapsular cataract, being the BCVA 20/70. Fundus examination showed the typical RP changes. Spectral domain optical coherence tomography showed a complete absence of outer retinal bands corresponding to photoreceptors. Macular edema or epiretinal membrane was not detected in any moment of evolution.



Cell Line Derivation and Differentiation


Fibroblast Cell Culture

Cryopreserved fibroblast cell lines derived from skin biopsies from the female RP patient (Patient-fibroblasts) and a healthy (BCVA40/40) man (Control-fibroblasts) were thawed and cultured in DMEM (10% FBS, 2 mM GlutaMAX, 50 U/ml penicillin and 50 mg/ml streptomycin) at 37°C under 5% CO2. Fibroblasts at passages 6–8 were used in this study. Samples were collected in triplicates, from independent cell cultures. Authentication of the fibroblast cell lines by microsatellite STR markers was performed to confirm the identity to the iPSC lines.



iPSC Cell Culture and Differentiation Toward RPE

Two iPSC lines were employed in this study (Supplementary Table 4). The iPSC line derived from the patient, clinically diagnosed with RP and molecularly genotyped previously, by reprogramming dermal fibroblasts using a non-integrative Sendai virus (Lukovic et al., 2017) has been employed. As control cell line, iPSC Ctrl1-FiPS4F1 (Spanish National Stem Cell Bank) obtained from a healthy individual by the same reprogramming strategy (Sendai virus, Cytotune, Thermo Fisher) was used. Both cell lines were induced to differentiate toward RPE following the previously published protocol (Lukovic et al., 2015; Hongisto et al., 2017). Briefly, the iPSCs were cultured in hESC medium (KO DMEM, KSR 20%, GlutaMAX 2 mM, non-essential amino acids 0.1 mM, β-mercaptoethanol 0.23 mM, basic FGF 10 ng/ml, and penicillin/streptomycin) on irradiated (45 Gy) human feeder cells (ATCC CRL2429) at 37°C under 5% CO2. When the colonies reached confluency, they were lifted and cultured in suspension in the absence of bFGF until the dark patches appeared. The dark patches were excised, trypsinized, and plated on collagen type IV/LN-521 coated plastic cell culture dishes where they acquired the RPE morphology within 4–8 weeks. RPE-like cells were passed through a 70-μm cell strainer in order to reach a homogeneous, highly pigmented RPE-like monolayer with characteristic uniform polygonal cell morphology. The differentiation experiments were performed in triplicates for both genotypes (Patient-RPE and Control-RPE). The samples were collected from each differentiation experiment (n = 3) and RNA extraction was performed.



Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (PFA), washed twice in PBS, and placed in blocking solution (3% normal goat or donkey serum and 0.5% Triton-X 100 in PBS) for 1 h at room temperature. Cells were then incubated overnight at 4°C with one of the following primary antibodies: anti-PRPF8 (1: 200, Santa Cruz sc55534, Abcam ab79237), rabbit anti-CRALBP (1:250, Abcam), rabbit anti-ZO1 (1:50, Invitrogen), and mouse anti-Na/K-ATPase (1:100, Santa Cruz). The following day, cells were washed three to five times in PBS and incubated with an appropriate secondary antibody (1:500, Invitrogen). After secondary antibody incubation, nuclei were stained with 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI) (Life Technologies, #D1306) and washed three times in PBS. The coverslips were mounted using Vectashield Mounting Medium (Vector Lab, Burlingame, CA, United States) and imaged on Leica confocal microscope SP8.



POS Phagocytosis Assay

Bovine rod POS were obtained from InVision BioResources (WA, United States) and labeled with FITC. Phagocytosis assay was performed as described previously (Lukovic et al., 2015). Briefly, iPSC-RPE cells were incubated with POS for 2 h/37°C, washed with PBS, and fixed by 4% PFA. After permeabilization by 0.1% Triton-X, phalloidin staining was performed and the samples were mounted with Vectashield mounting media. The samples were visualized by Leica confocal microscope SP8 using HCX PL APO lambda blue 63X/1.4 OIL objective. The quantification of POS particles was performed by imaging random fields from three different experiments in each condition. Five images were taken from each experiment. The relative intensity of internal POS labeling was quantified using Image J, and the pairwise comparison was performed using Student’s t test. Results are expressed as the mean ± SD. Values of p < 0.05 were considered statistically significant.



Western Blot

Fibroblast cells were lysed in RIPA buffer (R0278 Sigma) containing a protease inhibitor cocktail (Roche), and total protein was quantified using a Bradford Reagent protein assay (B6916 Sigma-Aldrich). Protein lysates were denatured by 1X SDS Sample Buffer. The resulting samples were incubated at 95°C for 5 min. Protein samples (100 μg) were then separated on TGX Stain-FreeTM Gels (Bio-Rad) and electroblotted onto a PVDF membrane (Trans-Blot® TurboTM Transfer Pack/Bio-Rad). Membranes were incubated in blocking buffer (5% non-fat dried milk diluted in TBS + 0.1% Tween) for 1 h at room temperature, washed three times in TBS + 0.1% Tween for 5 min, and incubated with primary antibody (PRPF8 Abcam ab79237) at 1:500 dilution in blocking buffer overnight at 4°C. Thereafter, blots were washed three times in TBS + 0.1% Tween and incubated with secondary HRP-conjugated antibody in blocking buffer for 45 min at RT. Blots were washed another five times and protein bands were visualized using SuperSignal West Pico PLUS (Thermo Scientific) on X-ray films. β-ACTIN (monoclonal, 1:4,000,000, Sigma-Aldrich A3854) was used as a loading control. HiMark Prestained Protein Standard (LC5699, Thermo) was used as a molecular weight standard.



Transmission Electron Microscopy

RPE cells were fixed in 4% PFA and 2% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.2–7.4) for 2 h, washed with the same buffer, and then postfixed in 1% OsO4 in PB. After gradual dehydration in ethanol series, the pieces were embedded in EPON 812. Semithin and ultrathin sections were obtained in an ultramicrotome (Leica Ultracut R, Leica Microsystem). After staining with lead citrate and uranil acetate, ultrathin sections were examined in a JEM-1400 Plus electron microscope (JEOL GmbH, München, Germany).



RNA-Seq Library Preparation and Sequencing

High-quality total RNA (RIN > 7) from three independent experimental replicates of Patient-RPE, Control-RPE, Patient-fibroblasts, and Control-fibroblasts was extracted by RNeasy mini kit (Qiagen, Germany) and quantified by Agilent 2100 Bioanalyser. Total RNA (200 ng) was used to generate barcoded RNA-Seq libraries using the NEBNext Ultra RNA Library preparation kit (New England Biolabs). First, poly A + RNA was purified using poly-T oligo-attached magnetic beads followed by fragmentation and first and second cDNA strand synthesis. Next, cDNA ends were repaired and adenylated. The NEBNext adaptor was then ligated, followed by uracil excision from the adaptor and PCR amplification. The size of the libraries was checked using the Agilent 2100 Bioanalyzer and the concentration was determined using the Qubit® fluorometer (Life Technologies). Libraries were sequenced on a HiSeq2500 (Illumina) to generate 60-base (sequencing batch 1) or 50-base (sequencing batch 2) single-end reads, to a mean depth of 100M reads/sample for one replicate for each condition (sequencing batch 1) and a mean depth of 20M reads/sample for the other two replicates (sequencing batch 2). FastQ files for each sample were obtained using CASAVA v1.8 software (Illumina).



RNA-Seq Analysis


Read Mapping, Quantification and QC

Quality control assessments for raw RNA-Seq reads were performed using fastqc (version 11.5)2. TruSeq Illumina adapters (3′ adapters, sequence: AGATCGGAAG AGCACACGTCTGAACTCAGTCA) were removed using cutadapat (version 2.5, option –discard-trimmed activated, detected 2–5% reads with adapters) (Anders et al., 2015). Then, the STAR aligner (version 2.7.3a, median 89.3% reads mapped) was used for mapping the reads to the human genome (GRCh38.p7) using the ENSEMBL transcriptome (release 87) (Yates et al., 2020). Gene-level counts were obtained using HTSeq (Anders et al., 2015) (htseq-count, version 0.11.0, median 79.5% of reads assigned to genes). Mapping QC was performed using Qualimap (version 2.1.2) and MultiQC (version 1.7) (Ewels et al., 2016).

Gene-level counts were normalized using Trimmed Mean of M Values (TMM) (Robinson and Oshlack, 2010). RNA-Seq QC was performed using NOISeq (version 2.30.0) (Tarazona et al., 2015), removing features with mean expression < 1 Count per Million (CPM) across all samples. Batch effects between sequencing batches were then corrected using the ARSyN method (implemented in NOISeq) (Nueda et al., 2012). Principal Component Analysis (PCA) was performed using the prcomp() function included in the stats R package (version 3.6.3).



Differential Expression and Functional Enrichment Analysis

Differential expression (DE) analysis was performed using NOISeqBio (Tarazona et al., 2015). Four contrasts were performed to obtain DE genes (p value <0.05—equivalent to NOISeq probability > 0.95—and log2FC ≥ 1) between all meaningful pairs of clinical conditions and cell types: (A) two within-cell type contrasts to compare clinical conditions for the same cell type, i.e., Control-Fibroblasts vs. Patient-Fibroblasts and Control-RPE vs. Patient-RPE; and (B) two within-condition contrasts to detect differences between cell types for the same clinical condition, i.e., Control-Fibroblasts vs. Control-RPE and Patient-Fibroblasts vs. Patient-RPE.

To better interpret the DE results, we used the information in the control and fibroblast contrasts to filter the results of the patient and RPE contrasts, respectively. In particular, in the within-cell type contrasts, DE genes found in the Control-Fibroblasts vs. Patient-Fibroblasts that were common to the Control-RPE vs. Patient-RPE were removed from the latter list (Supplementary Table 1). Since fibroblasts present no disease phenotype, any differences in expression between fibroblasts from both clinical conditions is expected to arise from technical effects and non-phenotype-related biological effects and is considered to be a source of interference for correct interpretation. In case of the within-condition contrasts, we considered only unique DE genes detected in the control (Control-fibroblasts vs. Control-RPE) and patient (Patient-fibroblasts vs. Patient-RPE) contrasts and removed common DE genes from both. In this manner, we address differences in expression related to encoding of the healthy RPE phenotype that are lost in the disease (DE in control contrast, and not DE in patient contrast) as well as expression changes that arise due to the RP disease and were not present when comparing healthy cells (DE in patient contrast, and not DE in control contrast).

Functional Enrichment analysis of these sets of DE genes was performed for Gene Ontology (GO) annotations [retrieved using the biomaRt (Durinck et al., 2005) R package version 2.42.1, GO database accessed December 2019 (Ashburner et al., 2000; Carbon et al., 2019)] using Fisher’s Exact Test and Benjamini–Hochberg’s multiple-testing correction method (significance threshold: adj p value <0.05).



Alternative Splicing Event Analysis and Functional Enrichment of Alternatively Spliced Genes

Alternative splicing (AS) event analysis was performed for the same four contrasts as in DE analysis using SUPPA2 (version 2.3) (Lareau and Brenner, 2015). The RefSeq human transcriptome (RefSeq release 96) (O’Leary et al., 2016) was used to define splicing events via the generateEvents function in SUPPA2. We then mapped sequencing reads to the human genome (GRCh38.p13) using STAR [ref STAR] (version 2.7.3a) and the same RefSeq transcriptome and obtained isoform-level expression estimates using RSEM (version 1.3.0) (Yates et al., 2020). Transcripts per Million (TPM) values were then used to obtain a Percentage Spliced In (PSI) value per splicing event using the psiPerEvent function (SUPPA2). Next, differential splicing analysis was performed using the diffSplice function (SUPPA2) to obtain the PSI difference (dPSI) and p value for the splicing change in the four contrasts of interest.

In order to obtain alternatively spliced genes for each contrast, we performed several filtering steps. For the within-cell type contrasts, events with a significant splicing change (p value <0.05) in both the fibroblast (Control-Fibroblasts vs. Patient-Fibroblasts) and RPE (Control-RPE vs. Patient-RPE) contrasts were removed from the latter to preserve only splicing differences related to the disease retinal phenotype (Supplementary Table 2). In the case of the within-condition contrasts, we removed common alternatively spliced events from the significant events obtained in each of the two contrasts, i.e., Control-fibroblasts vs. Control-RPE and Patient-fibroblast vs. Patient-RPE. Hence, significant events unique to the control were considered to be associated to splicing differences encoding the healthy phenotype that are then lost in the patient, while unique patient events were interpreted as arising as a result of the disease and the PRPF8 mutation. In this, case, however, we also considered common significant events changing the sign of dPSI between contrasts.

Functional enrichment analysis of differentially spliced genes was performed as described in the previous section. As our list of splicing-related genes, we performed a text-mining search of GO terms containing the words “mRNA”, “pre-mRNA”, “splicing”, “spliceosome”, “spliceosomal”, and “rRNA” (total GOs: 106) and selected all genes annotated for at least one of these GOs (total genes: 987). A complete list of all considered GO terms is provided in Supplementary File 9. We note that some false-positive AS-related GOs may arise from this type of search; however, it is designed to be as comprehensive as possible in order to provide interesting candidates for the RP disease. Annotations are subsequently manually checked, and only truly AS-related genes are discussed and considered in the manuscript.



RESULTS


Patient-Specific iPSC-RPE Cells Reveal Normal Cellular Phenotype

We previously identified an adRP patient with the heterozygous mutation in PRPF8 (NM_006445:c.6974-6994del, p.Val2325_Glu2331del) (Martinez-Gimeno et al., 2003) (Supplementary Figure 1). This mutation affects the C-terminal region of the PRPF8 within a region required for interaction with EFTUD2 and SNRNP200 (Pena et al., 2007). This 21-base pair deletion results in Val2325 to Glu2331 amino acid deletion at the C-terminal segment (Supplementary Figure 1) leading to the loss of a polar contact between the N atom of Lys592 in SNRNP200 and the O atom from Leu2333 in PRPF8 (Supplementary Figure 2).

The iPSCs were derived from the patient and differentiated toward RPE cells according to the previously described procedure (Figure 1A; Hongisto et al., 2017). As a control, a healthy subject’s iPSCs were differentiated toward RPE. The obtained RPE cells exhibited typical native RPE traits including the formation of a cellular monolayer with a polygonal shape and pigmented cells and showed expression of RPE markers such as cellular retinaldehyde-binding protein (CRALBP), sodium/potassium-dependent ATPase (Na+/K+ ATPase) with predominantly apical distribution, and zonula-occludens-1 (ZO-1), a tight-junction marker, with typical apico-lateral distribution (Figure 1B). PRPF8 exhibited typical nuclear punctate distribution in control and patient’s RPE, with the antibody that recognizes the N- and C-terminal end without any significant difference between two genotypes. The defective protein is 2,328 amino acids long compared to the wild-type, 2,335-amino-acid-long protein. This difference in size could not be detected by Western blot using the antibody raised against the N-terminus (Figure 1D) or the one recognizing the C-terminal amino acids (2,036–2,335) (data not shown). The identity of the iPSC-derived RPE cells was validated using RNA-Seq data, i.e., by DE analysis of several RPE trait markers (BEST1, MERTK, MITF, RLBP1, and RPE65) (Strunnikova et al., 2010) between fibroblasts and RPE cells in each condition (control and patient). Indeed, all these markers are upregulated in the RPE cells in comparison to fibroblasts, with comparable intensity in both control and disease cells (Supplementary Figure 3).
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FIGURE 1. Generation of iPSC-RPE cells from patient and control. (A) Schematic of iPSC differentiation toward RPE. (B) Characterization of iPSC-RPE. Bright-field images of iPSC-RPE monolayers. Immunocytochemistry to PRPF8 and characteristic RPE markers CRALBP, Na+/K+-ATPase (Na/K), and ZO-1. Vertical simulation sections for Na+/K+ ATPase show mainly apical distribution and ZO-1 showing typical apical lateral junction distribution. (C) POS phagocytosis assay: FITC-labeled POS (green); F-actin is stained by phalloidin (red) to visualize cell morphology and internalization of POS and quantitative analyses of ingested POS. (D) Western blot analysis of PRPF8. (E) Transmission electron microscopy of patient iPSC-RPE. Left panel: cuboid polarized RPE cell organized in monolayer with basally located nucleus (n) and apically distributed microvilli (mv). Right panel: RPE cells show melanin granules (red arrowheads) apically from the nucleus, intercellular junctional complexes that include the tight junctions, adherens junctions (arrows), and membrane interdigitations (arrowheads), and basally positioned nucleus (n). (F) Contrasts analyzed by RNA-Seq. Created with BioRender (https://biorender.com/). Data are expressed as means ± SD, n = 3 assays from two differentiation experiments; Student’s t test, n.s., non-significant. Scale bar 25 μm where not indicated.


To further confirm the identity of RPE cells, ultrastructural analyses were performed and characteristic polarized RPE morphology was detected in Patient-RPE (Figure 1E) and Control-RPE (data not shown). The polarized organization of cuboidal cells typical of RPE was observed with basally positioned nuclei and apically distributed microvilli (Figure 1E, left panel). Melanosomes represented with black round and oval shapes were present in the apical portion of the cells while ellipsoidal mitochondria were seen below the nuclei, largely displaced toward the basal-lateral part of the cells, the natural position for these organelles in vivo. Intercellular junctional complexes are visible in appropriately aligned sections of RPE (Figure 1E, right panel). Again, the patient’s RPE showed the main hallmarks of native RPE without any morphological differences compared to healthy individual control. Furthermore, we assessed the ability of iPSC-RPE to phagocytose POS, mimicking a daily rhythmic binding and internalization of POS tips by RPE cells essential for vision. The ability of patient and control iPSC-RPE was compared by quantifying the FITC-labeled POS fluorescence inside the cells. The results indicate that the disease and control iPSC-RPE ingested the photoreceptor membranes similarly (Figure 1C).



Functional Analysis of Gene Expression Differences Between Patient and Control Cells

In order to assess the transcriptional changes associated with disease, four pairwise comparisons between samples were performed in order to obtain DE genes between each relevant pair of conditions (Figure 1F and Supplementary Files 1–4). Supplementary Table 1 summarizes the number of DE genes between each pair of conditions. Within-condition contrasts (RPE vs. fibroblasts for either patient or control samples) were performed to reveal differences related to the cell type identity, while the within-cell type contrasts (i.e., comparing patient vs. control for the same cell type) had the potential to unravel differences associated with the disease and the PRPF8 mutation. PCA of the different sample types (Supplementary Figure 4) indicated that cell-type differences (RPE vs. fibroblasts) explained the highest variance across samples (∼50%, PC1), followed by expression changes between the clinical conditions (∼13%, PC2). Nevertheless, the expression profile between healthy and disease RPE cells presented more differences than that of fibroblasts, as expected given that the PRPF8 mutation presents a phenotype only in the retina.

For the within-cell type contrasts (Supplementary Files 1, 2), DE analysis of Patient-RPE vs. Control-RPE was performed [False Discovery Rate (FDR)-adjusted p value <0.05], subsequently filtering genes that were also DE in Patient-fibroblasts vs. Control-fibroblasts (see Materials and Methods). We considered this set of DE genes (4,644, Supplementary Table 1) to be RPE-specific and therefore to encode a relevant part of the transcriptional signature of the disease. Functional enrichment analysis of this set of genes identified significantly enriched (Fisher’s Exact test, FDR < 0.05) GO terms, namely, G-protein coupled receptor activity [GO:0004930, 67 genes, 45 (67%) upregulated in patient] and several extracellular matrix-related terms [GO:0005578, GO:0005201, GO:0030198; 92 genes in total, 70 (76%) upregulated in patient] (Figure 2A). This suggests a coordinated increase in expression for these genes in the disease condition. However, some of these genes are depleted in the patient condition and could also contribute to create an imbalance of these functions in the RP disease. Interestingly, none of the 67 genes annotated as G-protein-coupled receptor activity genes were differentially spliced in any of the comparisons performed (see the next section). Therefore, expression dysregulation without splicing alterations could be considered a secondary effect of the PRPF8 mutation. Among 92 genes annotated under an extracellular-matrix-related term, some show a splicing change in the within-cell-type contrasts, namely, COL5A1, FN1, LAMA2, VEGFA, and HAPLN3. All except HAPLN3 show differential splicing for at least one event in all contrasts, suggesting a possible direct impact of the mutated splicing factor.
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FIGURE 2. Functional enrichment results for differential gene expression. Significantly enriched (FDR < 0.05) Gene Ontology terms for (A) Patient-RPE vs. Control-RPE contrast, filtering genes that are DE between patient and control fibroblasts. (B) Patient-RPE vs. Patient-fibroblasts, filtering genes that are DE in the control contrast, and (C) Control-RPE vs. Control-fibroblasts, filtering genes that are DE in the disease contrast. Dot size indicates significance of the Fisher’s Exact Test [–log(adj p value)], x-axis position indicates the number of DE genes that are annotated for each significant GO term, and dot color indicates the GO aspect under which the term is annotated.


Regarding the two within-condition contrasts (Control-RPE vs. Control-fibroblasts and Patient-RPE vs. Patient-fibroblasts, Supplementary Files 3, 4), we filtered common DE genes to obtain transcriptional signatures of RPE cell-type identity, i.e., healthy and disease RPE phenotypes. We observed 4,903 unique DE genes (p < 0.05) for the control comparison (Supplementary Table 1), which represent differences in expression between RPE and fibroblasts required for encoding healthy cell-type identity and presumably lost due to the disease mutation. For the disease condition, 1,838 unique DE genes were identified (p < 0.05, Supplementary Table 1), probably related to the development of the disease in RPE cells. The majority of common DE genes (7,491) present a similar change in expression between both cell types, supporting the robustness of the transcriptional differences between RPE and fibroblasts (Supplementary Figure 4).

Functional enrichment analysis of DE genes unique to the patient contrast (Patient-RPE vs. Patient-fibroblasts) identified significant enrichment (Fisher’s Exact test, FDR < 0.05) of a broad set of biological functions related to cell division and the cytoskeletal elements participating in mitosis, including spindle (GO:0005819), chromosome segregation (GO:0007059), and kinetochore (GO:0000776) (Figure 2B). The functional enrichment analysis for DE genes unique to the control contrast (Control-RPE vs. Control-fibroblasts) included a much wider range of significantly overrepresented (Fisher’s Exact Test, FDR < 0.05) biological processes, including mitosis-related GOs, but also terms associated to splicing (spliceosomal complex, GO:0005681; mRNA splicing via spliceosome, GO:0000398; mRNA 3′-end processing, GO:0031124; nonsense-mediated decay, GO:0000184) and ribosome structure and translation (ribosomal subunits, GO:0022625 and GO:0022627; rRNA processing, GO:0006364; translational initiation, GO:0006413 SRP-dependent cotranslational targeting of membrane, GO:0006614) (Figure 2C). Ribosome/translation-related terms included 76 genes, of which 69 (91%) were upregulated in Control-RPE. This coordinated upregulation does not appear in the case of the patient contrast, suggesting depletion of ribosomal functionality in Patient-RPE when compared with fibroblasts of the same clinical condition. Meanwhile, AS-related terms included a total of 45 genes, 26 (58%) of which were downregulated in Control-RPE, showing a relative balance of up-/downregulation of AS genes. In the patient contrast, no coordinated DE or significant overrepresentation was observed and pinpoints to the dysregulatory effect of the PRPF8 mutation on splicing machinery components, which have been shown to undergo widespread regulation by post-transcriptional mechanisms (Lareau et al., 2007; Ni et al., 2007; Han et al., 2010; Anko et al., 2012; Lareau and Brenner, 2015).



AS Signature of Healthy and Disease RPE Cells

In order to shed light on the mutant PRPF8 pathomechanism, we analyzed splicing patterns in the different cell types and clinical conditions and we evaluated the difference in Percentage Spliced In (dPSI, see section “Materials and Methods”) for each of the four contrasts (Figure 1D and Supplementary Files 5–8), considering the following splicing event categories: alternative 3′ and 5′ site (A3/A5), alternative first (AF) and alternative last (AL) exon, mutually exclusive (MX) exons, retained intron (RI), and skipped exon (SE) (Trincado et al., 2018).

For the within-cell-type comparisons (Supplementary Files 5, 6), we observed a higher number of splicing events with significant differences (p value <0.05) when comparing RPE cells from different clinical conditions than in the case of fibroblasts (Supplementary Figure 5), which we attributed to the high complexity of splicing in RPE (Strunnikova et al., 2010; Farkas et al., 2013) and the fact that fibroblasts show no disease phenotype as a result of the PRPF8 mutation. After removing common significant events from the RPE contrast (Supplementary Table 2), we used dPSI values to check the direction in the splicing change, i.e., the clinical condition in which event inclusion is promoted for RPE cells (Figure 3). A strong tendency toward inclusion of RI events can be observed in Control-RPE in comparison with Patient-RPE, as well as promoted inclusion of A3 and A5 sites, while there were no global direction change patterns in AF, AL, or SE events.


[image: image]

FIGURE 3. Summary of alternatively spliced events (p value <0.05) in the RPE contrast. Only events unique to the Control-RPE vs. Patient-RPE contrast are shown. The proportion of events for which inclusion is favored in each clinical condition is indicated by the bar area. The number of events for each category is shown in the label above the bar. Event types: A3, Alternative 3′ site; A5, Alternative 5′ site; AF, Alternative First exon; AL, Alternative Last exon; MX, Mutually Exclusive Exons; RI, Retained Intron; SE, Skipped Exon.


We next performed a functional enrichment analysis of genes with at least one significant AS event, removing events common between the fibroblast and RPE contrasts as previously described for the DE analysis (see section “Materials and Methods”). Functional analysis of events unique to the RPE contrast showed no significantly overrepresented terms (FDR < 0.05). Hence, we ranked GO terms by their frequency of annotation in alternatively spliced genes to gain functional insight into the splicing patterns of the disease. The most frequently annotated GO terms were RNA polymerase II DNA binding (GO:0000977), including several alternatively spliced zinc finger genes (ZNF154, ZNF211, ZNF419, and ZNF691), as well as ribosome (GO:0005840) and structural constituent of ribosome (GO:0003735), which included some genes also annotated for mitochondrial translation, i.e., Mitochondrial Ribosome Protein genes from the Large subunit (MRPL genes). In addition, several splicing-related terms were among the most frequently annotated (Figure 4), namely, spliceosomal complex (GO:0005681) and catalytic step 2 spliceosome (GO:0071013). Genes under these annotations included PRPF4, PRPF8, and PRPF31, known to be involved in RP (Sullivan et al., 2006; Chen et al., 2014), as well as SRSF1, HRNPA2B1, and SRRM2 (Figure 5). This suggests a high level of functional dependence between different spliceosome components that have been shown to cause RP and seems to further indicate that PRPF8 malfunction may propagate to other spliceosome components to generate the disease phenotype. In fact, SRRM2 and SRSF1 are also DE in the RPE contrast (downregulated in patient). Therefore, the PRPF8 mutation could have a dual role in altering both the expression and the splicing of other spliceosomal genes and, potentially, their function. Ultimately, we hypothesize that the RP disease would be caused by the cumulative effect of these alterations in the splicing machinery.
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FIGURE 4. Functional enrichment results for differentially spliced genes in the RPE contrast (Control-RPE vs. Patient-RPE, only unique events). The top-10 most frequently annotated GO terms are shown in the y-axis. The number of genes belonging to each GO term is indicated by bar height (x-axis).
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FIGURE 5. Splicing-related genes with at least one differentially spliced event (p value <0.05) in the Control-RPE vs. Patient-RPE contrast (only genes unique to the RPE contrast are considered). Each event is colored by type (A3, alternative 3′ site; A5, alternative 5′ site; RI, retained intron; SE, skipped exon). dPSI is shown in the y-axis (dPSI < 0: event inclusion favored in control, bottom panel; dPSI > 0: event inclusion favored in patient, upper panel). log2(Fold Change) is shown in the x-axis (FC < 0: gene downregulated in patient, left panel; FC > 0: gene upregulated in patient, right panel).


In order to better understand the mechanism by which the PRPF8 mutation caused mis-splicing in splicing-related and non-splicing related genes, we analyzed the relationship between gene expression and splicing for each type of event (Supplementary Figures 6–9). Regarding RI events, we observed increased intron retention in Control-RPE that seemed to be decoupled from transcriptional regulation (Supplementary Figure 6), since intron retention does not appear to be related to a pattern of gene downregulation in the control condition. Nevertheless, SRSF1 and PRPF4B, the latter involved in AS, contradicted this pattern and showed highly included IR events in Patient-RPE, together with a decrease in expression in this clinical condition. This deviation from the general pattern for SRSF1 and PRPF4B agrees with previous reports of increased intron retention in RP (Martinez-Contreras et al., 2007) as well as with its established role in decreasing expression levels of transcripts (Braunschweig et al., 2014) and may suggest a direct role for PRPF8 in the splicing of these two genes, which generates an imbalance in coding vs. non-coding isoforms when the mutation is present.

In the case of SE events, we observed a similar number of patient and control-favored inclusion of alternative exons (Supplementary Figure 7). However, there seems to be a global tendency toward downregulation in patient for this group of genes. Importantly, this category of events includes alternatively spliced HNRNP genes (HRNPA2B1, HNRNPDL, HNRNPAB), which are known to participate in splicing control (Martinez-Contreras et al., 2007) as well as the RNA-binding protein MTHFSD, whose deregulation has been previously linked to disease (MacNair et al., 2016).

Regarding A5 and A3 sites, we observed very different behavior as a response to the mutation in PRPF8. While few A5 sites showed a significant splicing change (Supplementary Figure 8), with inclusion of the alternative portion of the exon being favored neither in patient nor in control, our analyses revealed a strong tendency toward A3 site inclusion in the Control-RPE (Supplementary Figure 9). Patient-RPE therefore showed more frequent usage of the A3 sites within these exons, while healthy cells (Control-RPE) tend to use the site that generates a longer exon. These results suggest an interaction between PRPF8 and the 3′ splice site. In addition, these splicing changes do not seem to be related to a DE pattern when comparing patient and control RPE cells (Supplementary Figure 9). Therefore, this PRPF8-mediated global A3 event inclusion, potentially caused by the mutation, would solely be associated to post-transcriptional regulation, in contrast to SE and IR results. AS-related genes showing this pattern included previously discussed SRSF5, PRPF31, HRNPA2B1, and SRRM2, as well as splicing factor SFPQ and RNA methyl-transferase NSUN5 (Supplementary Figure 9).



AS Signature Encoding Healthy and Disease Cell-Type Identities of RPE Cells

Aiming to understand the contribution of AS to RPE cell identity, we analyzed within-condition changes in AS events (Supplementary Files 7, 8). We presumed significant AS events and AS genes unique to the control contrast (Control-fibroblasts vs. Control-RPE) to be key determinants of healthy RPE cells that are no longer present in the patient contrast. Meanwhile, unique significant AS events and genes in the patient contrast (Patient-fibroblasts vs. Patient-RPE) constitute splicing alterations that arise due to the disease. This analysis revealed an overall decrease in the number of significant events (p value <0.05) in the patient contrast (Supplementary Figure 10), which could be attributed to a depletion in spliceosomal function caused by PRPF8 mutation.

We next used the dPSI values to look at event inclusion/exclusion patterns between cell types in each clinical condition (Figure 6). Regarding AF and AL events, there were no trends in either clinical condition, or high variation in the number of events with a significant splicing change between control (Figure 6A) and patient (Figure 6B). Interestingly, events in the rest of the categories showed preferential inclusion in one cell type in at least one of the clinical conditions or a drastic change in the number of significant AS events. AF and AL events are generated due to alternative start/end sites for transcription and therefore correspond to transcriptional regulation mechanisms, which further supports the hypothesis that the PRPF8 mutation has its effect via the alteration of post-transcriptional regulation, i.e., splicing. In the case of RI, while intron inclusion was favored in fibroblasts for most RI events in the patient contrast (which matches the decrease in RI detected for Patient-RPE in the within-cell type contrasts), the control contrast revealed a higher degree of intron retention in RPE. Of note, the number of significant RI events was much higher in the control contrast (108) in comparison to patient (20), suggesting the existence of an intron retention program that could be important for the determination of the healthy RPE phenotype. A3 and A5 events also tended to be less included in RPE in the patient contrast in comparison to the control, which revealed coordinated usage of exon alternative sites in Patient-RPE, as could be observed for A3 sites in the RPE contrast. Ultimately, this suggests a change in the way that PRPF8 interacts with both the 3′ and 5′ splice sites in the RP disease. Functional enrichment analysis of unique AS genes showed no significantly overrepresented GO terms (FDR < 0.05) in either contrast. We therefore looked at the frequencies of GO term annotations for these genes (Figure 7). Interestingly, genes whose splicing status encodes the healthy RPE phenotype (control contrast) are frequently annotated for spliceosomal complex (GO:0005681, 9 genes) and rRNA processing (GO:0006364, 9 genes), two functional terms that appear linked to the PRPF8 mutation and RP throughout this study. These findings are in line with our hypothesis regarding the existence of a healthy splicing signature, involving spliceosome and ribosomal genes, that is required to maintain correct retinal function and is disrupted via splicing defects initiated with defective PRPF8. Another cell function that was shown to be enriched in genes DE in the control contrast (Figure 2), regulation of cell proliferation (GO:0042127, eight genes), was the only common GO term among the most frequent annotations.
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FIGURE 6. Summary of unique alternatively spliced events (p value <0.05) detected in the control (A, Control-fibroblasts vs. Control-RPE) and patient (B, Patient-fibroblasts vs. Patient-RPE) contrasts. The proportion of events for which inclusion is favored in each clinical condition is indicated by bar area. The number of events for each category is shown in the label above the bar. Event types: A3, Alternative 3′ site; A5, Alternative 5′ site; AF, Alternative First exon; AL, Alternative Last exon; MX, Mutually Exclusive Exons; RI, Retained Intron; SE, Skipped Exon.
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FIGURE 7. Functional enrichment results for differentially spliced genes (p value <0.05) in the within-condition contrasts. (A) Control-fibroblasts vs. Control-RPE. (B) Patient-fibroblasts vs. Patient-RPE. Only events unique to each contrast are considered. The top-10 most frequently annotated GO terms are shown in the y-axis. The number of genes belonging to each GO term is indicated by bar height (x-axis).


Finally, we studied the events that change in each within-condition contrast for the genes annotated under these three GO terms (Supplementary Figures 11–15). Regarding rRNA processing genes (Supplementary Figure 11), we observed variable trends regarding the cell type in which inclusion of the AS events is favored. While PLXNB3, CFAP410, and RHOJ presented SE events that showed inclusion in fibroblasts, a similar event in MKLN1 was included in RPE. Regarding event categories, although several genes showed differentially spliced AF exons, we did not observe a pattern among significant event types for rRNA processing genes. However, FN1 and RASA1 present A3 and A5 sites, respectively, showing inclusion in RPE, matching the previously described trend (Figure 6). For spliceosome genes (Supplementary Figure 12), however, we noticed that most significant events were IR, A3 and A5 sites, while very few events within these three categories were observed in rRNA processing genes (Supplementary Figure 11). The abundance of A3 and A5 events changing among splicing-related genes could further support our hypothesis that WT PRPF8 is involved in spliceosomal binding to the splice sites. Indeed, all A3 and A5 sites showed inclusion in RPE (Supplementary Figure 12) and therefore selection of the splice sites that generated longer exons. This splicing change is lost in the patient contrast, suggesting a lack of control over this process in the disease for these set of spliceosomal genes, which include helicase DHX37, ribosomal components RPL15 and RPL31, and several ribosome maturation factors and rRNA processing proteins. The exact role of splice site selection in the RP disease, however, requires further validation and is beyond the scope of this study.

Genes annotated for regulation of cell proliferation were the only functional group that was frequently annotated among AS genes in both clinical conditions, although the sets of genes in each contrast are different, with the exception of NF2. In the case of this gene group, most splicing changes occurred in SE and AF events, except for an A5 event detected in the control contrast (STAT6) and an A3 event in patient (ITSN1). We consider these, together with genes presenting SE events (control: CNN2, IL4R, PKD2, and PIAS1; patient: MYH10, PALLD, and WASF2), to be genes subject to strong post-transcriptional regulation and therefore candidates for future evaluation of the impact of these splicing changes on RPE function. Finally, among the 371 common events (significant in both contrasts), we found 14 events that presented different dPSI sign in the patient and control comparisons (Supplementary Figure 15), i.e., alternatively spliced events with different direction of change depending on the clinical phenotype. In addition to transcriptionally controlled AF exons, common events consisted mainly of SE that presented preferential inclusion in RPE in the control contrast (MRPS31, MTX1, SHLD2P3, and HNRNPDL), while the exon becomes excluded in RPE in the patient contrast. This set of genes included HNRNPDL, associated with pre-mRNA processing. A similar trend is observed for A3 events in the CYB5D1 and TPM2 genes, as well as for an RI event in the SNORD locus (C/D box Small Nucleolar RNAs).

In summary, after performing within-condition contrasts, we have observed a pattern of event inclusion in the control contrast that is lost in patient, when not completely reversed, as is the case of common genes. This mainly affects SE, A3, and A5 events for genes involved in splicing, rRNA processing, and proliferation. The role that the skipped exons or exon fragments play in the gene’s functionality is to be defined; however, our analyses suggest that the PRPF8 mutation creates this event exclusion pattern. We believe that these changes could alter the splicing signature required for healthy RPE identity and that they may be a consequence of AS dysregulation in the RP disease. Ultimately, this list of alternatively spliced events and genes should constitute a valuable resource for further validation in order to find candidates that can explain the PRPF8-mediated RP pathomechanism.



DISCUSSION

Despite huge progress in the identification of genetic causes of the disease, the pathomechanism behind RP is largely unknown. While animal models have proven useful in many cases, albeit in the case of splicing factor-induced RP, they remain insufficient as the disease phenotype is poorly manifested. Moreover, the wide mutational landscape of splicing factor-caused RP is time- and cost-consuming to capture in animal models. In addition, studying disease-causing variants in genetic backgrounds that are demonstrably permissive of the disease is highly desirable in the case of splicing factor-induced RP due to high clinical diversity.

We set out to explore the transcriptional landscape of patient non-affected and affected cells in order to elucidate the unique role of PRPF8 in its target cells, namely, RPE cells vs. non-retinal tissue. The use of iPSCs that can be differentiated toward any human tissue leverages the lack of access to native retinal tissue.

After differentiation to RPE, patient and control cells were indistinguishable upon assessment of morphological, immunoreactive markers. We did not observe basal deposits or infoldings as described in the mouse model (Graziotto et al., 2011). PRPF8 immunofluorescence was equivalent in both genotypes, likely as a result of mutant protein escape from nonsense-mediated decay due to the short C-terminal amino acid sequence loss. Additionally, after assessing POS phagocytosis capacity, we found that patient and control cells behave indistinctly. The difference with the Prpf8H2309P/H2309P mice, which showed reduced phagocytosis, possibly lies in the homozygous state of the causative mutation in the rodent model. The lack of morphological or protein marker expression differences between control and RP genotypes probably reflects the late-onset disease phenotype that emerges as a result of additional cumulative molecular events. It has been previously described that modeling late-onset diseases requires additional cellular insults, since reprogramming leads to erasure of age markers in the original fibroblasts (Horvath, 2013; Miller et al., 2013). Similar results were reported by Foltz et al. with PRPF8 (c.6901C > T, p.P2301S) mutant, who describe iPSC-RPE with similar apicobasal polarity and phagocytosis rate between the patient and gene-corrected isogenic line (Foltz et al., 2018). The rationale behind using the conventional differentiation paradigm toward disease-specific cell type in this work is that mutations in ubiquitously present splicing factors involved in a fundamental cellular process such as splicing is expected to capture early cell-type-specific events prior to overt morphological or functional degeneration.

We then examined mRNA expression and splicing patterns in patient and control fibroblasts and iPSC-derived RPE cells in order to decipher the tissue-specific pathomechanism of the disease. Differential expression analyses between control and patient RPE cell types identified G-protein coupled receptor (GPCR) activity genes and extracellular matrix-related genes, some of the latter also showing changes in AS. GPCRs, the largest family of membrane proteins, act through ligand binding and are responsible for a wide variety of physiological roles. Extracellular matrix proteins are known to play a crucial role in supporting RPE cells in vivo and in vitro (Sorkio et al., 2014). RPE synthesizes components of extracellular matrix proteins of Bruch’s membrane and interphotoreceptor matrix, both of which are essential for RPE integrity and function. We hypothesize that these genes could be directly involved in the disease mechanism and constitute good candidates for further validation.

Within-condition differential expression analysis (fibroblasts vs. RPE cells in healthy and disease condition) identified a set of common DE genes associated with mitosis-related processes and components. Importantly, control contrast-unique DE genes showed significant enrichment of splicing and ribosome structure and translation terms, while this signature was completely lost in the patient contrast. This suggests that splicing and ribosome-related processes could be important for cellular identity specification and that their expression dynamics is disrupted in PRPF8-caused RP. In this study, we propose two hypothesis that could explain this mechanism. First, the alterations in the expression of splicing-associated elements could propagate to ribosomal components and translation regulators that may require intervention of the spliceosome for their normal expression. Alternatively, RPE cells may display translational control mechanisms for sustaining RPE properties.

Out of 90% AS genes in humans showing AS, it is estimated that 30% have tissue-specific isoforms (Xu et al., 2002). We set out to identify RPE-specific AS patterns and assess whether these tissue-specific splicing events were affected by the disease. To globally profile AS, we analyzed five modes of splicing events, all of which allow for a single gene to encode multiple protein variants that can have different functional properties. Among the within-cell-type contrasts, a higher number of significant splicing changes were detected when analyzing AS events in RPE cells in comparison to fibroblasts, consistent with the higher functional complexity of RPE cells and the primary effect of the PRPF8 mutation on these cells. Retained introns, as well as alternative 3′ and 5′ sites, showed favored inclusion in Control-RPE compared to Patient-RPE. Intron retention is classically considered as a result of mis-splicing and regarded as a mechanism of suppression of inappropriate transcripts presumably destined for nonsense-mediated decay (Braunschweig et al., 2014). However, emerging studies have demonstrated that introns are actively retained in mature mRNA and may have specific roles in normal physiology (Wong et al., 2016; Adusumalli et al., 2019). Some of the most significantly differentially included intron retention events belonged to genes annotated for splicing and ribosome-related GO terms. These included splicing factors such as PRPF4, PRPF8, and PRPF31, all of which are known to cause RP. Of note, SRSF1 and PRPF4B were highly included in patient-RPE and also downregulated in this condition.

For alternative first and last exons, which are equivalent to Alternative Transcription Start and End Sites, inclusion was not globally favored in any of the conditions. This is not surprising, given that transcription start and end site choice is driven by the transcriptional machinery, instead of by the spliceosome, which operates after transcription is initiated, either post-transcriptionally or simultaneously to transcription (Herzel et al., 2017). The lack of global direction changes could indicate that the disease phenotype is caused by the PRPF8 mutation and that it directly involves splicing rather than transcriptional alterations. Ultimately, usage of AL or AF sites could be stochastic or a functional consequence of splicing alterations in certain proteins, but hardly the root of the disease.

In sum, we identified 27 splicing-related genes, including PRPF8, with at least one differentially spliced event between Control-RPE and Patient-RPE. This result opens interesting possibilities regarding the role of PRPF8 as a splicing factor, regarding both autoregulation of AS of its own pre-mRNA and that of 26 additional splicing factors. In the context of the RP disease, PRPF8 may act as a master AS regulator in RPE cells, targeting a broad set of splicing-involved genes, leading to the propagation of defective PRPF8 function to the rest of the splicing machinery via splicing dysregulation. Similar results have already been described in literature, where the core splicing proteins were found to regulate RNA processing and RNA-binding factors (Saltzman et al., 2011). We hypothesize that these are suitable candidate genes and events to be further validated as RP disease markers and are key to explain how PRPF8-initiated splicing defects propagate to the entire splicing machinery.

Within-condition contrasts showed a higher number of significant AS changes in control over disease cells, similar to the DE results, indicating a depletion of spliceosomal function by PRPF8 mutation. For instance, there were 108 significantly changing intron retention events in the control vs. 20 in the disease contrast. In addition, functional enrichment results for control contrast AS genes identified splicing and ribosome-related functions within the top 10 most frequently annotated GO terms. These within-condition AS results corroborate splicing machinery disruption hypothesis as a potential mechanism for PRPF8-induced RP. Meanwhile, the only common term between control and disease cell types was regulation of cell proliferation, although different genes were identified as AS in each condition’s contrast. This finding is in line with previous reports where PRPF8 was found to affect mitotic cell cycle and RNA splicing GO terms after its depletion by siRNA (Wickramasinghe et al., 2015). After removing genes common to both contrasts, we identified sets of AS-related genes in the control but not in the patient contrast, which were involved in spliceosome machinery, ribosomal structure, and translation, according to GO annotations. The loss of these splicing patterns when comparing disease cells is an additional evidence of the propagation of alterations in the expression and splicing of spliceosomal components to ribosomal proteins and translation regulators, which may require intervention of the spliceosome for their normal expression. Alternatively, and in line with the second proposed hypothesis, RPE cells may display unique human translational control mechanisms for sustaining RPE properties, which are disrupted due to the pathomechanism of mutant PRPF8. However, either of these hypotheses would require further experimental validation.

AS has been previously described to be affected in the PRPF8-depleted condition by siRNA in established cell lines (Tanackovic et al., 2011). Although these conditions do not capture the physiological cell environment and co-expression of the wild-type protein, the data support the role of splicing defects in PRPF8 pathomechanism. Similarly, in a comprehensive PRPF31 study using iPSC-derived RPE cells, differential exon usage was found to affect splicing process itself (Buskin et al., 2018). Moreover, AS GO term analysis of mouse Prpf31 + ⁣/− retina and RPE were enriched for genes involved in mRNA processing. The iPSC-RPE from the PRPF31-affected patients exhibited a range of cellular defects, including loss of apico-basal polarity, altered pigment epithelium-derived factor (PEDF), and basal vascular endothelial growth factor (VEGF) secretion, barrier function, phagocytosis, and primary cilia deficiencies. These data are supportive of disrupted AS as a trigger of splicing deficiencies underlying specific biological processes. The observed splicing differences in our iPSC-RPE bearing a mutant PRPF8 copy points to a common primary pathogenic event. The fact that we did not observe morphological and functional disruptions in studied cells can be attributed to a unique PRPF8 mechanism. Another possibility is that our iPSC-RPE were insufficiently matured, which delayed the concomitant cellular events. In that regard, efforts for quantitative quality control to assess maturity instead of image-based analyses are emerging (Plaza Reyes et al., 2020). Parallel studies with both genetic backgrounds are warranted in order to delineate the specific roles of each PRPF gene.

Of note, our study is limited by the small sample sizes in our experimental design. Therefore, further studies involving a larger number of patients would be required to confirm the findings described herein. It is also imperative to determine if different mutations of PRPF8 have a similar impact on the transcriptional profile. As an additional shortcoming, we are aware that the poly(A)-selected RNA profiling described here precludes the involvement of other biologically relevant RNA species, such as microRNAs or long non-coding RNAs, which may also play a role in PRPF8-induced RP (Zhang et al., 2014).

The development of therapies for autosomal dominant retinal diseases with gain-of-function mutations involve strategies to inhibit expression of mutant protein and reduce the ratio of malfunctioned to wild-type protein. Along these lines, DNA oligonucleotides complementary to the pathogenic mRNA (Murray et al., 2015) or gene editing by CRISPR/Cas system targeting mutant allele (Bakondi et al., 2016) were described. These patients would also benefit from gene-independent replacement therapies such as heterologous stem cell replacement or combined genetic and stem cell approach using autologous cells. Importantly, exploring therapies for highly conserved proteins such as PRPF8 can harness the large progeny and short lifespan of lower organisms that allows high-throughput drug or genetic screening (Kukhtar et al., 2020). In view of our findings, the mutated PRPF8 allele-specific therapeutics would be the most effective approach. This, strategy, however, would be efficient if applied very early in the disease before other affected splicing proteins compromise the main cellular functions.
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Replacement of dysfunctional retinal pigmented epithelium (RPE) with grafts derived from stem cells has the potential to improve vision for patients with retinal disorders. In fact, the potential is such that a great number of groups are attempting to realize this therapy through individual strategies with a variety of stem cell products, hosts, immunomodulatory regimen, and techniques to assess the success of their design. Comparing the findings of different investigators is complicated by a number of factors. The immune response varies greatly between xenogeneic and allogeneic transplantation. A unique immunologic environment is created in the subretinal space, the target of RPE grafts. Both functional assessment and imaging techniques used to evaluate transplants are susceptible to erroneous conclusions. Lastly, the pharmacologic regimens used in RPE transplant trials are as numerous and variable as the trials themselves, making it difficult to determine useful results. This review will discuss the causes of these complicating factors, digest the strategies and results from clinical and preclinical studies, and suggest places for improvement in the design of future transplants and investigations.
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Introduction

Retinal diseases with degeneration or dystrophy of photoreceptors are visually devastating and there are no current therapies to regenerate retinal tissue. In age-related macular degeneration (AMD) and some forms of inherited retinal diseases (IRDs) such as Best Disease and MERTK-associated Retinitis Pigmentosa (RP), the primary dysfunction affects the retinal pigmented epithelium (RPE) (1–3). Adjacent to the neuroretina, the RPE is responsible for supporting the metabolism of light-sensing photoreceptors, regenerating 11-cis-retinol for the visual cycle, forming the outer blood-retinal barrier, and reducing light scatter (4). Degeneration of RPE leads to secondary loss of photoreceptors and subsequent permanent loss of vision (2, 3). The latest research seeks to treat these degenerative conditions by transplanting healthy RPE at early stages of disease.

Sources of RPE for transplantation have evolved through the years. Pioneering investigations studied primary cultures of RPE (5); however, more recent investigations have used RPE derived from stem cells due to the capacity for unlimited self-renewal and greater possibility of selecting for desired characteristics (6). Stem cell sources of RPE include RPE stem cells (RPESC) found in the adult native tissue (7), embryonic stem cells (ESCs), and induced pluripotent stem cells (iPSCs) (6). This review will primarily focus on studies involving transplantation of RPE derived from ESCs and particularly iPSCs as they have the greatest potential as graft tissue. Autologous transplant iPSC-RPE is currently under clinical trial [(8, 9), and ClinicalTrials.gov # NCT04339764]. Due to genetic variability, instability, and potential tumorigenicity of iPSCs, validation of an autologous cell line is a long and costly process that will be challenging to scale for treatment of the millions of potential recipients (10). Alternative approaches and preclinical investigations involve xenogeneic or allogeneic sources and carry heightened risk of immunologic rejection (11).

The eye as a whole represents a unique immunologic environment. The “immune privilege” of the eye is not what it was once hoped; nonetheless, features of the subretinal space (SRS) create a relatively safe target for transplantation of iPSCs (12). In addition, both stem cells and RPE are attributed with anti-inflammatory properties that enhance compatibility (13, 14). Nevertheless, stem cell derived RPE is susceptible to immune rejection from days to months following transplantation (15–17). Effector mechanisms of acute (i.e., after days) and chronic (weeks to months) are interrelated but distinct (18). For this broad problem of immune rejection, a one-fits-all solution is unlikely and multiple strategies for prevention are necessary.

The mere determination of rejection of an RPE graft is controversial. Subretinal biopsy for histologic confirmation is implausible, and the small volume of grafted tissue may be insufficient to produce systemic manifestations. Researchers instead rely on longitudinal functional tests and imaging techniques. Recent investigations are revealing that these surrogate markers are susceptible to confounding results (15, 19–21). No prior authors have comprehensively reviewed the common signs or alternative phenomena that can masquerade as immunologic rejection or lack thereof. Beyond determining rejection of RPE transplants, very little is known regarding how it may be prevented. To the best of our knowledge this is the first review to specifically compare immunomodulatory regimen and results and attempt to identify trends. Furthermore, new directions will be discussed, and specific strategies proposed to prevent rejection of RPE transplants in future trials.



Section I: Transplant Immunology

Rejection of solid transplants can result from any of a series of actions of the innate, nonspecific and the acquired, antigen-specific immune systems (22). Innate immunity includes cellular elements: macrophages, neutrophils, natural killer cells, and resident lymphocytes which can cause acute rejection within the first week (16). These cells also express pattern-recognition receptors (PRRs) such as toll-like receptors (TRLs) which allow them to recognize damage-associated molecular patterns (DAMPs) released as a result of tissue damage, including graft surgery or early rejection (23). Binding of the PRRs to DAMPs activates immune cells and potentiates inflammation, including expression of antigen presenting cells (APCs) and CD4 T-cells. T-cells in particular orchestrate the acquired cellular and humoral immune cascade to reinforce the innate response, generating an expansion in both CD8 “cytotoxic” T-cells and antibody-producing B-cells. These responses by lymphocytes cause chronic rejection of transplants beyond the first week (18).

Early work in solid organ transplants demonstrated that T-cells are necessary and sufficient for allograft rejection (24–26). Subsequently, immunosuppressive regimen were developed that target T-cell activation at three steps: signal 1) binding by APCs, signal 2) costimulatory molecules and ligands, or signal 3) the trigger for cell proliferation (27). Most common agents include tacrolimus and cyclosporine: calcineurin inhibitors that prevent signal 1. Antimetabolites such as mycophenolate mofetil (MMF) target signal 3. Likewise for RPE transplant studies, the most frequently used drug is tacrolimus. Glucocorticoids including prednisone, dexamethasone, and triamcinolone are prescribed as well, which have broad effects on T-cells by reducing expression of MHC II (signal 1), increasing percentage of regulatory T-cells, and inducing T-cell apoptosis (signal 3) (28–30). Despite these measures to modulate acquired immunity, RPE grafts routinely exhibit signs of rejection weeks to months after transplantation, and histology recovered from these eyes confirms a predominance of lymphocytic infiltrate (15, 17, 20, 31–35). Evidently there is room for improvement in understanding the immunologic response to subretinal RPE grafts.

In solid organ transplants, infiltration of mononuclear phagocytes (MNP) is a prominent feature of rejection (36). MNPs include bone marrow derived macrophages (BMM) and tissue resident macrophages (TRMs). Greater number of BMM correlates with worse clinical outcomes (37, 38) and depletion of BMM improves allograft function (39). BMM represent the majority of macrophages in rejected solid organ transplants (40). Similarly, MNPs form a large component of the cellular infiltrate of rejected RPE grafts (15–17, 20, 32, 33, 35). This is especially true when rejection of RPE occurs within the first week, prior to the development of acquired immunity (15, 16). Transplant immunologists have increasingly looked at MNPs to gain a better understanding of allograft rejection (26).

Compared to BMM which infiltrate inflamed tissue, TRM are critical to healthy tissue homeostasis. Microglia are the TRM of the central nervous system and retina and perform functions including phagocytosis of waste and regulation of vascular and neural growth (41, 42). In non-diseased retina, microglia are located in the inner and outer plexiform layers but are absent in the SRS (4). In IRD (43) and light-induced degeneration models (44), microglia were the dominant MNP lineage in the SRS, while BMM were largely limited to the neuroparenchyma. We speculate that this may underscore the relative importance of microglia in the immune response to transplanted RPE compared to other solid organ transplants given that recipients may have a pre-existing or predisposition to microglial infiltrate. Furthermore, the avascularity of the graft and SRS represents an additional barrier to BMM infiltration of RPE grafts compared to solid organ transplants. Nonetheless, both microglia and BMM are likely to play important roles given their prevalence in inflammatory infiltrate around rejected RPE (15–17, 20, 32, 33, 35).

As the resident immune cells the graft site, TRM may direct the initial response to transplanted grafts (16, 26, 45, 46). Depicted in Figure 1, in vitro studies have demonstrated that DAMPs released as a result of transplantation surgery bind to TLRs and cause IFNγ driven proliferation of M1 microglia, which release TNFα, IL-1β, IL-6, nitric oxide, and reactive oxygen species to propagate inflammation and neural damage (48, 49). If the inciting trauma resolves, IL-4 induces proliferation of the M2 phenotype of microglia. M2 microglia produce anti-inflammatory TGFβ, IL-10, IL-13, Ccl2 (50–53), neurogenic oncomodulin (OCM), insulin-like growth factor (IGF)-1, and vascular endothelial growth factor (VEGF), returning the retina to healthy state (54, 55). However, if the original injury persists, the inflammatory M1 phenotype causes progressive tissue damage (41). To corroborate this in vitro evidence, in vivo studies have indicated that allograft transplantation without immune suppression is associated with persistent M1-type BMM, while macrophages rapidly convert to M2-phenotype with adequate immune suppression (26, 46, 56). In summary, we hypothesize that surgical trauma causes proliferation of destructive M1 microglia that contribute to acute rejection, and dysregulation of the M1 phenotype leads to macrophage infiltrate surrounding chronically rejected RPE grafts.




Figure 1 | Microglial M1 and M2 phenotypes. DAMPs act on PRRs on resting microglia to induce formation of M1 or M2 microglia. M1 microglia induce pro-inflammatory state and tissue damage by releasing TNFα, IL-1β, IL-6, nitric oxide, and ROS. M2 microglia have tissue-protective effects via TGF-β, IL-10, IL-13, IGF-1, OCM, and VEGF. While IL-10 inhibits M1 microglia, introduction of MANF, IGF-1, minocycline, TSPO, norgestrel, and IFN-βB induce transition to M2 phenotype. Modified from Nakagawa 2015 with notes from Kramer 2019, Elsevier license 4858840650798 (41, 47).



Due to anti-inflammatory and neuroprotective properties of M2 phenotype microglia, we speculate that supporting the transition from M1 to M2 may be an effective strategy to reduce immune rejection and improve retinal function. As shown in Figure 1, there are many potential therapies that stimulate the expression of M2 microglia, including mesencephalic astrocyte-derived neurotrophic factor (MANF) (41, 57), growth factors IGF-1 and NGF (58, 59), minocycline (60, 61), translocator protein (TSPO) (62), norgestrel (63, 64), and IFN-β (65). With the exception of minocycline, none of these therapies have been adopted in RPE transplant studies (66). Glucocorticoids have been included in RPE transplant trials and are known to reduce production of inflammatory cytokines IL-1 and TNFα and inhibit macrophage phagocytic function; however, the relative role of these pro-M2 functions compared to the effects of macrophages on T-cells and acquired immunity is undetermined (67–69). Therefore, specifically targeting microglial phenotype represents largely untested waters with potential benefits for both reducing immunologic rejection and improving the health of transplanted neurons.

Clinical and preclinical investigations to date have focused on inhibition of acquired immunity to prevent rejection; however, given the 1) variable chronicity of rejection, 2) prevalence of microglial/macrophage infiltrate on histology of rejected transplants, and 3) established immune physiology of the retina, we propose that is important to consider specifically targeting M2 macrophage phenotype. This strategy should be investigated first in pre-clinical studies. The primary effectors of rejection may depend on the level of transplantation. Due to the greater phylogenetic difference, xenografts may be more readily recognized by innate immune system and susceptible to acute rejection. Allografts that avoid innate recognition may have to evade the acquired immune system or else succumb to chronic rejection. Differences in strain (e.g., Yucatan pig versus P23H minipig) or immunophenotypes (e.g., MHC antigens) may also determine the chronicity and effectors of rejection. However, given that macrophages and T-cells secrete cytokines that affect one another’s phenotype, i.e. M1 versus M2 macrophage or Th1/Th2 versus regulatory T-cells, we hypothesize that both T-cell inhibitors and M2 promoters offer immunologic benefits throughout the postsurgical period.

Two further strategies of transplant immunology warrant a mention. First, grafts composed of tissue constructs have demonstrated greater success than cellular suspensions, as demonstrated by the success of pancreas compared to islet cell transplants (70). Furthermore, there is evidence that hESC-RPE transplants may survive longer as a monolayer (71) and many current trials have adopted this strategy (66, 72, 73) and [ClinicalTrials.gov # NCT04339764]. Nonetheless, this is still up for debate (74) and even recent trials have delivered RPE cell suspensions (15, 35). Drawing conclusions regarding the ideal form of delivery is also complicated by the variable scaffolds on which RPE monolayers are implanted, and the possibility that they create a barrier to diffusion of metabolites from the choroidal vasculature. Secondly, long-term survival of solid organ transplants can be achieved without immune suppression through the infusion of hematopoietic stem cells (HSCs) at the time of transplantation. Transfused HSCs engraft within the thymus and bone marrow of the recipient and cause production of host blood T- and B-cells that are tolerant of graft antigens. While this effect has been demonstrated in both animal and human recipients of solid organs, its potential has not been tested with respect to RPE grafts (75).



Section II: Sub-Retinal Immune Response and Privilege

The eye is unique among tissues in that its function is dependent on the optical clarity of its media: cornea, aqueous, lens, and vitreous. To prevent excessive inflammatory changes, the eye has physiologic systems that are distinct from the systemic immune system. In 1905 these mechanisms allowed the first successful corneal transplant before the advent of immunomodulatory medications, leading to the concept of “immunologic privilege”. However, privilege of the SRS has been over-stated in the past: even allografts transplanted with immunomodulation are susceptible to rejection. Nonetheless, it is worthwhile to consider the mechanisms of immune privilege in order to design interventions. The physiology of immune privilege is extensive and only few features will be defined here, organized into three groups as detailed by Caspi et al., 2006: separation, local inhibition, and systemic regulation (76).


Immune Separation

Separation refers to the physical blood-retinal barrier (BRB) that prevents systemic immune cells and large molecules from passing into ocular tissues. The barrier is primarily created by intercellular tight junctions. An outer barrier is formed between cells of the retinal pigmented epithelium (RPE), while an inner barrier is formed between endothelial cells of the inner retinal vasculature. In addition to trauma, the BRB can be weakened by inflammation and neovascularization (77).

Surgical approaches for graft placement are transscleral or transretinal. While the transscleral approach violates the outer BRB, transretinal placement requires vitrectomy, retinotomy, and endolaser: all procedures associated with production of DAMPs and inflammation, thus stimulating proliferation of M1 microglia and subsequent tissue damage (78). Therefore, it is yet undetermined whether a transscleral or transretinal approach is immunologically preferable. However, subjects with retinal disease may be predisposed to rejection due to inflammation associated with their primary disorder (e.g., AMD or RP) or prior intraocular surgeries (79).

Based on what we know regarding immune separation, measures may be hypothesized to minimize rejection in the SRS. First, ideal study subjects should have no intraocular inflammation or neovascularization (77). Retinal diseases with degenerative or dystrophic RPE may increase risk as well. Secondly, the implant should be placed far from the retinotomy or Bruch’s membranotomy to minimize M1 microglia in the location of the graft (41). Lastly, it is worth emphasizing that tissue trauma should be minimized (41, 77).



Local Inhibition

Disruption of the BRB leads to influx of reactive cells from the systemic circulation, and thus local inhibition of the invading cells and inflammatory mediators is necessary to prevent the escalation of inflammation. Native RPE has a primary role in this anti-inflammatory “effector blockade” (76). Cytokines produced by RPE include TGFβ, IL-11, and IFNβ (80). In addition to enhancing the M2 microglial phenotype, TGFβ is responsible for inhibiting the action of inflammatory T-cells and promoting development of regulatory T-cells (81, 82). IL-11 has cytoprotective and anti-inflammatory functions (83). IFNβ inhibits expression of cellular adhesion molecules and chemokines sICAM-1 and CXCL9, which attract T-cells and NK cells to sites of inflammation (80). With regards to membrane-bound receptors, Fas ligand (FasL) and PDL1 are highly-expressed on RPE and responsible for inducing apoptosis of invading T-cells or converting them to regulatory T-cells (81, 84). CD46 on RPE prevents the activation of the complement cascade (76).

Paradoxically, RPE also has pro-inflammatory behavior. The most significant of these mechanisms is its role as an antigen presenting cell (APC) with MHC-II, a feature shared only by specific immune cells (85). This introduces the paradox that it may be beneficial to transplant atop RPE atrophy, despite the lack of an outer BRB, due to potentially reduced antigen presentation. No study has addressed this question. RPE has a vital role in the local control of inflammation in the SRS and targeting expression of MHC-II, TGFβ, or any of the local immune inhibitory factors of RPE may affect survival of grafted RPE (33).



Systemic Regulation

In states of trauma or inflammation, immune cells are able to pass the physical barriers and evade the local inhibitory mechanisms to access the SRS and subsequently re-enter systemic circulation. In the non-privileged immune response, APCs take antigens from the site of inflammation to local lymph nodes or the spleen where they activate delayed-hypersensitivity (DH) T-lymphocytes, potentiating the inflammatory response. The eye has mechanisms to regulate this reaction as well. Similar to the well-studied anterior chamber-associated immune deviation (ACAID), CD11b+ microglia in the retina induce the development of regulatory T-cells in the spleen, which dampens the response of DH T-cells (86, 87). Despite years of study, ACAID has never been utilized for therapeutic effect. The physiology of ACAID suggests that it may be possible to stimulate regulatory T-cells and inhibit rejection by priming the host with graft antigens, similar to how HSCs engraft to induce tolerance to solid organ transplants. This remains an area for future study.

The relative role of immune separation, local inhibition, and systemic regulation in preventing rejection of transplanted RPE in the SRS is undetermined. Furthermore, the strategies that we propose for preserving immune separation are also unproven and alone insufficient to prevent rejection. However, understanding the immune mechanisms in the SRS will assist researchers in designing investigations and strategies, and our recommendations are compatible with further interventions that, together, may improve success of future trials.




Section III: Evaluating Rejection and Lack of Rejection

Most organ transplants can be considered to not have been rejected by the host if the graft is performing its physiologic function: for example, a kidney producing urine, liver metabolizing toxins, or a lung exchanging gases. This is more difficult to define in the retina. For one, animal subjects are not able to comply with standard tests for visual function such as acuity or field tests. While human patients are able to complete these tests, results may be confounded by some degree of photoreceptor functional rescue induced by growth factors released as a byproduct of retinal detachment or other elements of the surgical procedure (88, 89). Therefore, improved acuity, fields, or even electrophysiologic response may be due to surgically induced cellular repair processes rather than function of transplanted cells. Secondly, there are no clear systemic parameters that indicate rejection of a retinal transplant. Elevated inflammatory cells in the blood can indicate rejection of a solid organ; however, stem cell RPE grafts may undergo a slow functional deterioration or rejection without manifest signs of inflammatory reaction (15, 21), perhaps due to the anti-inflammatory properties of the RPE graft or immune privilege mechanisms of the SRS (19).

In contrast to these challenges, retinal transplants have advantage of visibility with ophthalmoscopy. Studies from autologous transplants are perhaps the best resource to demonstrate the appearance of RPE grafts in the absence of rejection. As shown in Figure 2, a flat, expanding, pigmented monolayer is observed after transplantation of autologous iPSC-RPE (8, 9). In allogeneic clinical trials, Mehat 2018 found dose-dependent hyperpigmentation at the site of transplantation, and this study along with Schwartz 2016 observed a predilection for hyperpigmentation in areas of prior retinal atrophy, possibly representing migration of donor cells (21, 90, 91). While it may be true that successfully transplanted RPE would have this morphology, pigmented cells can also represent macrophages that have phagocytosed rejected or apoptotic RPE or host RPE that proliferates in response to the transplant surgery (92, 93). Mehat 2018 noted that their findings would also be consistent with subretinal spread of released pigment (21, 90). On the other hand, the lack of obvious pigmentation does not mean that transplanted RPE has been rejected, as RPE may have variable pigmentation (21, 94, 95). Schwartz 2016 found no correlation between pigmentation and changes in visual function (21). Nonetheless, serial fundus photographs may manifest changes when RPE is rejected (20). Clumping of pigment or pigment-laden cells has been reported and suggested as a sign of rejection, as seen in Figure 3 (32, 35, 73). The appearance of the grafted tissue is a valuable parameter when determining the immunologic success of RPE transplantation, but it must be considered that appropriate morphology and pigmentation is not sufficient.




Figure 2 | Photographic fundus images over four years following transplant of sheet of autologous iPSC-RPE. (A) Red arrows point to the main graft while green arrows indicate islands of graft cells. (B) The graft area, identified by the presence of pigmentation, was calculated using ImageJ. Areas of the main graft and islands of grafted cells were plotted over 4 years. Expansion of pigmented area is exhibited in relatively homogenous distribution without clumping or signs of inflammation. Reprinted from Takagi 2019, license number 4867110135570.






Figure 3 | Comparative images of RPE grafts with and without rejection. (A, B) Multicolor-confocal scanning laser ophthalmoscopy and corresponding OCT following subretinal injection of RPE cell suspension. Homogenous monolayer leads to clumping of pigment over 1-7 weeks. Dashed line indicates plane of corresponding OCT, where subretinal mass is seen along with choroidal thickening under the graft site. Modified from Petrus-Reurer 2020 (35). (C, D) OCT eight weeks following transplant of RPE suspension. Compared to non-rejected transplant (C), retina with rejected graft (D) shows atrophy of the neuroretina with intraretinal and subretinal fluid. (E, F) FA eight weeks following transplant of RPE suspension. Compared to non-rejected transplant (E), retina with the rejected transplant (F) shows leakage of the optic disc. Modified from Sugita 2016 (33).



Along with direct visualization techniques, the retina allows imaging with techniques such as optical coherence tomography (OCT), fluorescein angiogram (FA), and fundus autofluorescence (AF). OCT enables cross-sectional visualization of neuroretina layers, transplanted tissues, and changes such as edema or retinal detachment. Images demonstrating both normal morphology and representative changes associated with rejection are seen in Figure 3 and compiled in Table 1. Features that suggest lack of rejection include: 1) the presence of transplanted cells as a homogenous monolayer or hyperreflective outer retinal band (21, 35, 66, 72, 73), and 2) improved retinal morphology including formation of an external limiting membrane and outer nuclear layer thickness of greater than 20 um (34, 72). However, the presence of a hyper-reflective outer retinal band may persist following cellular rejection (15), and improved morphology may also result from surgically-induced changes (88). On the other hand, features that indicate rejection include: 1) signs of inflammation such as cystoid macular edema (CME), choroidal thickening, hazy vitreous, 2) deposition of subretinal material, 3) neuroretina atrophy, and 4) disintegration or clumping of transplanted cells (34, 35, 66, 72, 73). Nevertheless, it must be considered that rejection may occur without manifest signs of inflammation (15, 19), and inflammation or retinal atrophy can occur due to primary ophthalmic disease or the surgery alone in the absence of rejection.


Table 1 | Comparison of visual signs of rejected versus non-rejected transplanted RPE.



Fluorescein angiography (FA) is used to reveal abnormal vasculature or changes in RPE. When used to assess RPE grafts, signs that indicate rejection are leakage of dye around grafts, CME, and optic disc edema, as seen in Figure 3 (33). Leakage around grafts can be associated with surgical trauma to vasculature or Bruch’s membrane or to the primary disease of the host: for example, central serous chorioretinopathy, which would increase likelihood of subsequent rejection. Again, since rejection may occur in the absence of inflammation (15, 19), destruction of the graft may occur without leakage or CME. Del Priore 2003 demonstrated no difference in serial FAs between immunocompetent and immunomodulated hosts despite the greater speed of rejection in the former (20).

Fundus autofluorescence (AF) is often used in RPE transplant studies to visualize lipofuscin and RPE pigments. Da Cruz 2018 reported a double-thickness of autofluorescence where host RPE overlapped native RPE, followed by uneven autofluorescence attributed to phagocytosis of RPE cells by immune cells (73). While AF cannot differentiate between host and transplanted RPE, a similar technique, green fluorescent protein (GFP), can make this distinction and is frequently applied to basic research. GFP is used to determine the survival percentage of transplanted RPE or follow their rejection by the loss of fluorescence over time (15, 31, 32, 66). Unfortunately, in vivo immunogenicity of GFP may cause cytotoxicity over time, meaning that transplanted GFP-positive RPE would be more susceptible to rejection (96).

Two recent studies proposed an alternative to visual techniques by correlating systemic donor specific antibody (DSA) with rejection of transplanted RPE (17, 35). The importance of DSA is well known in other areas of transplant medicine (97–99), and as described in Section I of this review, may have even more importance in rejection of subretinal RPE grafts. Sugita 2017 demonstrated reactivity of peripheral blood mononuclear cells (PBMCs, i.e. lymphocytes and monocytes) correlated with rejection of grafted RPE after eight weeks (17). Another serology with undetermined potential in RPE transplants: cell free DNA has been used to follow rejection of renal transplants (100). In the field of RPE transplantation where defining rejection or compatibility depends substantially on qualitative assessments, these objective measures should be considered for further applications.

There is no way to conclusively determine rejection or compatibility of transplanted RPE without histologic analysis, which can realistically only offer an endpoint. Functional tests are confounded by rescue of native photoreceptors. Fundoscopy is essential, but the presence of pigmentation has various causes. OCT, FA, and AF all provide important diagnostic clues, but rejection can occur in the absence of post-operative changes and inflammation can be due to ophthalmic disease or surgery. Furthermore, with functional tests and imaging it is not possible to differentiate immunologic rejection from cellular degeneration due to non-immunologic mechanisms. Serologic analysis of DSA, PBMCs, and GFP may offer objective evidence of rejection or survival but are infrequently used. For the time being, we must closely follow the trends that may yield more conclusive evidence of transplant function and survival in the host retina.



Section IV: Preventing Rejection of RPE Grafts

The literature demonstrates three strategies to prevent immune rejection of RPE grafts: 1) immunodeficient host models, 2) pharmacologic immune modulation, and 3) reducing the immunogenicity of the graft. Each of these strategies has particular applications. Immunodeficient hosts are ideal for demonstrating functional potential of transplants and tumorigenicity of stem cell transplants in the absence of immune rejection. Without additional immune modulation, xenogeneic ESC-derived RPE survived for at least 240 days in the NIH III mouse, deficient in T-, B-, and NK cells (95), while ESC- and iPSC-derived RPE grafts have survived up to 12 months in the athymic nude rat (66, 71, 101). No studies of RPE-grafts have been performed in immunodeficient large mammals such as non-human primates or pigs, possibly related to a deficiency of these models or poor translation to clinical medicine.

Except in the cases of autologous or MHC-matched grafts, every study that has demonstrated evidence of temporary survival of RPE transplants in immunocompetent hosts has applied pharmacologic immune modulation. With respect to xenogeneic studies, Del Priore 2003 demonstrated “triple systemic” therapy with prednisone, cyclosporine, and azathioprine (anti-inflammatory antibiotic) to increase the survival of grafted RPE at four weeks (20). Similar results were obtained when the host was exposed to local cyclosporine alone, as a weekly intravitreal injection or slow-release capsule (31). Graft survival was prolonged to 100 days when cyclosporine was administered from pre-op day two until day 100 along with dexamethasone for two weeks (94). However, grafts survived less than four weeks in a similar study with a higher concentration and duration of dexamethasone (102), which may suggest the greater role of systemic cyclosporine compared to systemic steroids in preventing rejection. Local administration of steroid demonstrated a benefit with intravitreal triamcinolone administered at the end of the surgery and improved survival after four weeks compared to hosts that received daily intramuscular dexamethasone (102). This effect was repeated by a subsequent study, with the additional finding that intravitreal tacrolimus improved the morphology of RPE on OCT (34). Typically used as antibiotics, doxycycline and minocycline have been used for suppression of microglia of the innate immune system (61, 103) and were associated with 70% survival of grafted RPE after 10 weeks when administered with prednisone, tacrolimus, and sirolimus. Given coadministration with steroid and T-cell inhibitors, it is not possible to determine their specific effects from these studies.

Regarding allogeneic transplants, preclinical trials were performed with iPSC-RPE in pigs and macaques: the former with no immune modulation and the latter with subconjunctival and topical dexamethasone. Both investigations demonstrated histologic evidence of robust rejection in the period between postoperative day four and three weeks, reinforcing the need for appropriate immunomodulatory regimen in allogeneic iPSC trials (15, 32). The best evidence regarding local steroids comes from Sugita 2017, where a regimen of intravitreal triamcinolone at the time of surgery and sub-tenon triamcinolone at four weeks post-op prevented development of DSA, reactive PBMCs, and inflammatory infiltrate at six months compared to a control monkey without immunomodulation. In fact, these results were similar to an MHC-matched subject (17).

The remainder of allogeneic trials in the literature pertain to humans and subsequently lack histologic confirmation of rejection or compatibility. Four clinical trials administered tacrolimus with or without mycophenolate mofetil (MMF), an antimetabolite with favorable side effect profile (21, 72, 90, 93). Dosing of both tacrolimus and MMF started one week prior to surgery and continued for up to 13 weeks before withdrawal; however, MMF takes several months to become fully effective, so this may represent underutilization of the effect of this drug. A fourth clinical trial used perioperative prednisone with an intraocular steroid implant (73). If proven to prevent rejection in further studies, this could be an option for geriatric patients in whom systemic immune modulation may increase risk of complicating infection. All of these clinical trials demonstrated evidence of survival of the transplant past the cessation of pharmacologic immunomodulation but lack histologic confirmation.

Reducing the immunogenicity of an RPE graft is a primary objective of both preclinical and clinical trials. In immunologic terms, the ideal graft is autologous, or composed of tissue from the host. iPSC technology is currently used to create autologous RPE grafts derived from adult cells for clinical trials in Japan and the US  [(8, 9, 104) and ClinicalTrials.gov # NCT04339764]. When transplanted into a human host without immunomodulation, an autologous iPSC-RPE graft survived for over one year and was associated with preserved neuroretina structure (8, 9). Despite these apparent successes, there are many barriers to widespread clinical application of autologous iPSC lines. High genetic variability and instability increases the risk of immunogenicity and tumorigenic potential in iPSCs (10). Properly verifying a new iPSC cell line may require 12-15 months and approximately $800,000 (105, 106). Perhaps a more viable option in the future, autologous-iPSC lines are not currently available for the majority of researchers or patients.

In lieu of autologous transplants, many authors have proposed banking of high-quality iPSC-RPE lines that can be matched for allogeneic transplants to patients (10). Banks of 10, 55, 80, and 150 donor iPSCs could match over 40% of genotypes in Korea, 80% in Japan, 50% in California, and 93% in the UK, respectively (41, 107–110). As evidence for this approach, when MHC-matched macaque-iPSC-RPE was transplanted in the SRS of allogeneic hosts, grafts survived without immune suppressants for 6 months and were associated with no development of DSA, reactive PBMCs, or infiltration of inflammatory cells compared to MHC-mismatched controls (33). A potential alternative studied by Petrus-Reurer 2020 is MHC-II knock-out hESC-RPE, which delayed the infiltration of inflammatory cells and production of DSA compared to controls with wild-type hESC-RPE (35). Knockout of β2-microglobulin and MHC-I were also studied, and reduced activation of NK cells compared to controls (111, 112). Notably, expression of MHC-II by RPE is also reduced by culture under xeno-free conditions, emphasizing the use of these methods to decrease rejection as well as comply with clinical requirements (34, 35). Significantly, donor RPE cannot present antigen to human hosts; however, modifying donor cells to be less immunogenic is compatible with the design of iPSC-RPE cell banks to increase the number of patients who may match to a limited number of cell lines.

In addition to the cellular components of a graft, the immunogenicity of the transplant vehicle is an important consideration. Biodegradable scaffolds offer the potential benefit of reducing a chronic foreign body reaction but have potential disadvantages as well. Poly(lactic-co-glycolic acid) (PLGA) degrades into components lactic and glycolic acid, which are potentially toxic, but did not produce signs of inflammation on OCT 5 weeks after delivery (66). Fibrin is biochemically inert, but the mechanically suitable fibrin scaffold is approximately 200 µm thick, raising concerns regarding the ability of nutrients and waste to diffuse to and from the choriocapillaris (113). Nonetheless, when implanted in the SRS of pigs, the overlying neuroretina appeared to be healthy when the scaffold degraded after eight weeks.

Non degradable scaffolds include parylene, polyester, and polyethylene terephthalate (PET). Parylene increased survival of RPE transplants relative to cells delivered as a suspension (72, 114). Implantation of an acellular polyester membrane into the SRS was associated with a foreign body reaction with chronic inflammatory infiltrate; however, the presence of RPE on the membrane reduced this response (73). Following implantation of a PET acellular membrane, microscopy demonstrated an additional cellular layer between the host RPE and the PET membrane, attributed to reactive migration of host RPE or infiltration of macrophages (34). Immunologic consequences of these delivery materials are likely to be relatively more significant as advancements are made in autologous or universal RPE cell banks.



Discussion

For years limited to basic science research, stem cells therapy for patients with retinal disease is currently in clinical trials. However, while treatments are seemingly close at hand, the mere survival of grafts is still a controversial determination. To reach millions of patients with retinal degenerations and dystrophies, it is of vital importance to correctly interpret these initial trials. Afterall, transplanted cells have no chance of improving vision if they cannot survive the host’s immune reaction.

Investigations in the immunology of solid organ transplants have much to teach us regarding the reaction to RPE grafts. The innate and acquired immune systems cooperate but reject foreign cells by different mechanisms. Studies of RPE transplants have primarily focused on rejection effected by lymphocytes and attempted to prevent this with T-cell inhibitors and steroids. Here we have presented a case based on chronology, histology, and physiology that rejection by microglia and macrophages of the innate immune system should be regarded with increased appreciation. Furthermore, preclinical studies have demonstrated specific interventions that alter the microglial phenotype and should be considered for future trials.

While immune privilege of the eye is not the holy grail it was once hoped to be, understanding the physiology suggests mechanisms to minimize immune recognition. Implantation distant from the retinotomy is most likely to enhance immune separation. Alterations to RPE such as increasing expression of TGFβ or reducing MHC-II will support the effector blockade. An ACAID-type mechanism may allow for priming of host with graft antigens similar to engraftment.

Without available histology, investigators may make educated guesses regarding the health of grafted cells through fundoscopy, OCT, FA, and AF. Expansion of a flat pigmented layer and a healthy appearing neuroretina are good signs, while inflammation, subretinal deposition of material, and disintegration of the transplant all indicate pending or past rejection. However, all of these findings are potentially confounded by physiologic reactions to surgical trauma and inflammation. Measures such as systemic DSA, PBMC reactivity, or GFP fluorescence offer objective and quantifiable evidence of rejection and should be utilized in future investigations.

There are a variety of strategies to prevent immune rejection of transplanted RPE. Immunodeficient hosts are a good option for preclinical research. Xenographic studies of RPE transplants have employed some combination of T-cell inhibitors with steroidal anti-inflammatories. There is evidence that systemic T-cell inhibitors may be more important than systemic steroids for prevention of rejection, but local steroids offer a clear benefit. Allogeneic studies have used systemic tacrolimus and MMF with apparent success as well as intraocular steroids. Studies in basic research suggest that promoting transition of M1 to M2 microglia has potential benefits to both the graft and overlying retina, but this strategy is untested at the level of translational research. For future transplants in clinical patients, matching of banked cells will reduce immunogenicity of the graft. It is likely that researchers and clinicians who employ a combination of these strategies, tailored to their specific graft and host, will have the greatest chance of avoiding immunologic rejection.
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Retinal ischemia is a common pathomechanism in various eye diseases. Recently, evidence accumulated suggesting that the extracellular matrix (ECM) glycoprotein tenascin-C (Tnc) plays a key role in ischemic degeneration. However, the possible functional role of Tnc in retinal ischemia is not yet known. The aim of our study was to explore retinal function and rod-bipolar/photoreceptor cell degeneration in wild type (WT) and Tnc knock-out (KO) mice after ischemia/reperfusion (I/R) injury. Therefore, I/R was induced by increasing intraocular pressure in the right eye of wild type (WT I/R) and Tnc KO (KO I/R) mice. The left eye served as untreated control (WT CO and KO CO). Scotopic electroretinogram (ERG) recordings were performed to examine rod-bipolar and rod-photoreceptor cell function. Changes of Tnc, rod-bipolar cells, photoreceptors, retinal structure and apoptotic and synaptic alterations were analyzed by immunohistochemistry, Hematoxylin and Eosin staining, Western blot, and quantitative real time PCR. We found increased Tnc protein levels 3 days after ischemia, while Tnc immunoreactivity decreased after 7 days. Tnc mRNA expression was comparable in the ischemic retina. ERG measurements after 7 days showed lower a-/b-wave amplitudes in both ischemic groups. Nevertheless, the amplitudes in the KO I/R group were higher than in the WT I/R group. We observed retinal thinning in WT I/R mice after 3 and 7 days. Although compared to the KO CO group, retinal thinning was not observed in the KO I/R group until 7 days. The number of PKCα+ rod-bipolar cells, recoverin+ photoreceptor staining and Prkca and Rcvrn expression were comparable in all groups. However, reduced rhodopsin protein as well as Rho and Gnat1 mRNA expression levels of rod-photoreceptors were found in the WT I/R, but not in the KO I/R retina. Additionally, a lower number of activated caspase 3+ cells was observed in the KO I/R group. Finally, both ischemic groups displayed enhanced vesicular glutamate transporter 1 (vGlut1) levels. Collectively, KO mice showed diminished rod-photoreceptor degeneration and retinal dysfunction after I/R. Elevated vGlut1 levels after ischemia could be related to an impaired glutamatergic photoreceptor-bipolar cell signaling and excitotoxicity. Our study provides novel evidence that Tnc reinforces ischemic retinal degeneration, possibly by synaptic remodeling.

Keywords: electroretinography, extracellular matrix, ischemia/reperfusion, retina, rod-bipolar cells, rod-photoreceptor cells, synapses, tenascin-C


INTRODUCTION

Retinal ischemia contributes to the pathophysiology of numerous eye disorders, such as vascular occlusions (e.g., central retinal vein/artery occlusion), acute glaucoma, and diabetic retinopathy (Osborne et al., 2004; Hayreh, 2005; Campochiaro, 2015). In the retina, ischemia develops as a result of capillary blockage and results in non-perfusion of this region. Just a few hours after ischemia, both inflammation and apoptosis occur. The mentioned diseases result in visual disturbances and possible blindness for these patients. A better understanding of the underlying pathomechanisms involved in retinal ischemia is therefore crucial for the development of novel diagnostic and therapy strategies to prevent vision loss.

Rodents represent useful in vivo systems to study the molecular mechanisms of ischemic neurodegeneration. Here, the ischemia/reperfusion (I/R) model represents a suitable experimental approach (Hartsock et al., 2016; Schultz et al., 2016; Joachim et al., 2017; Reinhard et al., 2017a; Renner et al., 2017; Palmhof et al., 2019). In the I/R model, retinal ischemia is induced by intraocular pressure (IOP) elevation for a definite period of time. Due to the induced high IOP, retinal blood vessels are compressed, which in turn leads to a loss or restriction of blood supply. The ischemic phase is followed by a natural reperfusion phase in which blood circulation is restored. This leads to further progressive damage of the retina through oxidative stress. Several studies indicate that ischemic neurodegeneration in the retina of different animal models is characterized by a loss of functional activity and loss of various neuronal subtypes (Kaur et al., 2008; Belforte et al., 2011; Joachim et al., 2012; Minhas et al., 2012; Schmid et al., 2014). I/R injury leads to the death of various retinal neurons, since they are sensitive to hypoxic stress (Kaur et al., 2008; Xu et al., 2015; Hu et al., 2016; Schultz et al., 2016; Palmhof et al., 2019).

There is increasing evidence that neurodegenerative processes are accompanied by an extensive remodeling of extracellular matrix (ECM) components (Roll et al., 2012; Roll and Faissner, 2014, 2019). The ECM forms a dynamic meshwork of macromolecules, termed matrisome, which is synthesized and secreted by the tissue-embedded cells themselves. Beside structural importance, the ECM regulates fundamental cellular processes such as adhesion, differentiation, migration, proliferation and survival. ECM components include fibrillary proteins, proteoglycans and glycoproteins. Especially, glycoproteins represent important receptor-, adhesion-, and adapter-molecules, which influence extra- as well as intracellular signaling pathways. Particularly, ECM molecules in the retina create a cellular environment that inhibits neuronal regeneration (Silver, 1994; Reinhard et al., 2015; Pearson et al., 2020). Nevertheless, the functional role of the ECM during ischemic processes and their impact on retinal neurodegeneration is not well known yet.

In the present study, we specifically focused on the functional importance of the ECM glycoprotein tenascin-C (Tnc) in retinal ischemia. During early retinogenesis, Tnc is first detectable at embryonic day 13 in post-mitotic cells of the inner neuroblastic layer (Klausmeyer et al., 2007). At this early stage, the knockout (KO) of Tnc led to a transient increase of post-mitotic neurons as well as an altered de-differentiation behavior of Müller glia in vitro (Besser et al., 2012). In the chicken retina, Tnc was reported to be expressed by horizontal, amacrine and displaced amacrine cells and in close association with the outer plexiform layer (OPL) and inner plexiform layer (IPL) (Bartsch et al., 1995; D’Alessandri et al., 1995). In the mouse retina, Tnc was also observed in colocalization with synaptophysin-immunoreactive synaptic sites of the plexiform layers (Reinhard et al., 2015). Additionally, optic nerve astrocytes can be a source of Tnc (Bartsch et al., 1992; Reinhard et al., 2015).

In the central nervous system (CNS), Tnc is a major functional constituent of the glial scar and has a harmful influence on neuronal cells after injury (Brodkey et al., 1995; Steindler et al., 1995; Kwok et al., 2011; Roll and Faissner, 2019). Interestingly, Tnc exhibits a low, if any expression in healthy tissue, while it is prominently upregulated following injury or in tumors (Faissner et al., 2017). Previously, evidence accumulated suggesting that Tnc is a key player in ischemic degeneration. In this regard, Tnc was previously described as crucial player in cerebral, hepatic as well as myocardial ischemia (Lu et al., 2003; Taki et al., 2010, 2015; Kuriyama et al., 2011).

Recently, we observed that Tnc and several interacting ECM molecules are dysregulated in a rat I/R model (Reinhard et al., 2017a, b). Tnc levels were reported to be increased in the optic nerve head of an ocular hypertension model (Johnson E. C. et al., 2007). Elevated Tnc expression could also be observed in the optic nerve head of patients with primary open-angle glaucoma (Pena et al., 1999). In a previous study, we also verified an upregulation of Tnc, and its interaction partner the chondroitin sulfate proteoglycan phosphacan in an experimental autoimmune and an IOP-dependent glaucoma mouse model (Reinehr et al., 2016; Reinhard et al., 2021). Immunized Tnc KO mice exhibit a reduced retinal ganglion cell loss and an enhanced anti-inflammatory cytokine expression (Wiemann et al., 2020), suggesting that Tnc deficiency provides various neuroprotective effects. However, the functional relevance of Tnc in retinal ischemia is poorly understood.

The goal of the present study was to comparatively explore retinal function, rod-bipolar/photoreceptor cell degeneration and synaptic alterations in WT and Tnc KO mice after I/R injury. Interestingly, we observed a diminished rod-photoreceptor degeneration and an improved retinal function in Tnc KO mice after ischemia. Additionally, we found increased vesicular glutamate transporter 1 (vGlut1) protein levels in both ischemic groups, which could be related to an impaired glutamatergic photoreceptor-bipolar cell signaling and excitotoxicity. Thus, the present study provides first evidence that Tnc accelerates ischemic rod-photoreceptor damage, maybe by modulating synaptic sites.



MATERIALS AND METHODS


Mice

For all experiments, 6-week-old 129/Sv (129S2/SvPasCrl; background mouse strain) wild type (WT) and Tnc KO mice (Forsberg et al., 1996) of both genders were used. WT and Tnc KO mice were generated by the breeding of homozygous Tnc KO and WT mice, respectively. WT and Tnc KO breedings were derived from heterozygous breedings. Mouse colonies were maintained at the animal facility of the Faculty of Biology and Biotechnology, Ruhr-University Bochum (Bochum, Germany). Mice were housed under equal environmentally controlled lighting conditions (12 h light-dark cycle) with free access to chow and water.



Genotyping

Genomic DNA was isolated from tail biopsies using the DirectPCR® Lysis Reagent (Viagen Biotech Inc., Los Angeles, CA, United States). For genotyping, PCR analyses were performed using Taq DNA polymerase (Sigma-Aldrich St. Louis, MO, United States). The following primer pairs were used to amplify Tnc+/+ (WT) and Tnc–/– (KO) alleles: Forward 5′-CTGCCAGGCATCTTTCTAGC-3′, reverse 5′-TTCTGCAGGTTGGAGGCAAC-3′ and neo forward 5′-CTGCTCTTTACTGAAGGCTC-3′ as described by Talts et al. (1999).



Retinal Ischemia/Reperfusion

Before inducing retinal I/R, mice were anesthetized with a mixture of Medetomidine (500 μg/kg; Dorbene vet® 1 mg/ml, Zoetis Deutschland GmbH, Berlin, Germany), Midazolam (5 mg/kg; Midazolam-hameln® 1 mg/ml, hameln pharma plus GmbH, Hameln, Germany), and Fentanyl (50 μg/kg; Fentadon® 50 μg/ml, Albrecht GmbH/Dechra Veterinary Products Deutschland GmbH, Aulendorf, Germany) by intraperitoneal injection. The cornea of the right eye of each animal was topically anesthetized with Oxybuprocaine hydrochloride (Novesine Stulln® 4 mg/ml, Stulln pharma, Stulln, Germany) and the pupil was dilated with Tropicamide (Mydriaticum Stulln® 5 mg/ml, Pharma Stulln, Stulln, Germany). A 27-gauge needle (Terumo Europe, Leuven, Belgium), which was connected by a flexible tube (B. Braun Intrafix SafeSet, Wolfram Droh GmbH, Mainz, Germany) to an NaCl reservoir (Isotonic saline solution 0.9% Ecoflac Plus, B. Braun Melsungen AG, Melsungen, Germany) was carefully inserted into the anterior chamber of the eye. By raising the saline reservoir, IOP was increased above a systolic blood pressure of 90 mmHg for 45 min. Ischemia was confirmed by blanching of the retina detected via an ophthalmoscope (Mini 3000, Heine Optotechnik, Herrsching, Germany). After removing of the needle, reperfusion of the retinal vasculature was observed by examining the fundus and the returning blood flow using an ophthalmoscope. Then, anesthesia was stopped by the subcutaneous application of Atipamezole (2.5 mg/kg; Alzane® 5 mg/ml, Zoetis Deutschland GmbH, Berlin, Germany), Flumazenil (0.5 mg/kg; FLUMAzenil® 0.1 mg/ml, B. Braun, Melsungen AG, Melsungen, Germany) and Naloxone (1200 μg/kg; Naloxon-hameln® 0.4 mg/ml, hameln pharma plus GmbH, Hameln, Germany) cocktail. Non-ischemic left eyes served as controls. To avoid drying, control eyes were treated with a Dexpanthenol solution (Bepanthen® Augen- und Nasensalbe 5 mg/g, Bayer Vital GmbH, Leverkusen, Germany). Ischemic eyes were treated with an Ofloxacin solution (Floxal® 3 mg/ml, Bausch & Lomb GmbH, Heidelberg, Germany) and Corneregel® (50 mg/g, Bausch & Lomb GmbH, Heidelberg, Germany). For pain therapy, metamizole (200 mg/kg) was administrated orally to drinking water for 4 days after ischemia. Eyes were inspected daily. Animals with signs of inflammation or cataract were excluded from the study. Animals were sacrificed by cervical dislocation at 3 and 7 days after I/R and retinae were explanted for immunohistochemistry, Western blot analyses and quantitative real time PCR (RT-qPCR).



Electroretinogram Recordings

Scotopic full-field flash electroretinogram (ERG) recordings (HMsERG system, OcuScience, Henderson, NV, United States) were performed 7 days after I/R (n = 5/group) as described previously (Schmid et al., 2014; Reinhard et al., 2019). In brief, mice were dark-adapted overnight before performing ERG recordings under dim red light. Mice were anesthetized by an intraperitoneal injection of a ketamine/xylazine mixture (120/16 mg/kg). Eyes were treated with Oxybuprocaine hydrochloride eye drops (Novesine Stulln® 4 mg/ml, Stulln pharma, Stulln, Germany) and the pupil was dilated with Tropicamide (Mydriaticum Stulln® 5 mg/ml, Pharma Stulln, Stulln, Germany). Two reference electrodes were inserted subcutaneously behind the right and left ear and the ground electrode was placed in the base of the tail. Methocel (Omni Vision, Puchheim, Germany) was applied to the cornea and a contact lens with a silver-tread recording electrode (OcuScience, Henderson, NV, United States) was placed on the center of the cornea. Scotopic flash ERGs were recorded in non-ischemic control WT (WT CO) and KO (KO CO) as well as in ischemic WT (WT I/R) and KO (KO I/R) mice at 1.0, 3.0, 10.0, and 25.0 cd∗s/m2. From 1.0 to 3.0 cd∗s/m2, 4 flashes were averaged with an interstimulus interval of 10 s, while at 10.0 and 25.0 cd∗s/m2 1 flash was measured. ERG responses were amplified, digitized, and analyzed using the ERGView 4.380R software (OcuScience) (Liu Y. et al., 2014). Before evaluating the a- and b-waves amplitudes, a 150 Hz low-pass filter was applied. In brief, a-waves were measured from the pre-stimulus baseline up to the a-wave, whereas b-waves were measured from the a-wave to the b-wave peak.



Hematoxylin and Eosin Staining

At 3 and 7 days post-I/R, eyes were enucleated, fixed in 4% paraformaldehyde (PFA), dehydrated in 30% sucrose, and embedded in Tissue Freezing Medium® (Leica, Buffalo Grove, IL, United States) for cross-sectioning (16 μm) with a cryostat (CM3050 S, Leica Mikrosysteme, Wetzlar, Germany). Hematoxylin and Eosin (H&E) staining of retinal sections was performed in accordance with the manufacturer’s protocol (Rapid Chrome H&E Frozen Section Staining Kit, Thermo Scientific). For thickness measurements, 2 central retinal sections per animal (n = 5/group) were analyzed. Brightfield images were captured with the Axio Zoom V16 (Carl Zeiss Microscopy, Jena, Germany) in central and mid-peripheral areas of each retinal section at a 200× magnification. Per image, measurements at 2 positions were performed using the Zeiss ZEN software (Carl Zeiss Microscopy). For total retinal thickness measurements, the distance from the basal ganglion cell layer (GCL) to the apical part of the outer nuclear layer (ONL) was measured. Additionally, we measured the thickness of the ONL and OPL alone and together (ONL + OPL). For layer measurements, the thickness of the WT CO group was set to 100%.



Immunohistochemistry and Microscopy

For the preparation of retinal cross-sections, eyes were enucleated after 3 and 7 days and fixed in 4% PFA for 1 day (n = 5/group). After dehydration in sucrose (30%), eyes were embedded in Tissue Freezing Medium® (Leica, Buffalo Grove, IL, United States). Retinal cross-sections (16 μm) were cut using a cryostat (CM3050 S, Leica Mikrosysteme, Wetzlar, Germany) and transferred onto Superfrost plus object slides (Menzel-Gläser, Braunschweig, Germany). Next, cross-sections were incubated in blocking solution [1% bovine serum albumin (BSA); Sigma-Aldrich; 3% goat serum, Dianova, Hamburg, Germany; 0.5% TritonTM-X-100, Sigma-Aldrich in 1 × phosphate-buffered saline (1 × PBS)] for 1 h at room temperature (RT). Then, the primary antibodies were diluted in blocking solution and incubated on sections overnight at RT (Table 1). Afterward, retinal cross-sections were washed in 1 × PBS and incubated for 2 h with species-specific secondary antibodies (Jackson Immuno Research Labs, Germany; Table 1) in blocking solution without TritonTM-X-100. Cell nuclei were counterstained using TO-PRO-3 (1:400; Thermo Fisher Scientific), which was diluted in secondary antibody solution.


TABLE 1. Primary and secondary antibodies used for immunohistochemistry.
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Sections treated with secondary antibody only served as negative controls. Finally, sections were covered in Immu-Mount (Thermo Fisher Scientific) and stored at 4°C.

Immunostained retinal cross-sections were analyzed by confocal laser-scanning microscopy (LSM 510 META; Zeiss, Göttingen, Germany). For staining analyses, 2 central retinal sections per animal and 4 images per retina (2 mid-peripheral and two central) at a 400× magnification were captured. Laser lines and emission filters were adjusted using the Zeiss ZEN black software. Individual images were cropped with Coral Paint Shop Pro X8 (Coral Corporation, Gardena, CA, United States) and ImageJ software (ImageJ 1.51w, National Institutes of Health; Bethesda, MD, United States) was used to perform masked evaluation of the staining signal area (Supplementary Figure 1). Hence, images were converted into 32-bit gray scale. The background was subtracted, and lower and upper threshold values were determined for each image (Supplementary Table 1). Afterward, the percentage of the area fraction was measured by an ImageJ macro using antibodies directed against recoverin, rhodopsin and Tnc (Reinehr et al., 2018; Wiemann et al., 2020). Protein kinase alpha C (PKCα) cells were counted manually in a defined area of 225 × 225 μm using the cell counter tool of ImageJ. For these analyses, the staining area and the number of immunoreactive cells of the WT CO group was set to 100%. Activated caspase 3 immunoreactive cells were counted in the ONL of whole retinal sections.



Western Blot

Western blot analyses were performed according to a previously described protocol (Reinhard et al., 2017a). Ischemic and control retinae of both genotypes (n = 4/group) were homogenized in 80 μl lysis buffer containing 60 mM n-octyl-β-D-glucopyranoside, 50 mM sodium acetate, 50 mM Tris chloride, pH 8.0 and a protease inhibitor cocktail (Sigma-Aldrich) for 1 h on ice. After centrifugation at 14.000 × g at 4°C for 30 min, protein concentration in the supernatant was determined with the bicinchoninic acid assay (BCA) Protein Assay Kit (Pierce, Thermo Fisher Scientific) according to manufacturer’s instructions. 4 × SDS buffer was added to each protein sample (15–20 μg) and denaturized for 5 min at 94°C. Following separation by SDS-PAGE using 4–12% polyacrylamide gels, proteins were transferred to a polyvinylidene difluoride (PVDF) membrane (Roth, Karlsruhe, Germany) via Western blotting. Next, membranes were blocked in TBST (5% w/v milk powder in Tris-buffered saline (TBS) and 0.05% Tween 20) at RT for 1 h. Primary antibodies (Table 2) were diluted in blocking solution and membranes were incubated in the solution at 4°C overnight. Membranes were washed in TBST and incubated with horseradish peroxidase (HRP) conjugated secondary antibodies (Table 2) in blocking solution at RT for 2 h. Non-bound antibody was washed off with TBST and finally in TBS. ECL substrate solutions were mixed 1:1 (Bio-Rad Laboratories GmbH, München, Germany) and applied to the membranes for 5 min. Immunoreactivity of proteins was recorded with a MicroChemi Chemiluminescence Reader (Biostep, Burkhardtsdorf, Germany). Protein band intensity was measured using ImageJ software and normalized to the internal reference proteins actin and α-tubulin (Table 2). The normalized values of the Western blot results were presented in arbitrary units (a.u.). Tnc protein was immunoaffinity-purified from postnatal mouse brains using the monoclonal Tnc antibodies J1/tn1 (clone number 576, rat, IgG), J1/tn2 (clone number 578, rat, IgG2a), and J1/tn4 (clone number 633, rat, IgG2a) as previously described (Faissner and Kruse, 1990; Husmann et al., 1992) (Supplementary Figure 2).


TABLE 2. Primary and secondary antibodies used for Western blot analyses.
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RNA Isolation, cDNA Synthesis and RT-qPCR Analysis

Retinae were explanted at 3 and 7 days after I/R and stored at −80°C (n = 4–5/group). RNA was extracted according to the manufacturer’s instructions using the Gene Elute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich, St. Louise, MO, United States). RNA quality and quantity were analyzed using a BioSpectrometer® (Eppendorf, Hamburg, Germany). Via reverse transcription with random hexamer primers, 1 μg RNA was used for cDNA synthesis (Thermo Fisher Scientific). Forward and reverse primer was designed using the Universal ProbeLibrary Assay Design Center software (Roche Molecular Systems; Table 3). For each primer set efficiencies were determined by a dilution series of 5, 25, and 125 ng cDNA. RT-qPCR analyses were performed with SYBR Green I in a Light Cycler 96® (Roche Applied Science, Mannheim, Germany) as described previously (Reinhard et al., 2019). Expression was normalized against the constantly expressed housekeeping gene hypoxanthine guanine phosphoribosyl transferase (Hprt).


TABLE 3. List of primer pairs used for RT-qPCR analyses.
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Statistical Analysis

Pairwise analyses of Tnc protein levels in two groups (WT CO vs. WT I/R) were carried out with the Student t-test (Statistica software, V13.3; StatSoft Europe, Hamburg, Germany).

For a multiple comparison of all four groups (WT CO, WT I/R, KO CO, and KO I/R), ERG data, histological stainings and Western blots were analyzed using a two-way ANOVA followed by Tukey’s post hoc test.

A pairwise fixed reallocation and randomization test (REST software, Relative expression software tool 2009; QIAGEN GmbH, Hilden, Germany) was used to analyze RT-qPCR data.




RESULTS


Early Induction of Tnc Following Retinal Ischemia

It is not known whether Tnc is dysregulated in the retina of our I/R mouse model. Therefore, we analyzed the Tnc expression pattern in non-ischemic and ischemic WT retinae after 3 and 7 days (Figure 1). Immunohistochemistry of retinal cross-sections revealed an obvious Tnc immunoreactivity in the OPL and IPL as well as in close association with cells of the inner nuclear layer (INL) and nerve fiber layer (NFL) (Figures 1A–D). At 3 days after ischemia, we found a significant increase of the Tnc+ staining area (p < 0.01; Figure 1E). Conversely, a decreased Tnc+ staining area was noted in ischemic WT retinae at 7 days (p = 0.02; Figure 1E).
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FIGURE 1. Early induction of Tnc in the ischemic WT retina. (A–D) Images of Tnc stained retinal cross-sections from control and ischemic WT groups at 3 and 7 days. Immunohistochemistry revealed a Tnc signal in the IPL and OPL as well as in the NFL (red). Cell nuclei were counterstained with TO-PRO-3 (blue). (E) Tnc+ staining area was significantly increased at 3 days, indicating an early induction of Tnc after ischemic injury. However, a significantly reduced Tnc staining could be demonstrated at 7 days. The WT CO group was set to 100%. (F–I) Consistently, relative protein quantification showed a significant upregulation of larger Tnc isoforms at 3 days after I/R. (J–M) Comparable Tnc protein levels were observed after 7 days. (N) No differences of the Tnc mRNA expression were noted at both points in time after ischemia. Data were analyzed via Student t-test and presented as mean ± standard error mean (SEM) in panels (E,G–I,K–M). For RT-qPCR, groups were compared using the pairwise fixed reallocation and randomization test in panel (N). These data are shown as median ± quartile ± minimum/maximum. *p < 0.05; **p < 0.01. n = 4–5/group. Scale bar = 20 μm. ONL: outer nuclear layer, OPL: outer plexiform layer, INL: inner nuclear layer, IPL: inner plexiform layer, GCL: ganglion cell layer, NFL: nerve fiber layer.


In order to analyze the expression pattern of Tnc after ischemia, we performed coimmunostaining (Supplementary Figure 3). Here, anti-calbindin was used as a specific marker for horizontal and amacrine cells, while anti-glial fibrillary acidic protein (GFAP) was used to label astrocytes. Calbindin- and Tnc-double-positive horizontal cells were observed in the most apical part of the INL. Tnc immunoreactivity in the basal part of the INL was also found in close association with calbindin+ amacrine cells. In addition, we revealed a colocalization of GFAP+ astrocytes and Tnc in the NFL, indicating that the mentioned cells are a source of Tnc expression in the retina.

To consolidate the dysregulation of Tnc after ischemia, we verified Tnc protein levels by Western blot analyses. For Tnc, two distinct bands were observed at ∼250 and >250 kDa (Figures 1F,J and Supplementary Figure 2). At 3 days, densiometric measurements of the total Tnc protein showed comparable levels in WT CO and WT I/R retinae (p = 0.13; Figure 1G). Interestingly, a significant upregulation of the larger Tnc isoforms was found in the WT I/R compared to the WT CO group (p = 0.03; Figure 1H). Unaltered protein levels were observed for shorter Tnc isoforms in both groups (p = 0.15; Figure 1I). At 7 days, total Tnc protein levels were unaltered (p = 0.36; Figure 1K). Also, protein levels of larger Tnc isoforms were comparable in control and ischemic WT retinae (p = 0.63; Figure 1L). Relative quantification showed a slight, but not statistically significant, decrease of shorter Tnc isoforms after I/R compared to the control condition (p = 0.09; Figure 1M).

Finally, we examined Tnc mRNA levels using RT-qPCR at both points in time. However, compared to the non-ischemic condition, Tnc mRNA expression was similar at 3 (p = 0.78) and 7 days (p = 0.58) after ischemia (Figure 1N and Supplementary Table 2).

Collectively, our temporal analyses of Tnc induction revealed a very early raise followed by a decrease of the Tnc protein level after ischemic damage, while Tnc mRNA expression was unaltered. Accordingly, our results indicate that the upregulation of Tnc is a very early event during retinal ischemic damage.



Improvement of Retinal Functionality in Tnc KO Mice After I/R

To examine possible functional deficits in control and ischemic WT and Tnc KO retinae, scotopic ERG-recordings were conducted at 7 days post-I/R (Figures 2A–C and Supplementary Table 3). In all experimental groups, increased a- and b-wave amplitudes were observed with rising light flash stimuli. Rod-photoreceptor cell and rod-bipolar cell responses were evaluated by a- and b-wave amplitude measurements, respectively.
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FIGURE 2. Improvement of retinal function in ischemic Tnc KO mice. (A–C) Retinal function was analyzed in the control WT (WT CO) and Tnc KO (KO CO) groups as well as in the ischemic WT (WT I/R) and Tnc KO groups (KO I/R) at 7 days after I/R. (A) Exemplary ERG waveforms for all groups at the flash luminances of 1, 3, 10, and 25 cd*s/m2 are shown. (B,C) The flash luminance (cd*s/m2) and the a- or b-wave amplitude size (μV) are indicated in the graphs. Significant lower a- and b-wave amplitudes were found in both genotypes after I/R. However, the KO I/R group showed significantly reduced a-wave amplitudes only at lower flash luminances in comparison to the control KO group. Interestingly, in the KO I/R group, b-wave amplitudes from 3 to 25 cd*s/m2 were significantly higher in comparison to the WT I/R group. *p < 0.05, **p < 0.01, ***p < 0.001. n = 5/group. Groups were analyzed using two-way ANOVA followed by Tukey’s post hoc test. Data are shown as mean ± SEM. cd: candela; μV: micro volt; m: minutes; s: seconds.


Compared to the WT CO group, significantly reduced a-wave (p < 0.05) and b-wave (p < 0.01) amplitudes were recorded in the WT I/R condition. Also, the KO I/R group showed significantly reduced a-wave responses at lower light stimuli in comparison to the KO CO group (p < 0.05 from 1 to 3 cd∗s/m2). However, although the amplitudes of the a-wave were comparable in both ischemic groups (p > 0.05), higher amplitudes were observed in the KO I/R group.

The KO I/R and KO CO groups showed similar b-wave amplitudes (p ≥ 0.05). Compared to the KO I/R group, the WT I/R group exhibited significantly reduced b-wave responses (p < 0.05 from 3 to 25 cd∗s/m2).

In summary, although the KO I/R group was less affected, impaired a-wave responses were observed in both genotypes after ischemia. Even though, in relation to the WT group, the KO group showed an impaired, but much better b-wave functionality following ischemia. Collectively, our results suggest that the loss of Tnc acts neuroprotective after I/R on a functional level.



Early Preservation of Retinal Integrity in the KO I/R Retina

In a further step, the structural integrity of the retina should be analyzed in WT and KO mice after ischemia. Thus, retinal cross-sections of all groups were stained with H&E (Figures 3A–H). Then, the thickness of the total retina, the ONL and OPL together as well as the ONL and the OPL separately were measured. At 3 days, the non-ischemic control retinae were well defined and overall retinal thickness was comparable in both genotypes (WT CO vs. KO CO, p = 0.23; Figure 3I). Conversely, compared to the WT CO group, total retinal thickness, ONL + OPL thickness as well as OPL thickness were significantly reduced in the WT I/R group (WT CO vs. WT I/R, total: p = 0.02; ONL + OPL: p = 0.03; OPL: p = 0.01), while no differences were found in the ONL (p > 0.11). Interestingly, no significant reduction in the layer thickness was observed in the KO I/R group compared to the KO CO group (KO CO vs. KO I/R, p = 0.13). Although ONL + OPL (p = 0.03) as well as OPL thickness (p = 0.02) was reduced in the KO I/R compared to the WT CO state.
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FIGURE 3. Maintenance of early retinal integrity in Tnc KO mice. (A–H) Cross-sections of control and ischemic WT and KO retinae were stained with H&E at 3 and 7 days post-I/R. (I) At 3 days, a significant reduction of the total, ONL and OPL as well as OPL retinal thickness was noted in the WT I/R group compared to the WT CO group. However, overall outer retinal thickness was comparable in the KO I/R and KO CO group, suggesting an improved structural retinal integrity in the KO early after ischemia. (J) At 7 days, a comparable, progressive decline in the outer retinal thickness was observed in both ischemic groups. Groups were analyzed using two-way ANOVA followed by Tukey’s post hoc test. Data are displayed as mean ± SEM in panels (I,J). The WT CO group was set to 100%. *p < 0.05, **p < 0.01, ***p < 0.01. n = 5/group. Scale bar = 50 μm. ONL: outer nuclear layer, OPL: outer plexiform layer, INL: inner nuclear layer, IPL: inner plexiform layer, GCL: ganglion cell layer.


At 7 days, the thickness of retinae from WT CO and KO CO animals was quite similar (WT CO vs. KO CO, p > 0.05; Figure 3J). Overall, retinal thickness of both ischemic groups was reduced compared to the control groups (WT CO vs. WT I/R, total: p < 0.001; ONL + OPL: p = 0.008; ONL: p = 0.13; OPL: p = 0.006 and KO CO vs. KO I/R, total: p < 0.001; ONL + OPL: p = 0.004; ONL: p = 0.03; OPL: p = 0.03). In comparison to the WT CO group, the KO I/R group showed a significant total (p = 0.008), ONL and OPL (p = 0.005) and OPL (p < 0.001) layer reduction. Also, total (p < 0.001), ONL + OPL (p = 0.006) as well as the OPL (p = 0.02) was significantly thinner in the WT I/R compared to the KO CO condition. Similar retinal layer thicknesses were measured in both ischemic conditions (p = 0.14).

Collectively, we observed a reduced retinal thickness in the WT group at 3 and 7 days after ischemia. Strikingly, retinal thickness was not affected in the KO group at 3 days post-I/R. Tnc deficient mice showed a reduced retinal thickness only at 7 days after ischemia. These data point to a delayed retinal degeneration and early maintenance of retinal integrity in the Tnc KO. In addition, our data indicate that the structural integrity of the OPL is in particular severely impaired after retinal ischemia, while the integrity of the ONL is less affected at both examined time points.



Bipolar Cells Are Not Affected by Ischemia in WT and Tnc KO Mice

In order to analyze whether rod-bipolar cells are affected in both genotypes after ischemic injury, we performed PKCα immunostainings. However, the number of PKCα+ cells in control and ischemic retinae of both genotypes was similar at 3 days (WT CO vs. WT I/R, p = 0.99; KO CO vs. KO I/R, p = 0.79; Figures 4A–D,I) as well as at 7 days post-I/R (WT CO vs. WT I/R, p = 0.72; KO CO vs. KO I/R, p = 0.18; Figures 4E–H,J).
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FIGURE 4. Rod-bipolar cells are not affected early ischemia. (A–H) Anti-PKCα was used to label rod-bipolar cells (red) 3 and 7 days post-I/R. TO-PRO-3 (blue) was used as nuclear counterstain. (I,J) Countings of PKCα+ cells demonstrated no changes between control and ischemic WT and KO retinae 3 and 7 days post-I/R. The WT CO group was set to 100%. (K,L) In line with the immunohistochemical results, comparable protein levels of PKCα were detected via Western blot in all four groups 7 days post-I/R. (M–O) RT-qPCR analyses showed an unaltered Prkca mRNA expression level in all groups at both points in time after ischemia. Groups were evaluated using two-way ANOVA followed by Tukey’s post hoc test. Data are indicated as mean ± SEM in panels (I,J,L). For RT-qPCR results, groups were analyzed using the pairwise fixed reallocation and randomization test. Data are shown as median ± quartile ± minimum/maximum in panels (M–O). p > 0.05. n = 4–5/group. Scale bar = 20 μm. ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform layer, GCL: ganglion cell layer.


In line with these results, total PKCα protein levels, investigated by Western blotting at 7 days, were equivalent in all groups (WT CO vs. WT I/R, p = 0.99; KO CO vs. KO I/R, p = 0.90; Figures 4K,L).

RT-qPCR results showed no differences in the Prkca mRNA-expression between both control groups (WT CO vs. KO CO, p = 0.78; Figure 4M and Supplementary Table 2) at 3 days post-I/R. Prkca mRNA level in WT CO and KO CO animals resembled the expression level in the WT I/R (WT CO vs. WT I/R, p = 0.18) and the KO I/R group (KO CO vs. KO I/R, p = 0.20; Figure 4N). A similar Prkca expression was found in both ischemic groups (WT I/R vs. KO I/R, p = 0.91; Figure 4O). Also, at 7 days, RT-qPCR results verified no changes in the Prkca mRNA expression between the control and the ischemic groups (WT CO vs. KO CO, p = 0.32, Figure 4M; WT CO vs. WT I/R, p = 0.35, KO CO vs. KO I/R, p = 0.86; Figure 4N and WT I/R vs. KO I/R, p = 0.60; Figure 4O).

In conclusion, no differences regarding the rod-bipolar cell integrity were observed in WT and Tnc KO retinae after I/R. Therefore, we verified a preservation of the PKCα+ rod-bipolar cell population in both genotypes following ischemic injury.



Less Vulnerability of Rod-Photoreceptors in Ischemic KO Mice

Next, we analyzed photoreceptor cells by recoverin staining, which was localized in the ONL as well as in the inner and outer photoreceptor segments (Figures 5A–H). The recoverin+ staining area was comparable in both WT groups (WT CO vs. WT I/R, p = 0.99) as well as in the KO condition (KO CO vs. KO I/R, p = 0.94; Figure 5I) at 3 days after ischemia. An unaltered recoverin+ staining area was also found in non-ischemic and ischemic WT and KO retinae at 7 days (WT CO vs. WT I/R, p = 0.17 and KO CO vs. KO I/R, p = 0.99; Figure 5J).
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FIGURE 5. Unaltered recoverin levels in WT and KO mice after ischemia. (A–H) Photoreceptors cells were marked with an antibody against recoverin (red) and cell nuclei were labeled with TO-PRO-3 (blue) at 3 and 7 days post-I/R. (I,J) Recoverin+ staining area was similar in the control and ischemic WT and KO groups at both analyzed points in time. The WT CO group was set to 100%. (K) Exemplary Western blots of recoverin at 7 days post-I/R. (L) No changes in the recoverin band intensity were observed in both genotypes. (M) A comparable Rcvrn expression was seen in the non-ischemic WT and KO groups at 3 as well as 7 days post-I/R. (N) An equal mRNA level of Rcvrn was detected in the ischemic groups when compared to the corresponding control groups. (O) In comparison to the WT I/R group, we also observed an unaltered Rcvrn expression in the KO I/R group. Groups were analyzed using two-way ANOVA followed by Tukey’s post hoc test. Data are shown as mean ± SEM in panels (I,J,L). For RT-qPCR analyses, groups were compared using the pairwise fixed reallocation and randomization test. Data are shown as median ± quartile ± minimum/maximum in panels (M–O). p > 0.05. n = 4–5/group. Scale bar = 20 μm. OS: outer segments; IS: inner segments; ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer.


Furthermore, recoverin (23 kDa) was quantified via Western blot analyses (Figure 5K). The statistical evaluation revealed equal protein levels in WT as well as KO mice (WT CO vs. WT I/R, p = 0.99 and KO CO vs. KO I/R, p = 1.0; Figure 5L).

We also determined the expression levels of recoverin (Rcvrn) in control and ischemic WT and KO retinae at both points in time (Figures 5M–O and Supplementary Table 2). Non-ischemic eyes exhibited equal Rcvrn mRNA levels at both points in time (3 days: WT CO vs. KO CO, p = 0.64; 7 days: WT CO vs. KO CO, p = 0.67; Figure 5M). The RT-qPCR results also offered comparable expression levels between the non-ischemic control and ischemic WT groups (3 days: WT CO vs. WT I/R, p = 0.07; 7 days: WT CO vs. WT I/R, p = 0.52) as well as KO groups (3 days: KO CO vs. KO I/R, p = 0.62; 7 days: KO CO vs. KO I/R, p = 0.84; Figure 5N). Additionally, we observed a similar Rcvrn expression between the genotypes 3 days (WT I/R vs. KO I/R; p = 0.32) and at 7 days post-ischemia (WT I/R vs. KO I/R, p = 0.57; Figure 5O).

Our scotopic ERG recordings revealed significantly reduced a-wave amplitudes after ischemia. Since these reduced responses derived from the rod-photoreceptors, this cell type should be investigated more closely. Hence, rhodopsin+ stained area was measured in control and ischemic WT and KO retinae at 3 (Figures 6A–D,I) and 7 days after I/R (Figures 6E–H,J). Our results indicated a comparable rhodopsin+ staining area at 3 days after ischemia in both genotypes compared to the corresponding control groups (WT CO vs. WT I/R, p = 0.49 and KO CO vs. KO I/R, p = 0.95; Figure 6I). Remarkably, the statistical evaluation of both ischemic groups verified a significantly diminished rhodopsin+ staining area in the WT I/R compared to the KO I/R group (p = 0.048). Also, an equal rhodopsin staining was found in both control groups at 7 days after I/R (p = 0.72; Figure 6J). However, the statistical analyses verified a significant lower rhodopsin immunoreactivity in ischemic WT retinae (WT CO vs. WT I/R, p = 0.04). In the KO condition no alterations were detectable at this point in time (KO CO vs. KO I/R, p = 0.98).
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FIGURE 6. Preservation of rod-photoreceptor cells in the ischemic Tnc KO retina. (A–H) Rod-photoreceptors were labeled with rhodopsin (green) in control and ischemic WT and KO retinae 3 and 7 days after I/R. TO-PRO-3 (blue) was used as nuclear counterstain. (I) At 3 days, a significantly decreased rhodopsin staining area was only noted in the ischemic WT group, but not in the ischemic KO group. Moreover, the rhodopsin staining was significantly increased in the KO I/R group when compared to the WT I/R group. (J) At 7 days post-I/R, we detected a significant reduction of the rhodopsin-stained area in the WT I/R compared to the WT CO group. However, the KO I/R group showed a comparable rhodopsin staining as the KO CO group. (K) Analyses of rhodopsin via Western blot. (L) Quantification of band intensity revealed reduced protein levels in the WT I/R group when compared to the other groups at 7 days post-I/R. (M) No difference in the Rho expression was noted in the KO CO group compared to the WT CO group at both points in time. (N) A significant downregulation of the Rho mRNA level was seen in the WT I/R group in comparison to the WT CO group at 3 and 7 days post-I/R. (O) Interestingly, an upregulation of Rho was observed in the KO group compared to the WT group at 7 days post-I/R. Statistics were done with a two-way ANOVA followed by Tukey’s post hoc test. Data were presented as mean ± SEM in panels (I,J,L). For RT-qPCR results, groups were compared using the pairwise fixed reallocation and randomization test. Data are shown as median ± quartile ± minimum/maximum in panels (M–O). *p < 0.05, **p < 0.01; ***p < 0.001. n = 4–5/group. (I,J) The WT CO group was set to 100%. Scale bar = 20 μm. OS: outer segments; IS: inner segments; ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer.


In addition, rhodopsin protein levels were determined via Western blot analyses at 7 days after ischemia. Therefore, we measured the band intensity of rhodopsin at ∼40 kDa (Figure 6K). We observed significantly reduced rhodopsin protein levels in WT I/R compared to both non-ischemic genotypes (WT I/R vs. WT CO, p = 0.012 and vs. KO CO, p = 0.008; Figure 6L). In a direct comparison of both ischemic groups, we noted a significant decrease of rhodopsin in the WT condition (p < 0.001). No differences were observed between the KO CO and the KO I/R groups (p = 0.32) as well as between the WT CO and KO CO groups (p = 0.94).

Finally, we analyzed the rhodopsin (Rho) expression via RT-qPCR at 3 and 7 days post-ischemia (Figures 6M–O). No changes in the Rho expression were found between non-ischemic WT and KO retinae at either point in time (3 days: WT CO vs. KO CO, p = 0.58; 7 days: WT CO vs. KO CO, p = 0.54; Figure 6M and Supplementary Table 2). A significant decrease of Rho mRNA levels was determined in WT I/R compared to WT CO at 3 days (WT CO vs. WT I/R, p = 0.04) as well as at 7 days after ischemia (WT CO vs. WT I/R, p = 0.01; Figure 6N). No significant alterations were seen between control and ischemic KO retinae (3 days: KO CO vs. KO I/R, p = 0.15; 7 days: KO CO vs. KO I/R, p = 0.14; Figure 6N). In a direct comparison of the two ischemic groups, a slightly enhanced Rho expression was found in the Tnc KO group at day 3 after ischemia (WT I/R vs. KO I/R, p = 0.33; Figure 5O). Interestingly, at 7 days, the Rho level was significantly enhanced in the ischemic KO condition (WT I/R vs. KO I/R, p = 0.049).

In order to further validate rod-photoreceptor degeneration, we analyzed the mRNA expression of another rod-photoreceptor marker, namely rod transducin [guanine nucleotide binding protein, alpha transducing 1 (Gnat1), Supplementary Table 2 and Supplementary Figures 4A–C]. Our analyses showed significantly reduced Gnat1 expression levels in the WT I/R compared to the WT CO group at 7 days post-I/R (WT CO vs. WT I/R, p = 0.03; Supplementary Figure 4B). However, in line with the previous findings, no significant changes were observed in the KO CO compared to the KO I/R group or in the other groups (p = 0.66; Supplementary Figures 4A–C).

To follow the degeneration of photoreceptors more closely, apoptotic cells were labeled with an antibody directed against activated caspase 3 (Supplementary Figures 5A–E). In comparison to the CO groups, we found a significantly higher number of activated caspase 3+ cells in the ONL of both ischemic groups (WT CO vs. WT I/R, p < 0.001; KO CO vs. KO I/R, p < 0.001). However, a reduced number of apoptotic cells was noted in the ischemic KO compared to the ischemic WT group (WT I/R vs. KO I/R, p = 0.006).

In sum, our analyses revealed rod-photoreceptors damage after retinal ischemia. However, compared to the KO retina, a more pronounced damage was observed in the WT retina, indicating a better rod-photoreceptor outcome in the ischemic Tnc KO retina. These results suggest that the loss of Tnc not only partially preserves the function of rod-photoreceptors, but also improves their survival.



Retinal Ischemia Impacts Glutamatergic Signaling

Due to our findings of the impaired structural integrity of the OPL after ischemia and the OPL-associated expression of Tnc, we next focused on possible synaptic changes in the WT and KO retina. Previously, it was described that L-type voltage-gated calcium channels (LTCCs)-dependent synaptic plasticity is impaired in the hippocampus of Tnc deficient mice (Evers et al., 2002). Cav1.4 is a major LTCC at the pre-synaptic terminals of photoreceptors. It is crucial for the release of neurotransmitters (Strom et al., 1998) as well as for the formation of ribbon synapses, which constitute important contact points between rod-photoreceptors and bipolar cells (Liu X. et al., 2013). Additionally, Laird et al. (2019) noted that Cav1.4 expression is necessary for synaptic terminal development of rod-photoreceptors. Based on these reports and the initial results of our study, we hypothesized that ischemia and Tnc loss affect photoreceptor ribbon synapses. Therefore, we examined the mRNA expression of the Cacna1f gene, encoding the α1F calcium channel subunit of Cav1.4 (Morgans et al., 2005), in control and ischemic WT and KO retinae by RT-qPCR analyses (Figures 7A–C and Supplementary Table 2). Our investigations revealed no notable change in the Cacna1f expression level between both control groups (WT CO vs. KO CO, p = 0.84; Figure 7A). No alterations were observed between the ischemic and control groups (WT CO vs. WT I/R, p = 0.72; KO CO vs. KO I/R, p = 0.84; Figure 7B). Also, a comparable mRNA level of Cacna1f was found in both ischemic groups (WT I/R vs. KO I/R, p = 0.99). Additionally, we analyzed protein levels of the synaptic ribbon component ribeye [C-terminal binding protein 2 (CtBP2)] (Schmitz et al., 2000) by Western blot analyses (Figures 7D,E). CtBP2 levels were equivalent in both control groups (WT CO vs. KO CO, p = 0.99) as well as in both ischemic groups (WT I/R vs. KO I/R, p = 0.99; Figure 7E). Also, the comparison of the control and ischemic groups (WT CO vs. WT I/R, p = 0.86; KO CO vs. KO I/R, p = 0.60; Figure 7E) revealed very similar CtBP2 protein levels.
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FIGURE 7. Enhanced protein levels of the pre-synaptic marker vGlut1 after retinal ischemia. (A–C) RT-qPCR analyses of the synaptic marker Cacna1f at 7 days after ischemia. (A) Equivalent mRNA expression levels were observed for Cacnaf1 in the KO CO compared to the WT CO group. (B) Similar levels of Cacnaf1 were measured in the WT I/R compared to the WT CO group as well as in the KO I/R compared to the KO CO group. (C) Cacnaf1 mRNA expression levels were also found to be comparable in both ischemic groups. (D) Representative Western blots of CtBP2/ribeye at 7 days post-I/R. (E) Quantification of the band intensity revealed similar CtBP2 protein levels in the retina of all groups. (F) Exemplary Western blots of vGlut1 at 7 days post-I/R. (G) Quantification of the band intensity showed significantly elevated vGlut1 protein levels in the retina of both ischemic groups. For Western blot analyses, groups were analyzed using two-way ANOVA followed by Tukey’s post hoc test. These data are displayed as mean ± SEM in panels (E,G). For RT-qPCR analyses, groups were analyzed using the pairwise fixed reallocation and randomization test and data in panels (A–C) are shown as median ± quartile ± minimum/maximum. *p < 0.05; **p < 0.01. n = 3–4/group.


Photoreceptors and bipolar cells transfer visual information via the release of excitatory glutamate at ribbon synapses (Brandstatter and Hack, 2001; tom Dieck and Brandstatter, 2006). Previous studies could demonstrate that the vGlut1 is associated with pre-synaptic terminals of photoreceptor and bipolar cells and required for their signaling (Johnson et al., 2003; Sherry et al., 2003; Johnson J. et al., 2007). Interestingly, in comparison to the respected control groups, we noted significantly increased vGlut1 protein levels in both ischemic groups (WT CO vs. WT I/R, p = 0.01; KO CO vs. KO I/R, p = 0.001; Figures 7F,G). Although vGlut1 protein levels were comparable in the WT I/R and KO I/R group (WT I/R vs. KO I/R, p = 0.98).

In sum, these results suggest that glutamatergic signaling is impaired after retinal ischemia but not different in the retina of WT and KO mice.




DISCUSSION

In the present study, we used a KO mouse I/R model to analyze the functional importance of the ECM component Tnc in retinal neurodegeneration. Previously, Tnc dysregulation has been described not only after cerebral, but also hepatic and myocardial ischemic degeneration (Lu et al., 2003; Taki et al., 2010, 2015; Kuriyama et al., 2011). However, the role of Tnc in retinal ischemia is not yet understood.

Regarding the expression pattern, we found that extracellular Tnc associates with horizontal and amacrine cells and observed a synaptic layer-associated immunoreactivity in the OPL and IPL, even after ischemia. Additionally, we identified Tnc and GFAP co-expressing astrocytes in the ischemic retina, indicating that also reactive astrocytes are a cellular source of this ECM component. These observations are consistent with previous reports on the Tnc expression pattern in the healthy chick and mouse retina (Bartsch et al., 1995; D’Alessandri et al., 1995; Reinhard et al., 2015).

We noted an increased Tnc immunoreactivity 3 days after I/R, but interestingly there was a significant reduction after 7 days. Via Western blot analyses, we were able to determine a specific increase of larger Tnc isoforms (>250 kDa). However, we could not detect any significant differences regarding Tnc protein levels 7 days post-I/R, indicating that protein levels drop back to a baseline level shortly after injury. Enhanced Tnc levels were reported in subarachnoid hemorrhage (Shiba et al., 2014; Suzuki et al., 2020), ischemic brain injury (Manrique-Castano et al., 2020) and acute cortical laser lesion (Roll et al., 2012). In the lesioned brain, an increase of relative Tnc expression could only be detected for a short time, while enhanced protein levels were found 3 and 7 days post-lesion, suggesting that high Tnc protein levels exceeded the brief upregulation seen on mRNA level (Roll et al., 2020). Furthermore, a temporally Tnc regulation was observed under retinal degenerative conditions. A significant increase of Tnc immunoreactivity was found in an experimental autoimmune glaucoma model at 7 and 14 days, whereas no differences were observed at a later point in time (Reinehr et al., 2016). In an IOP-dependent glaucoma model, however, we recently observed increased Tnc levels a few weeks after IOP elevation (Reinhard et al., 2021), which suggests that Tnc expression depends not only on the time, but also on the type of retinal damage. In an I/R rat model, we detected diminished levels of Tnc at 21 days post-ischemia. In this model, the loss of Tnc expressing amacrine and horizontal cells as a result of progressive ischemic damage could explain the Tnc dysregulation (Reinhard et al., 2017a). This might also correspond to our findings of a decreased Tnc immunoreactivity at 7 days after ischemia.

Based on our findings regarding equal mRNA and time-dependent altered protein levels, we propose that Tnc dysregulation under ischemic conditions takes place on translational or post-translation level. Our Western blot analyses indicate increased levels of larger Tnc isoforms after ischemia. Vice versa shorter isoforms were found unaltered. So far, 28 Tnc isoforms have been identified in the CNS (Joester and Faissner, 1999; von Holst et al., 2007). Previous findings revealed that the shorter Tnc variants are preferentially expressed in the healthy CNS, while larger forms dominate after cortical lesion. Here, a strong upregulation of the alternative spliced fibronectin III domains B and D was described 2–4 days post-lesion (Dobbertin et al., 2010). In a future perspective, it would be therefore interesting to perform comprehensive mRNA as well as protein analyses on specific Tnc isoforms, in particular after ischemic damage.

The main focus of our study was to comparatively explore retinal function and rod-bipolar/photoreceptor cell degeneration in WT and Tnc KO mice after ischemic insult. Previous studies already described that the functional restriction increased over time in ischemia rat models with an ischemia duration between 30 and 90 min (Jehle et al., 2008; Schmid et al., 2014; Palmhof et al., 2019). However, Zhao et al. (2013) could show that a moderate ischemia of only 17 min does not affect photoreceptors. To investigate functional deficits in the retina of our model, we performed ERG recordings 7 days post-ischemia. Here, mice underwent 45 min of I/R. Under scotopic conditions, a-wave amplitudes were significantly reduced after ischemia, indicating a diminished rod-photoreceptor response in both genotypes. Although not statistically significant, we observed a trend toward increased a-wave amplitudes in the ischemic KO compared to the WT group. This protective effect was even more pronounced in regard to the b-wave amplitudes, which display the response of rod-bipolar cells. In accordance with our results, it is well documented that the b-wave in particular is very sensitive to ischemic retinal injury (Osborne et al., 2004). We observed a significant b-wave amplitude decrease for all light flash luminances in the ischemic WT group compared to both non-ischemic control groups. Remarkably, a better outcome of the b-wave responses was observed after I/R in KO mice compared to the control groups. The ischemia-induced decrease was statistically significant in the WT compared to the KO. Overall, our analyses revealed that retinal function was clearly more affected in the presence of Tnc. Therefore, we suggest that the absence of Tnc may have a protective effect on rod-photoreceptors and rod-bipolar cells after ischemic damage in the retina. Reduced a-wave amplitudes indicate an impairment of rod-mediated photoreceptor function post-I/R.

In our study, we found unaltered recoverin levels, but a time-dependent decrease of rhodopsin mRNA and protein levels in the WT I/R group. As previously described, KO of rhodopsin abolished rod-driven electrophysical activity (Xiao et al., 2019). Moreover, a connection between altered rhodopsin levels and neurodegenerative processes as well as the use of rhodopsin as a potential early biomarker have been reviewed previously by Lenahan et al. (2020). In contrast, although Rho mRNA levels were also observed significantly lower, an unaltered rhodopsin immunoreactivity was found in ischemic rat models (Zhao et al., 2013; Palmhof et al., 2019). This indicates that the degeneration of rod-photoreceptor cells severely depends on the experimental conditions. However, our results demonstrate that the loss of Tnc prevents rhodopsin/Rho as well as Gnat1 downregulation in rod-photoreceptor cells. This result is also reflected by the better a-wave amplitude outcome and a lower number of apoptotic cells in the ONL of ischemic Tnc KO mice. Our ERG recordings also revealed a significant reduction of b-wave amplitudes, indicating that rod-bipolar cells could also be affected after ischemia. However, we observed no change in the number of PKCα+ rod-bipolar cells. This is in line with results of a previous study, which revealed no rod-bipolar cell loss after retinal ischemia in rats (Palmhof et al., 2019). Based on these overall findings, we propose that rod-bipolar cells are more robust against retinal ischemia on a structural level than rod-photoreceptors, but not on a functional level.

We also investigated the retinal structure by measuring layer thickness. Here, we found that the OPL was particularly diminished even 3 days post-I/R. It is well known that ischemia-induced damage is associated with a disorganization as well as time-dependent thinning of retinal layers (Palmhof et al., 2019). We observed retinal thinning in WT I/R mice after 3 and 7 days. Although compared to the KO CO group, retinal thinning was not observed in the KO I/R group until 7 days. Therefore, our H&E stainings point to a time-delayed damage of the retinal layers in Tnc KO mice after I/R. Only a moderate thinning of the ONL was observed at 7 days after I/R. However, based on the increased number of apoptotic cells that we observed in the ONL, we expect a more progressive thinning at later points in time. As stated, we noted a thinning of the OPL. Thus, we speculate that this thinning could be caused by synaptic remodeling, which might precede the ONL thinning.

Tenascin-C has been reported to be implicated in synapse development and synaptic plasticity (Evers et al., 2002; Heikkinen et al., 2014; Gottschling et al., 2019). Based on these reports and due to our finding of reduced a- and b-wave amplitudes and severe reduction of the OPL after ischemia, we also examined the signal transfer from photoreceptors to bipolar cells by analyzing the expression of various synaptic proteins. Our analyses of Cacna1f and CtBP2 revealed comparable mRNA/protein levels in the WT and KO control and ischemic groups. Thus, these findings suggest that neither ischemia nor the loss of Tnc has a huge influence on photoreceptor/bipolar cell ribbon synapses. However, in this regard, immunohistochemical as well as ultrastructural analyses of ribbon synapses after ischemia and Tnc loss are necessary to explore a possible impact.

In our study, we observed a significant upregulation of vGlut1 protein levels in the ischemic WT and KO retinae. Since vGlut1 is predominantly expressed in the pre-synaptic terminals of photoreceptor and bipolar cells and important for signaling transmission (Johnson et al., 2003; Sherry et al., 2003; Johnson J. et al., 2007), elevated vGlut1 levels after ischemia strongly suggest an impaired glutamatergic photoreceptor-bipolar cell signaling. In retinal ischemia, abnormalities in the glutamate metabolism, including a dysregulation of various glutamate transporters, have been previously described (Bringmann et al., 2013; Ishikawa, 2013). However, vGlut1 expression level alterations were not reported in a mouse model of central retinal artery occlusion and retinal ischemia 1 day after damage induction (Michalski et al., 2013). This discrepancy could again probably be explained by the examined time points as well as experimental conditions of the ischemic insult. VGlut1 plays an important role in packaging excitatory glutamate for synaptic release. Therefore, elevated vGlut1 levels could also be associated with glutamate excitotoxicity and apoptosis, which we also observed in our I/R model. Increased vGlut1 protein levels may also play a neuroprotective role, as a controlled excitatory glutamate storage is crucial to avoid neurotoxicity and to provide a normal signaling transfer from e.g., photoreceptors to bipolar cells (Yang, 2004; Omote et al., 2011; Liu K. et al., 2013). Additionally, elevated vGlut1 levels may point to plasticity by means of neuronal circuits reconstruction after ischemic insult (Kim et al., 2005). Previously, analyses of vGlut1 KO mice could show that vGlut1 is required for synaptic signaling from photoreceptors to retinal output neurons but not for intrinsic visual functions (Johnson J. et al., 2007). ERG recordings in vGlut1 KO mice revealed that no photoreceptor-driven visual signals are transmitted to ON bipolar cells. Thus, an overall imbalance of vGlut1 levels could also explain the impaired a- and b-wave amplitudes that we observed after ischemia. Importantly, we did not find any significant differences between ischemic WT and KO mice, which might indicate that the increase of vGlut1 is rather related to the ischemic damage than the Tnc deficiency.



CONCLUSION

Our results revealed an early, but short-term, upregulation of Tnc in the ischemic retina. Most importantly, our data indicate that ischemic Tnc KO mice have a better outcome in regard to retinal functionality and integrity as well as survival of rod-photoreceptor cells. Furthermore, increased vGlut1 levels after ischemia could point to an impaired glutamatergic photoreceptor-bipolar cell signaling and excitotoxicity. In summary, our findings suggest that the induction of the ECM glycoprotein Tnc contributes to ischemia-induced degenerative processes in the retina, possibly also by remodeling of synaptic sites. A better understanding of ECM remodeling and synaptic changes associated with retinal ischemia could be useful for the development of novel neuroprotective strategies.
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BSA: bovine serum albumin; CNS: central nervous system; CtBP2: C-terminal binding protein 2; ECM: extracellular matrix; ERG: electroretinogram; GCL: ganglion cell layer; Gnat1: guanine nucleotide binding protein, alpha transducin 1; H&E: Hematoxylin and Eosin; Hprt: hypoxanthine guanine phosphoribosyl transferase; INL: inner nuclear layer; IOP: intraocular pressure; IPL: inner plexiform layer; IS: inner segment; KO: knock-out; KO CO: non-ischemic control Tnc knock-out group; KO I/R: ischemic Tnc knock-out group; LTCC: L-type voltage-gated calcium channel; NFL: nerve fiber layer; ONL: outer nuclear layer; OPL: outer plexiform layer; OS: outer segment; PBS: phosphate-buffered saline; PFA: paraformaldehyde; PKC α /Prkca: protein kinase alpha C; RT: room temperature; RT-qPCR: quantitative real time PCR; SEM: standard error mean; TBS: Tris-buffered saline; Tnc: tenascin-C; vGlut1: vesicular glutamate transporter 1; WT: wild type; WT CO: non-ischemic control wild type group; WT I/R: ischemic wild type group.
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Glaucoma is a heterogeneous eye disease causing atrophy of the optic nerve head (ONH). The optic nerve is formed by the axons of the retinal ganglion cells (RGCs) that transmit visual input to the brain. The progressive RGC loss during glaucoma leads to irreversible vision loss. An elevated intraocular pressure (IOP) is described as main risk factor in glaucoma. In this study, a multielectrode array (MEA)-based ex vivo glaucoma acute model was established and the effects of hydrostatic pressure (10, 30, 60, and 90 mmHg) on the functionality and survival of adult male and female wild-type mouse (C57BL/6) retinae were investigated. Spontaneous activity, response rate to electrical and light stimulation, and bursting behavior of RGCs was analyzed prior, during, and after pressure stress. No pressure related effects on spontaneous firing and on the response rate of the RGCs were observed. Even a high pressure level (90 mmHg for 2 h) did not disturb the RGC functionality. However, the cells’ bursting behavior significantly changed under 90 mmHg. The number of spikes in bursts doubled during pressure application and stayed on a high level after pressure stress. Addition of the amino sulfonic acid taurine (1 mM) showed a counteracting effect. OFF ganglion cells did not reveal an increase in bursts under pressure stress. Live/dead staining after pressure application showed no significant changes in RGC survival. The findings of our ex vivo model suggest that RGCs are tolerant toward high, short-time pressure stress.

Keywords: retina, RGC, pressure, glaucoma, MEA, taurine


INTRODUCTION

Glaucoma is the second leading cause of blindness worldwide (Quigley, 1996; Quigley and Broman, 2006; Tham et al., 2014). It describes a heterogeneous disorder. Excavation (cupping) of the optic nerve head (ONH) and progressive loss of retinal ganglion cell (RGC) axons are characteristic for glaucoma disease. RGC loss causes corresponding visual field defects (Leske et al., 2003; Inatani et al., 2008) which in most cases is a painless process starting in the peripheral vision of the patient’s eye. Therefore, glaucoma often remains unnoticed in early stages. The pathogenesis is divided into mechanical (pressure related) and vascular (perfusion related) damage of the optic nerve. However, the main risk factor in glaucoma is an increased intraocular pressure (IOP). IOP mainly depends on the production and outflow of aqueous humor. Aqueous humor is secreted by the epithelium of the ciliary body into the posterior chamber. It subsequently enters the anterior chamber via the pupil by moving down an osmotic gradient. The trabecular meshwork forms the main outflow pathway (90%), next to the uveoscleral outflow (10%). Blockage of the outflow by ongoing humor production results in an increased IOP. Lowering the IOP by medical treatment in the form of eye drops, laser treatment or surgical treatment is considered the standard therapy.

Intraocular pressure in healthy human eyes is very individual, but usually ranges between 10 and 21 mmHg (Leske et al., 1997). Glaucoma patients often suffer from chronically increased IOP > 21 mmHg. During a glaucomatous attack, the IOP can even raise to > 60 mmHg. A glaucomatous attack is one of the most severe emergencies in ophthalmology. Patients suffer from a strong headache, nausea, and reduced and blurred vision in combination with a red eye. Nevertheless, increased IOP is not an obligatory characteristic of glaucoma. Some patients with normal tension glaucoma suffer from ONH atrophy at normal eye pressure, whereas other patients show an increased IOP without morphological damage.

Next to its mechanical load on the tissue, elevated IOP especially disturbs the blood flow in the eye (Howard and Sawyer, 1975). Direct compression of retinal blood vessels due to high IOP causes reduced blood flow when the ocular perfusion pressure is beyond its autoregulation capacity. The vascular stress results in a lack of oxygen (hypoxia). Due to their high metabolic activity, RGCs react sensitively to hypoxic stress. Therefore, hypoxic conditions lead to RGC activity loss and cell death (Winkler, 1981; Osborne et al., 2004).

To differentiate between the effects the stressors hypoxia and pressure have on the retina in glaucomatic disease, analyses under defined hypoxic conditions and defined pressure conditions are necessary.

The effect of hypoxic stress on the functionality and survival of RGCs has been demonstrated in our previous work (Ingensiep et al., 2021) as well as in multiple other studies (Gross et al., 1999; Kergoat et al., 2006; Janaky et al., 2007; Tan et al., 2011). RGCs transit into a stress mode, even after short-time hypoxia, where no spontaneous electrical activity and no response to electrical or light stimuli can be recorded. This effect is conditionally reversible; however, the survival rate of RGCs under hypoxic stress is very low.

In this study, the effect of pressure stress on RGCs was analyzed. We established a multielectrode array (MEA)-based ex vivo pressure model to analyze the retinal electrical activity prior, during, and after hydrostatic pressure application.

We also analyzed the effect of 2-aminoethanesulfonic acid (taurine) on RGC functionality and the survival rate of retinal cells during pressure stress. Taurine is a free amino sulfonic acid which is very abundant in mammalian tissue and especially highly concentrated in the retina (Macaione et al., 1974). It is involved in multiple physiological processes and proven to have neuromodulating and neuroprotective effects (Froger et al., 2012). Taurine is structurally similar to γ-aminobutyric acid (GABA) and has the ability to inhibit the excitatory effect of glutamate by binding to GABA receptors and therefore prevents excitotoxicity (Louzada et al., 2004). It is highly antioxidant, regulates osmotic pressure in cells, and affects the homeostasis of intracellular ion concentrations (El-Sherbeny et al., 2004). Taurine plays a crucial regulatory role in intracellular (cytoplasmic and intra-mitochondrial) calcium (Ca2+) transport by stimulating ATP-dependent Ca2+ uptake at low Ca2+ concentration [Ca2+] and lowering the uptake at high [Ca2+] (Pasantes-Morales and Ordonez, 1982; El Idrissi, 2008). This mechanism also affects Ca2+-dependent mitochondrial pores (mPTPs). Apoptosis-induced factors, such as cytochrome c, use these pores to get into the cytosol. Therefore, mitochondria-mediated apoptosis can be prevented by taurine.



MATERIALS AND METHODS


Animals

Male and female C57BL/6J wild-type (wt) mice aged 12–20 weeks from Janvier (Le Genest-Saint-Isle, France) were kept under controlled light conditions (12:12 h light/dark cycle), at a room temperature of 21–23°C, and a humidity of 35–65% at the Institute of Laboratory Animal Science (Faculty of Medicine, RWTH Aachen University). Water and food were available ad libitum and cages were cleaned once a week. For sacrifice, mice were deeply anesthetized with isoflurane (AbbVie, Wiesbaden, Germany) and killed by decapitation. All experiments were performed after approval was obtained by the regulatory authorities and in accordance with the ARVO statement for the Use of Animals in Ophthalmic and Vision Research and the German Law for the Protection of Animals.



Medium

Ames’ medium (Sigma-Aldrich, St. Louis, MO, United States) (Ames and Nesbett, 1981) was dissolved in water, bubbled with 100% CO2 for 30 min at room temperature (RT), and supplemented with sodium bicarbonate. The medium was adjusted to a pH of 7.4–7.5 with sodium hydroxide and continuously bubbled with carbogen gas (95% O2, 5% CO2). Taurine was dissolved in Ames’ medium to a concentration of 1 mM (Chen et al., 2009; Froger et al., 2012). NMDA receptor antagonist DL-2-Amino-5-phosphonopentanoic acid (DL-AP5, 50 μM) and AMPA/kainate receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 20 μM) were freshly prepared and added to the Ames’ medium in order to block RGC glutamate receptor input (Biswas et al., 2014).



Retina Preparation

Retina preparation was performed as previously described (Ingensiep et al., 2021). Briefly, both eyes of an animal were enucleated directly after sacrifice and put into freshly carbogenated Ames’ medium. The left eye was pierced at the limbus with a 27 G cannula and cut radially half open. It was kept separately in freshly carbogenated Ames’ medium as backup for later use if the MEA experiment with the right eye failed. The right eye was opened at the limbus with an encircling cut. The anterior segment and lens were removed and the retina was carefully detached from the eye cup and separated by a cut through the optic nerve. The vitreous body was carefully removed completely using forceps. The retina was cut into a square shape and mounted on a nitrocellulose frame with RGCs facing up. The frame was placed onto the electrode field of the MEA with RGCs facing down.



Multielectrode Array Setup

The MEA2100 system from Multi Channel Systems (Reutlingen, Germany) was used to perform electrophysiological recordings (chapter Multielectrode Array Recordings) of murine retinae. It comprised a head stage with an integrated preamplifier, which was used for recording as well as for stimulation, and an interface board that served as digital/analog converter transmitting data in real time. A MEA was placed in the head stage that was connected to the interface board, which was connected to a personal computer (PC). The setup was placed on an air-suspended table (Ametek, Berwyn, PA, United States) in a faraday cage (Ametek) to minimize noise caused by vibrations and electronic devices.

60MEA200/30iR-Ti-pr-T type MEAs (Multi Channel Systems) were used. The MEAs possess 60 titanium nitride (TiN) electrodes arranged in a square field of 8 × 8 electrodes with the four electrodes at the corners being spared out and one electrode serving as reference, resulting in 59 electrodes for recording and stimulation. The electrodes were 30 μm in diameter and positioned with a distance of 200 μm to each other. All MEAs had a plastic ring around the electrode field with an inner diameter of 26 mm and a thread on the inside. Before every experiment, MEAs were hydrophilized with oxygen plasma for 2 min at 0.5 mbar in a plasma cleaner (Diener Electronic, Ebhausen, Germany).



Pressure Stress

Hydrostatic pressure was applied to the retina by adding a custom-made pressure lid to the MEA setup. The lid was designed and fabricated in the in-house scientific workshop (Wissenschaftliche Werkstatt, University Hospital RWTH Aachen). It was screwed onto the inner thread of the ring of the MEA, forming a leak-proof chamber. The lid was connected to a gravitation based VC3 perfusion system (ALA Scientific Instruments, Farmingdale, NY, United States) that provided the retina with freshly carbogenated medium during the experiments (inflow). The outflow was regulated by a flow control yielding a perfusion rate of 3 ml/min. The pressure inside the chamber was directly dependent on the height of the medium tube of the perfusion system. By raising the fluid column, the hydrostatic pressure inside the chamber increased. In order to keep the fluid column level during perfusion, an additional medium reservoir was installed on top of the medium tube, filling it with the same perfusion rate.

Access points in the lid for O2-, pH-, and pressure sensors enabled monitoring of the experimental conditions inside the chamber during MEA recordings. Oxygen concentration [O2] was measured by the OxyMicro sensor and recorded via OxyMicro software (World Precision Instruments, Sarasota, FL, United States). The pH was monitored by the pHOptica micro sensor and recorded via pHOptica software (World Precision Instruments). One measurement per minute was taken for [O2] and pH, respectively. Pressure was continuously measured by an Xtrans pressure transducer (Codan, Lensahn, Germany) and displayed by a connected IntelliVue MP30 Anesthesia patient monitor (Philips, Hamburg, Germany). The aim pressure ± 1 mmHg was tolerated.

Figures 1A,B show a schematic diagram of the experimental setup and a picture of the pressure lid. Representative examples for pressure, [O2], and pH over time are shown in Figure 1C. Examples of the RGC firing behavior under different pressure levels are shown in Figure 1D. The spontaneous electrical activity of RGCs as well as their responses to given stimuli (electrical and light) persisted under pressure and could be recorded throughout the experiment (pre, pressure, post). The control pressure was set to 10 mmHg according to the normal eye pressure of mice (Kim et al., 2007; Lei et al., 2011). Pressure levels of 30, 60, and 90 mmHg were tested to simulate an increased intraocular pressure. 30 mmHg (Choi et al., 2015) were chosen as moderate pressure increase since a commonly investigated mild pressure level of 20 mmHg (Aihara et al., 2014; Pang et al., 2015) did not reveal any effects on the RGC firing behavior. 60 mmHg (Bui et al., 2005; Osborne et al., 2015) were chosen as high pressure increase that can occur during glaucomatous attacks. 90 mmHg (Aihara et al., 2014; Osborne et al., 2015) were investigated to emphasize the slight effects that were measured under 60 mmHg. In order to rule out an effect of the pressure lid itself, two additional controls were performed: a control without any pressure application (0 mmHg) and a control using the conventional MEA setup without any lid (open MEA).
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FIGURE 1. Schematic diagram of the experimental setup of the pressure model and timeline with representative experimental conditions and RGC activity. (A) A simplified sketch of the experimental setup for the pressure model (not to scale). (B) The MEA lid on top of a MEA. The five integrated access points for in-, and outflow of the perfusion system, and for pressure, O2, and pH sensors are shown. (C) The experimental timeline including a lead time of 30 min at 10 mmHg, the pre-phase of 30 min at 10 mmHg, the pressure-phase of 2 h at either 10 (control), 30, 60 or 90 mmHg, and the post-phase/recovery time of 2 h at 10 mmHg. Below the timeline, representative examples of pressure level, oxygen concentration, and pH of an experiment with 90 mmHg are shown. Note that during changes in the pressure level, [O2] and pH remain stable. (D) Representative examples of the electrical spontaneous RGC activity of a wt mouse retina in the pre-, pressure-, and post-phase of an experiment with 90 mmHg.


Every experiment started with a lead time of 30 min under control conditions (10 mmHg) (Figure 1C) to allow the retina to recover from the preparation stress and let electrical activity reach a steady state. After the lead time, recordings were started. If spontaneous RGC firing was detected on less than ten of the overall 59 recording channels after lead time, the retina was rejected. After additional 30 min under control conditions (pre-phase), the test pressure was applied for 2 h (pressure-phase). A recovery time of 2 h at 10 mmHg completed the experimental timeline (post-phase).



Multielectrode Array Recordings

The electrical activity of the RGCs was displayed and recorded with Multi Channel Experimenter software (Multi Channel Systems) at a sample rate of 25,000 Hz. Raw data was filtered with a second order Butterworth high pass filter with a cutoff at 200 Hz (filter 1) and a second order Butterworth low pass filter with a cutoff at 2,000 Hz (filter 2). A spike detector used the band pass filtered data from filter 1 and 2 to identify action potentials at a threshold of −20 μV. If necessary, noise channels had to be excluded from spike detection. Measurements of 60 s each were performed, recording either the spontaneous firing of the cells or their response to stimulation.


Electrical Stimulation

For each experiment, two different stimulation electrodes were chosen and used in sequence. During a stimulation recording, only one electrode stimulated the retina. A biphasic current pulse (± 80 μA, 500 μs per phase) with the cathodic phase preceding the anodic phase was used. Five pulses with an interstimulus interval (ISI) of 10 s were given per recording. Electrical stimulation was used to roughly investigate the RGC functionality. For a more refined analysis, light as the physiological stimulus of the retina was used.



Light Stimulation

For experiments with light stimulation, mice were dark adapted for 1 h before sacrifice. Preparation and the experiment itself were performed in the dark under dim red light. The LED stimulator MEA2100-opto-stim and Stimulus generator STG4002-1.6A-opto (Multi Channel Systems) were added to the MEA setup. A neutral white 4100K LED (Quadica Developments Inc., AB, Canada) was positioned underneath the MEA, illuminating the retina from the ganglion cell layer (GCL). The LED was programmed with Multi Channel Stimulus ll software and stimulation time points were detected and recorded with Multi Channel Experimenter. Full-field light pulses (1 s, 10 s ISI) were generated five times per recording. The LED was run with 500 mA, resulting in a luminous flux of 160 lm.




Live/Dead Staining

To investigate the number of dead cells in different retinal layers after pressure stress, retinae were live/dead double stained with fluorescein diacetate (FDA) (Merck, Darmstadt, Germany) and propidium iodide (PI) (ICN Biomedicals, Costa Mesa, CA, United States). FDA enters the cellular membrane of living cells and is metabolized by esterases, resulting in green fluorescent somata. PI can only penetrate the disrupted membrane of dead cells and binds to DNA, resulting in red fluorescent nuclei. Three different groups, 10 mmHg (control), 90 mmHg, and 90 mmHg + taurine, were investigated. The pressure application was performed according to the setup and timeline of the MEA experiments excluding lead time and post pressure phase. However, some changes had to be done to ensure that the retinae could be removed from the pressure chamber after an experiment without causing any damage to the tissue. MEAs were not hydrophilized in advance and retinae were placed on the electrode field with the nitrocellulose frame facing down and RGCs facing up to prevent the tissue from sticking to the MEA. A metal ring with a nylon mesh was placed on top of the retinae, preventing the tissue from swimming freely inside the chamber. For staining experiments, both retinae of an animal were treated simultaneously. After pressure treatment, each retina was added to 600 μl of staining solution [20 μl FDA (5 mg/ml), 20 μl PI (1 mg/ml) in 1.2 ml Ames’ medium] in a 24-well plate (Eppendorf, Hamburg, Germany). The well plate was put into a metal box and placed onto an orbital shaker (Heidolph Instruments, Schwabach, Germany). The dyes were applied for 5 min at 60 rpm to ensure that the tissue was completely saturated by the solution. Subsequently, the tissue was washed three times for 5 min in freshly carbogenated Ames’ medium. To prevent bleaching and an increasing number of dead cells due to the acetone in the FDA solution, all steps were performed quickly, protected from light, and immediately before imaging. For positive PI controls, retinae suffered hypoxic stress for 4 h and were afterward stained using the same protocol.



Two-Photon Laser Scanning Microscopy

The live/dead double stained retinae were analyzed via two-photon laser scanning microscopy (TPLSM) as described earlier (Ingensiep et al., 2021). Imaging was done with a two-photon microscope (Olympus Fluoview FV1000 MPE, Olympus Corporation, Tokyo, Japan) attached to a pulsed Ti:Sapphire laser (MaiTai DeepSee, SpectraPhysics, Santa Clara, CA, United States). A 25x NA 1.05 water dipping objective was used. Representative regions in the superior, inferior, nasal or temporal retina beyond the ONH and in between the main blood vessel branches were chosen and laser intensity was adjusted. Two stacks of subsequent images (xy-frames, 1,024 pixel × 1024 pixel) over depth (z, ∼150 μm) with a z-step of 1 μm were recorded for each retina.



Data Analysis


Multielectrode Array Recordings

Since one MEA electrode could detect the electrical activity of not only one, but several cells, spike sorting was mandatory to investigate the firing behavior on single cell level. Offline Sorter software version 4 (Plexon Inc., Dallas, TX, United States) was used to perform spike sorting via a principal component analysis (PCA). Spikes were clustered according to their characteristic waveforms and marked as units with one unit representing one cell.

Data was further processed with NeuroExplorer software version 5 (Nex Technologies, Colorado Springs, CO, United States). Firing frequency, response rate, spike amplitude, and bursting behavior were analyzed and exported into Excel by operating NeuroExplorer with a custom-written Python script.

The response rate for electrical stimulation was analyzed for cells on the eight recording channels surrounding the stimulation electrode. It was defined as the coefficient of the number of spikes 3 s before the stimulus and 0.5 s after the stimulus. For full-field light stimulation, the response rate was calculated for cells on all recording channels. The spike rate around the start (onset) and stop (offset) of the light pulse was investigated. The number of spikes 1 s before and 0.5 s after stimulus onset and offset, respectively, were analyzed and the coefficient was calculated. According to their response rate, RGCs were roughly categorized into ON, ON-OFF, and OFF cells. If the response rate to the onset was ≥ 1.5 and the response rate to the offset < 1.5, the cell was categorized as ON. If the response rate to the onset as well as to the offset was ≥ 1.5, the cell was categorized as ON-OFF. If the response rate to the onset was < 1.5 and the response rate to the offset ≥ 1.5, the cell was categorized as OFF. If both response rates were < 1.5, the cell remained uncategorized.

A burst analysis identified spikes in bursts with interval algorithm parameters of a 0.01 s maximal interval to start a burst, a 0.03 s maximal interval to end a burst, a 0.02 s minimal interval between bursts, a 0.01 s minimal duration of a burst, and a minimal number of three spikes within a burst.



Live/Dead Staining

Image analysis was performed in Imaris software version 9 (Bitplane, Oxford Instruments plc., Abingdon, United Kingdom). The recorded image stacks were 3D rendered and divided into three regions of interest (ROIs): GCL, inner nuclear layer (INL), and outer nuclear layer (ONL). The number of dead cells (red channel) was automatically counted for every ROI using the Spot function of the software. Virtual sections of the image stacks in x, y, and z direction were made for each group (10 mmHg, 90 mmHg, 90 mmHg + taurine).




Experimental Design and Statistical Analyses

For MEA recordings, a number of five animals per group was chosen. MEA experiments with addition of glutamate receptor antagonists were performed with three animals. Each group contained both male and female mice. 14 retinae of seven animals had to be rejected for not meeting the experimental criteria, resulting in an overall number of 50 mice (21 male, 29 female) used for MEA recordings.

Twelve retinae of three male and three female mice were used for the staining experiments, resulting in eight image stacks per group.

Design of graphs and statistical analyses were performed using GraphPad Prism version 7 (GraphPad Software Inc., San Diego, CA, United States). A p-value < 0.05 was considered significant. In figures, different significance levels are represented by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Outliers were identified via robust regression and outlier removal (ROUT) with a ROUT coefficient (Q) of Q = 0.1%. Mean values presented in graphs with identified outliers refer to the mean of the cleaned data. Mean values presented in the text include all data and are presented as mean ± standard deviation (SD).




RESULTS


Multielectrode Array Recordings

The spontaneous RGC firing frequency on single cell level after spike sorting was analyzed and plotted for each of the experimental phases pre, pressure, and post (Figure 2). For control experiments, the same temporal phases were investigated; however, no pressure change was applied (Figure 2A). In the control group without pressure lid (open MEA), the mean firing frequency decreased by 23% from 11.36 ± 12.08 Hz (pre) to 8.76 ± 10.78 Hz (pressure) and increased by 23% to 10.80 ± 11.78 Hz during the post-phase. In the 0 mmHg control group, the mean firing frequency of the RGCs decreased by 27% from 8.00 ± 11.13 Hz (pre) to 5.81 ± 10.03 Hz (pressure) and by 43% to 3.32 ± 4.66 Hz (post). In the control group with a pressure level of 10 mmHg, the mean firing frequency decreased by 43% from 7.13 ± 9.71 Hz (pre) to 4.08 ± 3.97 Hz (pressure) and by 8% to 3.75 ± 4.25 Hz (post). With an increased pressure of 30 mmHg, the mean firing frequency decreased by 21% from 10.90 ± 12.61 Hz to 8.59 ± 10.84 Hz and further decreased by 21% to 6.79 ± 9.74 Hz during the post-phase (Figure 2B). Under a pressure of 60 mmHg, the mean firing frequency decreased by 40% from 11.66 ± 11.39 Hz to 7.02 ± 6.75 Hz and further decreased by 9% to 6.42 ± 8.22 Hz. Under an increased pressure of 90 mmHg, the mean RGC firing frequency was not significantly different between the pre- (6.86 ± 7.56 Hz) and pressure-phase (7.21 ± 10.26 Hz), but decreased during the post-phase by 26% to 5.30 ± 8.44 Hz.
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FIGURE 2. Spontaneous activity of RGCs under different pressure levels. The spontaneous firing frequency [Hz] of RGCs before (pre), during (pressure), and after (post) pressure stress is shown. (A) The results of the control experiments without pressure lid (open MEA), 0 mmHg, and 10 mmHg are presented. (B) The results of the test groups with 30, 60, 90 mmHg, and 90 mmHg + taurine (1 mM) are presented. (C) Summary of the normalized spontaneous RGC activity during pressure is shown. The activity before pressure (pre) was set to 1. Data are presented as box and whisker (min to max) plots. Outliers calculated by ROUT (Q = 0.1%) are shown as red circles. Mean values of the cleaned data are shown as + . Significant values are indicated by asterisks. Non-significant values are labeled with ns in panels (A,B) and not labeled in panel (C). One-way ANOVA with post hoc Tukey’s test was performed with GraphPad Prism Software version 7. (A) F(2, 1447) = 6.965, p = 0.0010; F(2, 847) = 18.03, p < 0.0001; F(2, 939) = 24.55, p < 0.0001; (B) F(2, 1370) = 14.95, p < 0.0001; F(2, 1495) = 42.19, p < 0.0001; F(2, 1432) = 6.752, p = 0.0012; F(2, 1550) = 18, p < 0.0001; (C) F(4, 2467) = 20.54, p < 0.0001. nretinae = 5/group, ncells = 152–430/group, nrecordings = 16/experiment.


Spontaneous firing frequency was not affected by taurine. As in the corresponding MEA experiments with 90 mmHg without taurine, the spontaneous firing frequency decreased over time by 34% (pre: 9.56 ± 13.78 Hz, pressure: 9.56 ± 11.42 Hz, post: 6.34 ± 7.47 Hz). Figure 2C sums up the spontaneous RGC activity during pressure stress and compares the different pressure levels. The normalized firing frequency is shown with the frequency during the respective pre-phase being set to 1. The mean RGC firing frequency under 10 mmHg was 57% of the initial frequency. Under 30 mmHg, the frequency was 79%, under 60 mmHg 60%, and under 90 mmHg 105%. However, no pressure dependent effect on the spontaneous activity of the RGCs was found. With the addition of taurine, the frequency was 100% under 90 mmHg.

The unsorted MEA data, representing RGC activity on recording channel/electrode level, showed an increase in spontaneous firing under 90 mmHg pressure. The spontaneous activity increased by 82% from 9.68 ± 15.10 Hz (pre) to 17.58 ± 23.60 Hz (pressure) and by 11% to 19.43 ± 31.18 Hz (post) (data not shown).

The RGC response to electrical stimulation (± 80 μA, 500 μs per phase) on single cell level after spike sorting was analyzed and plotted for each experimental phase (Figure 3). Figure 3A shows the response rates for the control experiments. The open MEA control revealed no significant changes in the RGC response rate (pre-phase: 19.00 ± 63.61, pressure-phase: 21.77 ± 80.06, post-phase: 20.79 ± 61.51). In the 0 mmHg control, the RGC response rate changed by 41% from 8.92 ± 19.04 to 12.59 ± 33.07 and by 26% to 9.26 ± 9.08. The 10 mmHg control revealed an increase by 56% from 8.44 ± 20.58 to 13.12 ± 24.00 and by 8% 12.10 ± 26.60. Figure 3B shows the results of the test groups. The mean RGC response rate in the 30 mmHg group increased by 228% from pre- (2.89 ± 4.53) to pressure- (9.49 ± 26.64) and by 2% to post-phase (9.71 ± 17.57). Under 60 mmHg, the response rate increased by 44% from 2.74 ± 3.08 to 3.94 ± 8.31 and further increased by 106% to 8.10 ± 17.30. Under 90 mmHg, the RGC response rate also increased by 50% from 3.47 ± 3.37 to 5.22 ± 8.01, and by 115% to 11.21 ± 19.03 after pressure stress. With addition of taurine, the response rate after electrical stimulation strongly increased by 237% during pressure and remained at a high level after pressure stress (pre: 12.77 ± 22.47, pressure: 43.12 ± 108.70, post: 42.43 ± 112.90).
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FIGURE 3. Response rate of RGCs after electrical stimulation under different pressure levels. The RGC response to electrical stimulation (± 80 μA, 500 μs per phase) before (pre), during (pressure), and after (post) pressure stress is shown. The response rate was defined by the coefficient of the number of spikes 0.5 s after stimulation and 3 s before stimulation. (A) The results of the control experiments without pressure lid (open MEA), 0 mmHg, and 10 mmHg are presented. (B) The results of the test groups with 30, 60, 90 mmHg, and 90 mmHg + taurine (1 mM) are presented. (C) Summary of the normalized RGC response rate during pressure is shown. The response rate before pressure (pre) was set to 1. Data are presented as box and whisker (min to max) plots. Outliers calculated by ROUT (Q = 0.1%) are shown as red circles. Mean values of the cleaned data are shown as + . Significant values are indicated by asterisks. Not significant values are labeled with ns in panels (A,B) and not labeled in panel (C). One-way ANOVA with post hoc Tukey’s test was performed with GraphPad Prism Software version 7. (A) F(2, 387) = 0.0403, p = 0.9605; F(2, 160) = 0.4285, p = 0.6522; F(2, 187) = 0.5299, p = 0.5896; (B) F(2, 224) = 2.654, p = 0.0726; F(2, 278) = 4.854, p = 0.0085; F(2, 240) = 2.257, p = 0.1069; F(2, 482) = 2.155, p = 0.1170; (C) F(4, 531) = 2.206, p = 0.0671. nretinae = 5/group, ncells = 47–118/group, nrecordings = 19/experiment.


Figure 3C shows a summary of the normalized response rate during pressure stress for each pressure level with the initial response rate before pressure stress being set to 1. The RGC response rate to electrical stimulation was 156% under 10 mmHg, 328% under 30 mmHg, 144% under 60 mmHg, 150% under 90 mmHg, and 337% under 90 mmHg with the addition of taurine. Overall, we observed big standard deviations throughout all groups and phases revealing a high variance of the RGC response to electrical stimulation in general. However, no significant pressure dependent effect on the RGC response was found.

During experiments with highly increased pressure of 60 and 90 mmHg, salves of spikes (bursts) fired by the RGCs were observed. A burst analysis was performed and the RGC bursting behavior on single cell level after spike sorting was analyzed and plotted for each experimental phase (Figure 4). The percentage of spikes in bursts in relation to all the spikes fired by an RGC are shown. The control without pressure lid (open MEA) showed a slight increase of spikes fired in bursts (pre: 17.38 ± 22.83%, pressure: 22.37 ± 22.53%, post: 21.14 ± 20.63). In the 0 mmHg control group, the incidence of bursts did not significantly change (pre: 15.91 ± 22.00%, pressure: 16.92 ± 20.49%, post: 16.88 ± 19.25%). In the 10 mmHg control group, the incidence of bursts slightly increased over time (pre: 12.11 ± 19.33%, pressure: 17.14 ± 20.57%, post: 17.77 ± 20.05%) (Figure 4A). Under a pressure level of 30 mmHg, the incidence of bursts increased by 55% from 12.46 ± 18.75% to 19.37 ± 18.52% (Figure 4B) and persisted after lowering the pressure (20.53 ± 19.59%). Under 60 mmHg, the incidence of bursts increased by 39% from 11.02 ± 16.19% to 15.35 ± 18.13%; after pressure, the mean incidence of bursts was 13.98 ± 16.53%. Under 90 mmHg, the incidence of bursts increased by 108% from 9.90 ± 15.58% to 20.60 ± 20.42% and remained at a high level during the post-phase (21.21 ± 20.18%). Bursting behavior of the RGCs under pressure in the presence of taurine were different to the results under 90 mmHg without taurine: instead of an increase under pressure stress, the incidence of bursts decreased by 16% during, and by 20% after application of 90 mmHg (pre: 17.81 ± 23.97%, pressure: 15.03 ± 21.90%, post: 12.09 ± 18.93%). The addition of taurine significantly counteracted the effect of high pressure on the RGC bursting behavior.
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FIGURE 4. Bursting behavior of RGCs under different pressure levels. The number of RGC spikes in bursts [%] before (pre), during (pressure), and after (post) pressure stress is shown. (A) The results of the control experiments without pressure lid (open MEA), 0 mmHg, and 10 mmHg, are presented. (B) The results of the test groups with 30, 60, 90 mmHg, and 90 mmHg + taurine (1 mM) are presented. (C) Summary of the normalized number of spikes in bursts during pressure is shown. The number of spikes in bursts before pressure (pre) was set to 1. Data are presented as box and whisker (min to max) plots. Outliers calculated by ROUT (Q = 0.1%) are shown as red circles. Mean values of the cleaned data are shown as + . Significant values are indicated by asterisks. Not significant values are labeled with ns in panels (A,B) and not labeled in panel (C). One-way ANOVA with post hoc Tukey’s test was performed with GraphPad Prism Software version 7. (A) F(2, 1946) = 7.173, p = 0.0008; F(2, 847) = 0.1714, p = 0.8425; F(2, 939) = 5.471, p = 0.0043; (B) F(2, 1370) = 18.86, p < 0.0001; F(2, 1495) = 6.209, p = 0.0021; F(2, 1432) = 34.8, p < 0.0001; F(2, 1551) = 8.43, p = 0.0002; (C) F(4, 2885) = 57.32, p < 0.0001. nretinae = 5/group, ncells = 152–430/group, nrecordings = 16/experiment.


Figure 4C shows a summary of the normalized spikes-in-bursts rate during pressure stress for each pressure level with the initial number before pressure stress being set to 1. The number of spikes in bursts was 140% under 10 mmHg, 155% under 30 mmHg, 139% under 60 mmHg, 208% under 90 mmHg, and 84% under 90 mmHg in addition of taurine (Figure 4C). Comparison of the number of spikes in bursts between the different pressure levels revealed a significantly higher incidence of bursts under 90 mmHg: more bursts occurred and the number of bursts stayed at a high level even after the pressure was reduced back to control conditions.

Multielectrode array experiments with dark adapted retinae were performed under dim red light and the effect of high pressure stress (90 mmHg) on RGC activity was analyzed. The spontaneous firing frequency did not change significantly from pre- (11.64 ± 12.77 Hz) to pressure-phase (11.10 ± 13.06 Hz), but decreased after pressure stress by 25% (8.38 ± 12.62 Hz) (Figure 5A). The incidence of bursts also increased under pressure by 37% and stayed at a high level throughout the post-phase (pre: 16.38 ± 19.22%, pressure: 22.38 ± 21.99%, post: 22.67 ± 21.26%) (Figure 5B).
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FIGURE 5. Spontaneous activity and bursting behavior of RGCs in dark adapted retinae under 90 mmHg. The spontaneous firing frequency [Hz] (A) and the number of RGC spikes in bursts [%] (B) before (pre), during (pressure), and after (post) pressure stress of 90 mmHg is shown. The MEA experiments were carried out with dark adapted retinae under dim red light. Data are presented as box and whisker (min to max) plots. Outliers calculated by ROUT (Q = 0.1%) are shown as red circles. Mean values of the cleaned data are shown as + . Significant values are indicated by asterisks. Not significant values are labeled with ns. One-way ANOVA with post hoc Tukey’s test was performed with GraphPad Prism Software version 7. (A) F(2, 1922) = 12.79, p < 0.0001; (B) F(2, 1922) = 14.5, p < 0.0001. nretinae = 5, ncells = 262, nrecordings = 90 (A), 70 (B).


According to their light response, the recorded RGCs were roughly sorted into three categories: ON, ON-OFF, and OFF. Characteristic examples of spike trains during light stimulation for the three categories are shown in Figure 6A. However, the different RGC types were not distributed equally. Excluding the uncategorized responses (18%), the vast majority of RGC light responses were categorized as ON with 80.25% (Figure 6B). ON-OFF and OFF responses were identified in equal parts (9.88% ON-OFF, 9.88% OFF). The ON cells revealed a significant increase in bursts of 47% during increased pressure and the incidence stayed at a high level after pressure stress (pre: 15.48 ± 15.04%, pressure: 22.78 ± 17.47%, post: 22.10 ± 16.60%) (Figure 6C). ON-OFF cells also showed an increase in bursts during and after pressure stress (pre: 4.53 ± 4.92%, pressure: 16.55 ± 20.18%, post: 16.08 ± 11.00%). Overall, the number of spikes in bursts increased by 265% under pressure. OFF cells, however, did not show an increase in bursts during and after pressure stress: under 90 mmHg, the number of spikes in bursts slightly decreased by 17% from 40.75 ± 20.58% (pre) to 33.96 ± 23.73% (pressure) and further to 29.66 ± 19.76% (post).
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FIGURE 6. Classification of RGCs into ON, ON-OFF, and OFF cells and their type specific bursting behavior under 90 mmHg. RGCs were categorized according to their response to light stimulation into the three categories ON, ON-OFF, and OFF. (A) Characteristic examples of ON-, ON-OFF-, and OFF responses of RGCs after light stimulation (full-field, 1 s, 160 lm) are shown. (B) The distribution of the three RGC categories ON (dark blue), ON-OFF (blue), and OFF (light blue) is presented. Uncategorized cells are not included. (C) The number of spikes in bursts [%] before (pre), during (pressure), and after (post) pressure stress of 90 mmHg for ON (dark blue), ON-OFF (blue), and OFF (light blue) RGCs is shown. Data are presented as box and whisker (min to max) plot. Mean values are shown as + . Significant values are indicated by asterisks. Two-way ANOVA with post hoc Tukey’s test was performed with GraphPad Prism Software version 7. (C) F(4, 156) = 2.12, p = 0.0809. nretinae = 5, ncells = 83.


To investigate the origin of bursts during increased pressure, MEA experiments with 90 mmHg in addition of the glutamate receptor blockers DL-AP5 and CNQX were performed. The blockage of the glutamatergic input resulted in lesser fluctuations in the local field potentials (LFPs) and lead to a flat baseline (data not shown). The incidence of bursts during pre-, pressure-, and post-phase is presented in Figure 7. Under 90 mmHg, the number of spikes in bursts significantly increased by 51% from 13.24 ± 21.59% (pre) to 19.94 ± 24.95% (pressure) and stayed at a high level after pressure (post: 18.43 ± 24.93%).
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FIGURE 7. Effect of glutamate receptor blockers on RGC bursting behavior under 90 mmHg. The number of spikes in bursts [%] before (pre), during (pressure), and after (post) pressure stress of 90 mmHg in addition of the glutamate receptor blockers DL-AP5 and CNQX is shown. Data are presented as box and whisker (min to max) plots. Outliers calculated by ROUT (Q = 0.1%) are shown as red circles. Mean values of the cleaned data are shown as + . Significant values are indicated by asterisks. Not significant values are labeled with ns. One-way ANOVA with post hoc Tukey’s test was performed with GraphPad Prism Software version 7. F(2, 1365) = 6.814, p = 0.0011. nretinae = 3, ncells = 229, nrecordings = 48.




Live/Dead Staining

Retinae were live/dead double stained to investigate the survival rate of the cells under pressure stress. The PI staining was successful throughout the tissue. FDA, however, mainly stained the blood vessels, nerve fiber layer (NFL), and only single cells (Figures 8A,B). Therefore, the number of dead cells could not be normalized to the number of living cells; instead, it was related to the mean number of dead cells of PI positive controls (Figure 8C). Here, a total number of 1,775.75 ± 180.00 cells for GCL, 4,925.00 ± 491.00 for INL, and 1,716.25 ± 1,003.00 for ONL was determined. Compared to literature values (Jeon et al., 1998), PI staining in the positive controls achieved an efficiency of 87%.
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FIGURE 8. Live/dead stained retinae after pressure stress analyzed via TPLSM. Retinae were live/dead double stained with FDA (green) and PI (red) and analyzed using a two photon microscope. Retinae that endured 10 mmHg (control), 90 mmHg, and 90 mmHg + taurine (1 mM) were analyzed. (A) Representative examples of sections through image stacks showing GCL, INL, and ONL are presented. (B) Representative examples of the top view of image stacks onto the GCL. (C) Representative section and top view of a retina after 4 h hypoxic stress (positive PI control). (D) Number of dead cells related to the number of dead cells in the positive PI control [%]. Data are presented as box and whisker (min to max) plots for GCL (dark gray), INL (gray), and ONL (light gray). Mean values are shown as + . No significant values were identified. One-way ANOVA with post hoc Tukey’s test was performed with GraphPad Prism Software version 7. (D) F(2, 17) = 1.863, p = 0.1855; F(2, 17) = 2.593, p = 0.1040; F(2, 17) = 0.6987, p = 0.5110. nretinae = 4/group, nstacks = 2/retina.


In the GCL, the number of dead cells changed from 1.23 ± 1.46% in the control group to 1.70 ± 1.52% under 90 mmHg and 3.24 ± 2.49% under 90 mmHg + taurine (Figure 8D). In the INL, the number of dead cells was 0.55 ± 0.81% under 10 mmHg (control), 0.36 ± 0.47% under 90 mmHg, and 1.61 ± 1.65% under 90 mmHg + taurine. In the ONL, the number of dead cells changed from 0.41 ± 0.17% to 0.71 ± 0.36% under 90 mmHg and 0.52 ± 0.59% under 90 mmHg + taurine.




DISCUSSION

The retinal ex vivo pressure model established here serves as a glaucoma acute model for short-time increased IOP. The electrical RGC activity could be continuously measured before, during, and after pressure stress. Furthermore, the effect of taurine (1 mM) on the firing behavior was investigated. The experimental setup enabled a variation of hydrostatic pressure inside the chamber without influencing oxygen concentration or pH of the medium.

In all three experimental phases (pre, pressure, and post) the spontaneous activity as well as the response to given stimuli persisted. There was no pressure dependent effect on the firing frequency, nor on the response rate. There were changes over time; however, these changes occurred in all groups, so that they were rather time dependent than pressure related. The retinal functionality remained even under a highly increased pressure of 90 mmHg applied for 2 h. The unsorted MEA data (channel level) revealed an increase in RGC activity under pressure stress, whereas the sorted data (cell level) showed no increase in the RGCs’ firing frequency. The increase in recorded activity at channel level was most likely a physical effect. Due to the increased hydrostatic pressure, the retina was pressed against the MEA electrodes so that the contact between tissue and electrodes improved and more cells could be recorded. This assumption was also supported by a slight increase in the spike amplitudes under pressure that subsided after lowering the pressure during the post-phase (data not shown). In general, RGC firing behavior was very diverse causing a high variability of the MEA recording results in all the groups including the controls. Therefore, many outliers have been identified and the gain of significant results was made more difficult. For example, spontaneous firing frequency decreased significantly in the 30 mmHg and the 60 mmHg group, but not significantly in the 90 mmHg group. However, the tendency was the same in all three groups.

Other studies presented impairment of retinal functionality in the form of changes in a- and b-waves in electroretinogram (ERG) recordings: pressure elevation was achieved by cannulation of rat eyes (Bui et al., 2005) or the microbead injection method in mouse eyes (Frankfort et al., 2013). The effect of increased pressure by microbead occlusion in mice was also analyzed using MEA recordings: after 3–7 weeks of mild increased IOP (15–24 mmHg), a slight light sensitivity loss was found (Pang et al., 2015) and after 2 weeks (+ 3 mmHg), decreased spontaneous RGC activity, altered interspike interval variance, and impaired contrast sensitivity were detected (Tao et al., 2019). Della Santina et al. (2013) showed that functional changes in RGCs preceded alterations in structure after IOP elevation (15 or 30 days) in microbead-injected mouse eyes. Ou et al. (2016) used MEA recordings to investigate αRGCs after transient laser-induced ocular hypertension (14 days) in CD-1 mice and found a decline in spontaneous activity in αOFF-transient RGCs. Although retinal ischemia is unlikely after photocoagulation, an effect on the ocular perfusion pressure cannot be ruled out completely. Furthermore, αRGCs only account for about four percent of murine RGCs (Sanes and Masland, 2015). These results do not contradict the findings of our study, but encourage further investigation of the susceptibility of different RGC types to pressure stress. Sabharwal et al. (2017) discovered a reduction of the receptive field after 6–7 weeks by whole-cell voltage clamp recordings. However, except for Bui et al. (2005) these studies investigated mild chronic IOP elevation rather than severe acute pressure increase. Furthermore, the in vivo pressure application made it difficult to differentiate between the effect of mechanical and hypoxic stress related to impaired blood flow. In our study, the investigation of RGC functionality included the analysis of responses to full-field light stimuli. In future studies, the external light source within the experimental setup can be adjusted or replaced and a multitude of different light stimuli can be tested in order to investigate, e.g., contrast sensitivity and receptive field properties that have been proven to be affected by pressure stress (Pang et al., 2015; Sabharwal et al., 2017; Tao et al., 2019).

Although the RGC functionality remained stable during pressure stress, the bursting behavior of the cells was strikingly different. The burst analysis revealed a significantly higher incidence of bursts under a highly increased pressure of 90 mmHg. Furthermore, the change in the RGCs’ bursting behavior was not reversible. The number of spikes in bursts remained high after pressure stress. However, increased pressure did not seem to affect all RGC types equally. The MEA experiments with light stimulation revealed that the increase in bursts under pressure stress is carried by ON-, and ON-OFF RGCs, but not by OFF RGCs, suggesting that OFF RGCs are more resistant to pressure stress. Also the application of glutamate receptor antagonists DL-AP5 and CNQX resulted in an increase of bursts under pressure suggesting that the bursts were generated in the RGCs themselves and were independent of the glutamatergic input via AMPA/kainate and NMDA receptors.

Altered bursting behavior can also be seen in animal models of retinal degeneration. In rd1 and rd10 mice, bursts occur alongside of oscillatory LFPs affecting the retinal response properties after electrical stimulation (Jensen and Rizzo, 2008; Park et al., 2015). In healthy retinae, RGCs fire bursts in response to changes in the internal circuit or external visual stimuli. Bursts can improve the transmission of visual signals to the lateral geniculate nucleus and induce its synapse plasticity (Moore et al., 2011; Alitto et al., 2019). However, it still needs to be examined how the altered bursting behavior during and after high pressure stress affects the retinal functionality in the long term.

There was no significant change in the survival rate under pressure stress in none of the three investigated retinal layers. Overall, the highly increased pressure of 90 mmHg did not affect the retinal cells’ survival, nor were any neuroprotective effects observed by the addition of 1 mM taurine, which was consistent with the outcome of the MEA recordings.

Other studies also proofed the resistance of retinal cells to sheer pressure stress. Osborne et al. (2015) showed that neither constant, nor fluctuating increased hydrostatic pressure (10–100 mmHg) caused significant changes in the survival rate of human RGCs in culture. The work of Aihara et al. (2014) showed that pressure increase (+ 15/30/90 mmHg) alone did not induce cell death in primary cultures of rat RGCs; however, the susceptibility to glutamate toxicity under pressure stress was increased. Consistent results were shown by histological examinations of rat retinae (Ishikawa et al., 2010): hydrostatic pressure of 50 mmHg and 75 mmHg induced axonal swelling in the NFL. The swelling was prevented by the addition of glutamate receptor antagonists. Therefore, the authors suggested that neural degeneration under pressure stress is caused by an impaired glial glutamate metabolism.

For there was no significant impairment of the RGC survival rate under pressure stress, the investigation of the neuromodulating effect of taurine, rather than the neuroprotective effect, was of interest. The addition of taurine had no effect on the spontaneous RGC firing frequency, nor on the RGC response rate. However, the incidence of bursts during and after pressure stress was significantly altered by taurine: it caused a decrease of spikes in bursts during and after high pressure stress and therefore counteracted the effect of high pressure on the RGC bursting behavior.

A neuroprotective effect of taurine on RGCs has been shown in two different glaucomatous animal models (Froger et al., 2012, 2013). The survival rate of RGCs in DBA/2J mice and Long-Evans rats with episcleral vein occlusion was significantly increased under taurine supplementation. For the primary cells in vitro, taurine was added to the cell culture medium, and for the in vivo experiments, taurine was provided via the drinking water. In addition to these neuroprotective effects, the neuromodulating effects on RGCs shown here make taurine an interesting candidate for glaucoma treatment in the future.

Since hydrostatic pressure had only mild effects on the electrical activity of the retina and no effect on its survival rate, mechanosensitive receptors within the retinal tissue do not seem to play a role in reactions to acute pressure stress. However, using an in vivo rodent hypertension model, the transient receptor potential vanilloid 1 (TRPV1) channel was proven to be involved in RGC apoptosis induced by long pressure stress (+70 mmHg for 48 h), likely through the inflow of extracellular Ca2+ (Sappington et al., 2009). Furthermore, the expression of five of the six transient receptor potential (TRP) channel subfamilies and two piezo channels (Piezo1, Piezo2) was detected in the ONH (Choi et al., 2015).

Other models to investigate the effect of pressure stress on the retina are diverse and range from in vitro cell culture models to in vivo animal models with naturally or induced glaucomatous pathomechanisms. The effect of increased ocular pressure on retinal cells and explants in culture has been simulated with pressure chambers (Aihara et al., 2014; Osborne et al., 2015; Ishikawa et al., 2016) or hydrostatic pressure of liquid columns (Ishikawa et al., 2010). Elevated IOP in vivo has been induced via cannulation (Bui et al., 2005; Wang et al., 2021), microbead injection into the anterior chamber occluding the outflow of aqueous humor (Sappington et al., 2010; Frankfort et al., 2013; Pang et al., 2015; Park et al., 2019), hyaluronic acid (Moreno et al., 2005) or hypertonic saline injection (Kipfer-Kauer et al., 2010), and vein cauterization/photocoagulation (Garcia-Valenzuela et al., 1995; Ji et al., 2005; Pang et al., 2015). The optic nerve crush is another common glaucoma model, but it leads to ONH atrophy independent of the IOP level (Levkovitch-Verbin et al., 2000; Choi et al., 2015; Cameron et al., 2020). Apart from the cannulation method, by which the IOP can be adjusted reliably by the height of the liquid column, all other in vivo models fail to induce defined pressure levels and cause high rejection rates of animals when target pressure levels are not met. Moreover, measured effects can never be definitely attributed to the pressure stress alone. Although the influence of elevated IOP on blood flow is often avoided by checking retinal blanching or measuring the blood pressure, an impairment cannot be ruled out completely. These problems are also present in the DBA/2J mouse model (Anderson et al., 2006; Inman et al., 2006; Williams et al., 2013). The limitations of the in vivo models seem to be overcome in the in vitro models mentioned above; however, most of the studies have focused on histological and molecular investigations of the retina after pressure application rather than on the functionality.

The MEA-based pressure model presented here enables the analysis of the retinal functionality not only after, but also before and during pressure application. Experimental conditions can be precisely adjusted and the functional electrical activity of the retina can be recorded in real time. Furthermore, the effect of neuroprotective agents can easily be examined. However, the artificial conditions during MEA recordings limit the duration of an experiment to several hours. Therefore, the setup serves more as an acute model imitating conditions of glaucomatous attack rather than chronical IOP elevation.

Although high IOP is considered the main risk factor in glaucoma, we showed that the sheer mechanical stress of pressure does not seem to affect the retinal functionality in the acute model. In contrast, we showed that hypoxic stress has a dramatic effect on the RGCs’ electrical activity and their survival rate (Ingensiep et al., 2021). Hypoxia can be induced in vivo by impaired blood flow under high IOP (Andreeva et al., 2014; Wiemann et al., 2021). The findings of our work help to better evaluate and understand the role of pressure stress in glaucoma next to other stressors, such as hypoxia.
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Primer

Cacnalf_forward
Cacnalf_reverse
Gnat1_forward
Gnat1_reverse
Hprt_forward
Hprt_reverse
Prkca_forward
Prkca_reverse
Revrn_forward
Revrn_reverse
Rho_forward
Rho_reverse
Tnc_forward
Tnc_reverse

Sequence

TGTGTGCAGATGGTCCTTATATCT
CTGGGCTCTGGGGTTGTAT
GAGGATGCTGAGAAGGATGC
CGTCCTGGTGGATAATCTTCA
TGATAGATCCATTCCTATGACTGTAGA
AAGACATTCTTTCCAGTTAAAGTTGAG
CAAGGGATGAAATGTGACACC
CCTCTTCTCTGTGTGATCCATTC
CAATGGGACCATCAGCAAA
CCTCAGGCTTGATCATTTTGA
ACCTGGATCATGGCGTTG
TGCCCTCAGGGATGTACC
CAGGGATAGACTGCTCTGAGG
CATTGTCCCATGCCAGATTT

Product size (base pairs)

78

106

126

96

71

70

90

Primer efficiency

0.685

0.806

0.931

0.980

0.836

0.934

1.0

GenBank accession number

NM_019582

NM_008140

NM_013556 XM_356404

NM_011101.3

NM_009038.2

NM_145383.1

NM_001369211-14
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Primary Dilution Source/reference RRID Molecular Secondary antibody Dilution Source RRID

antibody weight (kDa)

a-Tubulin 1:10.000 Sigma Aldrich AB_477593 ~50 Peroxidase-conjugated 1:10.000  Jackson Immuno AB_2338505
goat anti-mouse Research Labs

Actin 1:5.000 BD Biosciences AB_399901 42 Peroxidase-conjugated 1:10.000  Jackson Immuno AB_2338505
goat anti-mouse Research Labs

CtBP2 1:2.000 BD Biosciences AB_399431 48 Peroxidase-conjugated 1:10.000  Jackson Immuno AB_2338505
goat anti-mouse Research Labs

PKCa 1:500 Santa Cruz AB_628142 80 Peroxidase-conjugated 1:10.000  Jackson Immuno AB_2338505
goat anti-mouse Research Labs

Recoverin 1:1.000 Millipore AB_2253622 23 Peroxidase-conjugated 1:10.000  Jackson Immuno AB_2307391
goat anti-rabbit Research Labs

Rhodopsin 1:10.000 Abcam AB_304874 40 Peroxidase-conjugated 1:10.000  Jackson Immuno AB_2338505
goat anti-mouse Research Labs

Tnc 1:5.000-1:10.000  Wiemann et al., - ~250 and Peroxidase-conjugated 1:10.000  Jackson Immuno AB_2307391

(KAF12) 2020 >250 kDa goat anti-rabbit Research Labs

vGlutl 1:2000 Sigma Aldrich AB_261840 60 Peroxidase-conjugated 1:10.000  Jackson Immuno AB_2307391

goat anti-rabbit

Research Labs

kDa = kilo Dalton; RRID = Research Resource Identification number.
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Species Source Working dilution/
incubation time

Primary antibody

M/L Opsin Rabbit ~ Chemicon 1/2000 ON

Cdk4 Rabbit  Santa Cruz, SC-601 1/100 ON

H3K27me3 Rabbit ~ Merck Millipore #07-449  1/200 ON

Cleaved Caspase-3 Rabbit  Cell Signaling Technology 1/250 ON
#9661

AlF Rabbit ~ Abcam #ab32516 1/250 ON

BAX Rabbit Cell Signaling 1/200 ON

RIPK3 Mouse  Labforce 1/50 ON

Secondary antibody

Alexa Fluor 633 Goat  Goat Invitrogen A21072 1/2000, 1 h, RT

anti-Rabbit IgG Goat Vector BA1000 1/200

Biotinylated anti-rabbit

19G (H+L)

ON = overnight, RT = room temperature.
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Treatment 1 Div 3 Div 5 Div 7 Div

Averagen =4 P Averagen=4 P Averagen =4 P Averagen =4 P

PR rows —RPE 8.3 0.76 7.8 0.88 7.0 0.61 8.1 0.77
+RPE 7.5 7.2 6.4 7.7

CDK4 —RPE 1.95 0.02 3.70 0.03 3.36 0.1 4.70 0.014
+RPE 0.00 1.62 1.70 1.756

H3K27me3 —RPE 1.73 0.24 2.67 0.61 11.95 0.014 10.09 0.014
+RPE 1.63 272 2.92 3.93

TUNEL ONL —RPE 2.63 0.04 11.83 0.014 11.03 0.04 16.30 0.014
+RPE 1.16 1.36 4.36 7.98

TUNEL INL* —RPE 3.9 / 96 / 1.7 / 8.7 /
+RPE 4.1 6.5 4.3 33

AlF* —RPE 0.7 / 5.7 / 0.3 / 0 /
+RPE 0.2 0.6 0

*:n=2*n=1, PR =photoreceptors.
Note the transient expression of AlF as previously documented and the delayed appearance of the H3K27me3 mark. The peak of TUNEL-positive cells in the ONL rises
at 3 DIV and remains elevated until 7 DIV at least.
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B oear MFN1 MFN2 DNM1L ACTB

MFNT 0.33 - ns.
MFN2 0.85 - ns.

DNM1L 0.79 0.6 0.79 n.s.

ACTB —0.32 —0.14 —0.51 -037 [

Numbers below the purple diagonal represent Pearson’s 1, with significance values
above the orange diagonal with Bonferroni-Holm correction. (n = 16 samples,
macular and peripheral). **p < 0.01 and **p < 0.001.
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Primary antibody

Activated caspase 3

Calbindin D-28k

GFAP

PKCa

Recoverin

Rhodopsin

Tne (KAF12)

Dilution

1:200

1:500

1:300

1:500

1:600

1:600

1:250

Source/reference

Sigma Aldrich

Swant

Sigma Aldrich

Santa Cruz

Millipore

Abcam

Wiemann et al., 2020

RRID

AB476884

AB_10000347

AB_477010

AB_628142

AB_2253622

AB_304874

Secondary antibody

Alexa Fluor 488-conjugated
goat anti-rabbit

Alexa Fluor 488-conjugated
goat anti-mouse

Alexa Fluor 488-conjugated
goat anti-mouse

Alexa Fluor 488-conjugated
goat anti-mouse

Alexa Fluor 488-conjugated
goat anti-rabbit
Cy3-conjugated goat
anti-mouse
Cy3-conjugated goat
anti-rabbit

Cy2 = Cyanine; Cy3 = Indocarbocyanine; RRID = Research Resource Identification number.

Dilution

1:250

1:250

1:250

1:250

1:250

1:250

1:250

Source

Jackson Immuno
Research Labs
Jackson Immuno
Research Labs
Jackson Immuno
Research Labs
Jackson Immuno
Research Labs
Jackson Immuno
Research Labs
Jackson Immuno
Research Labs
Jackson Immuno
Research Labs

RRID

AB_2338049

AB_2338844

AB_2338844

AB_2338844

AB_2338049

AB_2338686

AB_2338003
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PCR Array

Reverse Phase Protein Array

Array Pathway* Symbol FC p-value Protein FR p-value Comment
Anti-apoptotic lgftr —1.036 0.618 IGF1R 0.872 0.281
Anti-apoptotic/Autophagy Akt1 —1.017 0.790 AKT1-3 protein 0.973 0.787
AKT_P Thr308 0.804 0.039
AKT_P 5473 0.561 0.042
Autophagy Pten 1.205 0.058 PTEN 0.909 0.247
Autophagy Mapk8/Jnk2 1.205 0.058 JNK2 0.875 0.210 At or below threshold
JNK1/INK2/JNK3 0.953 0.803 At or below threshold
Anti-apoptotic; Autophagy Bel2 —1.061 0.747 BCL-2 1.254 0.143 Below detection threshold
Anti-apoptotic Xiap 1.122 0.037 XIAP 0.910 0.538 Below detection threshold
Pro- and Anti-apoptotic, Autophagy Bel2i1/BceixL 1.425 0.127 BCL-XL 1.030 0.639
Anti-apoptotic Mcl1 1.445 0.013 MCLA 1.932 0.223 Below detection threshold
Autophagy Rps6kb1 1.291 0.321 RPS6KB1 1.375 0.134 Below detection threshold
Pro-apoptotic Bcl2i11/Bim —1.581 0.020 BIM 1.206 0.476 Below detection threshold
Pro-apoptotic Tp53 —1.363 0.053 TP53 1.080 0.294
TP53_P S15 3.170 0.061 Below detection threshold
Pro-apoptotic; Autophagy Bax —1.054 0.690 BAX 1.358 0.085
Pro-apoptotic; Autophagy Casp3 1.188 0.061 CASP3 0.898 0.270
CASP3_Cleaved Asp175 1.828 0.022 Below detection threshold
Pro-apoptotic Casp7 —1.079 0.881 CASP7_Cleaved Asp198 1.475 0.064 At or below threshold
Necrosis Parp1 —1.136 0.573 PARP 0.972 0.852

Significant p-values are highlighted in gray.Abbreviations: *, as supplied by Qiagen; FC, fold-change; FR, fold-regulation.
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Knock-in of human
P23H
Dp71=/= Knockout of the

Duchenne muscular
dystrophy small
protein Dp71

Large animal models

Canine e.g., Briard dog with
a naturally occurring
4bp deletion in
Rpe65

Non-human Marmoset, Macaque

primates

Structural changes
(P = postnatal day)

Normal.

Rod photoreceptor degeneration
begins at P8-P10 with complete loss
by P21. Cone degeneration begins
around P35 with continual loss up to
P50, at which point a single row
remains for up to 8 months of age.

Photoreceptors lack outer segments
at P7 and slow degeneration begins
at P14 with complete loss of
periphery at 9 months and central
retina at 12 months.

Subretinal deposits appear around
P50. Photoreceptor degeneration
occurs progressively with age with
significant thinning at 7 months of
age and complete loss at 24 months.

Rosette formation of the outer
nuclear layer begins by P13 but
these resolve over time and are not
present at 16 months of age. Outer
nuclear layer and outer segments
show reduced thickness compared
to controls.

Shortened inner and outer segments
by P14. Subretinal spots appear that
represent retinal disorganization and
dysplasia apparent at P35.

Normal structure up to 8 weeks of
age with detectable differences in
outer retinal thickness up to 12
months of age.

Rod photoreceptor degeneration
begins at P18 with complete loss by
P35 with subsequent cone loss. By
P45 only a single layer of cone cells
remain.

Normal appearance up to P40 with
outer nuclear layer structure
maintained to 3 months of age, at
which point clear loss of outer
segments occurs plus deposits in the
RPE.

Reduced outer nuclear layer
thickness at P19 with only a single
layer of cone cells by P45.

Model of congenital stationary night
blindness with a non-degenerate
retina.

Normal outer nuclear layer thickness
at 3 weeks with ONL degenerating to
one row of cell bodies by 10 to 12
weeks.
Normal retinal structure is maintained
but functional loss occurs.

Normal outer nuclear layer thickness
but an absence of outer segments at
P24. Thinning begins at P30 and by
P90 only a single row of cone cells
remain with no outer segments.
Absence of rods from birth with
abnormal outer nuclear layer structure
at P35. Surviving cones display
reduced outer segment thickness and
irregular outer nuclear layer stacking.
Reduced outer nuclear layer
thickness due to loss of rods at P63
with further loss to only 2-4 rows of
nuclei at P112. Cone nuclei counts
equivalent to age-matched control
mice.

Blood-retinal barrier permeability.

Progressive loss of photoreceptors
over many years.

Normal.

Human-based organoids and explants

Can be derived from
iPSCs of normal
controls or patients
with inherited retinal
disease.

Human-derived
organoids

Human retinal
explants

Absence of outer segments when
derived from normal controls.

May be damage or scarred
depending on the donor origin.

Functional changes

Normal.

Complete loss of scotopic ERG by
P21 with loss of photopic ERG by
P50.

ERG responses reduced but
detectable with continual age-related
decline and abolished by 12 months
of age.

Abnormal rod and cone ERG
responses are detected from P28
and show slow degeneration over
time with absence of responses by
P490.

Rod and cone responses are normal
at P30 and 5 months of age.
Responses reduce to ~50%
compared to controls at 16 months
of age.

ERG responses are attenuated
compared to controls but not
significantly so and are stable up to
12 months of age at which point
progressive loss in function occurs.

Normal rod and cone responses at 1
month of age with gradual
age-related decline, responses
detectable at 24 months of age.

Reduced but measurable scotopic
ERG and good photopic ERG at
P14-P28 with complete loss by P60.

Rod ERG response significantly
reduced by P21 and barely
detectable at 8 months of age whilst
cone responses are maintained.

Reduced rod and cone functions at
P18 with absent signals by P30.

Normal a-wave but absent b-wave.

Loss of scotopic and photopic
responses by week 12.

Response to flash ERG is achieved,
considered to be due to stimulated
rod opsin.

Reduced rod responses by P24.
Cone ERG maintained to P47 after
which degeneration occurs.

Absence of rod ERG function by P35.
Cone responses enhanced.

Scotopic ERG strongly reduced at
P41 and barely detectable by P170.
Photopic responses normal up to
P40, mildly reduced at P70 and
severely reduced by P170.

Slightly reduced ERG a-wave
compared to WTs.

Reduced ERG.

Normal.

Able to generate light-sensitive
responses.

Strengths/Limitations

Small ocular size with similar retinal structure and
function compared to the primate retina but
differing in size and inner limiting membrane
thickness.

Early onset, severe degeneration providing a
model of late stage human retinal degeneration.
Good for proof-of-principle assessments and for
strategies aimed at end-stage disease. Offers a
limited window of intervention for approaches that
might be applied at earlier stages of disease and
targeting residual cone photoreceptor cells.

Slow, progressive rate of degeneration reflective
of PRPH2 retinitis pigmentosa in humans, useful
for optogenetic therapy safety and efficacy

assessments in early stage retinal degeneration.

Slow degeneration with limited changes to retinal
structure and function with both rod and cones
similarly affected. Long-term assessment of
optogenetic therapy applied at an early stage of
disease would require extensive aging to
determine efficacy over time.

Slow progressive photoreceptor degeneration
with unusual early structural phenotype and aged
mice showing only mild retinal degeneration.

Unusual structural changes, including to the inner
layer, not reflective of a traditional retinitis
pigmentosa phenotype and with limited functional
defects.

Slow degeneration with limited changes to retinal
function. The rate of degeneration is likely too
slow to be appropriate for optogenetic strategies
and is not characteristic of human late stage
retinal degeneration.

With an early onset but mild rate of degeneration
this model is more reflective of human disease and
useful for long-term assessment of safety and
efficacy.

Slow rate of structural changes yet early onset
functional changes. This model offers the potential
to target residual cones in a retina reflecting earlier
stages of disease. The causative gene is important
in RPE function and causes LCA therefore offers a
different model in which to test optogenetic
therapy.
Early onset with a rate of degeneration that falls
between rd7 and rd10, this offers the benefits of a
good window of opportunity for intervention plus
reduced aging requirements for assessments of
efficacy.
Of limited use for optogenetic studies due to
abnormal bipolar cell function.

Good model reflecting retinitis pigmentosa through
loss of photoreceptor cells whilst maintaining the
inner retina and providing a good window for
intervention.

Mice lack optomotor responses and pupillary
constriction to light yet maintain photoreceptor
cells. This is an unusual model that displays
abnormal function but not degeneration.

Retinal degeneration with cone cell survival and
function allowing for a big window of intervention
with optogenetic therapy.

Unusual structural changes to the outer nuclear
layer and despite cone cell survival, the phenotype
is not characteristic of typical retinitis pigmentosa.

Slow, progressive degeneration, reflective of
human RHO P23H retinitis pigmentosa and useful
for assessment of safety and efficacy of
optogenetic therapy in early stage retinal
degeneration.

Of limited use for optogenetic strategies but useful
comparisons for vector transduction studies in the
presence of altered barriers.

Useful as a naturally occurring larger model of
retinal degeneration.

seful for in vivo assessment of safety of
ptogenetic strategies with post-mortem
valuation of efficacy in the presence of
harmacological blockade of native
hotoreception.

@ O (

[oRe]

Being human-derived is advantageous to confirm
efficacy of vectors in human cells but these take
ime to develop and convert from iPSCs (up to
200 days) and to then achieve evidence of
ransduction (up to 50 days), but functional
outputs are possible.

Restricted to donor availability, which may be of
imited sample quality. Difficult to achieve any
functional or quantitative output.

Model references

Shupe et al. (2006),
Mohan et al. (2012)

Pittler et al. (1993),
Farber et al. (1994),
Hackam et al. (2004)

Reuter and Sanyal
(1984),
Jansen and Sanyal
(1984),

Travis and Hepler (1993),

Ma et al. (1995)

Hawes et al. (2000),
Kameya et al. (2002)

Akhmedov et al. (2000)

Chang et al. (2002),
Mehalow et al. (2003),
Aleman et al. (2011)

Thompson et al. (2012)

Chang et al. (2002),
Gargini et al. (2007)

Pang et al. (2005)

Chang et al. (2006)

Pardue et al. (1998),
Gregg et al. (2003)

Santos-Ferreira et al.
(2016)

Hattar et al. (2003),
Allen et al. (2010)

Humphries et al. (1997),

Toda et al. (1999),
Hassall et al. (2020)

Mears et al. (2001),
Daniele et al. (2005)

Sakami et al. (2011)

Dalloz et al. (2003)

Narfstrom et al. (1989),
Wrigstad et al. (1992)

Picaud et al. (2019)

Zhong et al. (2014),
Reichman et al. (2017),

Chichagova et al. (2019)

Orlans et al. (2018)

Optogenetic related
studies

Multiple studies (see
main text).

Multiple studies (see
main text).

Not to date.

Not to date.

Not to date.

Not to date.

Not to date.

Doroudchi et al. (2011),
van Wyk et al. (2017)

Not to date.

Doroudchi et al. (2011)

Scalabrino et al. (2015)

Santos-Ferreira et al.
(2016)

Lu et al. (2020)

Not to date.

Not to date.

Not to date.

Vacca et al. (2013)

Ameline et al. (2017)

Ivanova et al. (2010),
Dalkara et al. (2013),
Sengupta et al. (2016),
Chaffiol et al. (2017),
McGregor et al. (2020)

Gonzalez-Cordero et al.
(2017), Khabou et al.
(2018),
Garita-Hernandez et al.
(2020), Lane et al. (2020)

De Silva et al. (2016),
van Wyk et al. (2017),
Khabou et al. (2018)

The asterisk indicates a premature stop codon/termination of the protein occurs. Broadly, the assessments include optimizations of vector and transgene biology and their transduction efficiency in target retinal cells,
functional assessments of optogenetic molecules, as well as general safety of optogenetic gene therapy. These considerations will in turn determine the choice of a study model, or indeed assessments across multiple

models within or across species.
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Study and year of Type of study Number of Disease duration ALSFRS score Alterations in ocular movements in ALS
publication ALS/control (months)
patients

Leveille et al., 1982 - 10/- - - JSaccadic pursuit, unidirectional saccadic pursuit, | saccadic velocities

Saito and Observational  23/100 - - Slight limitations of upward only, upward and downward and upward

Yamamoto, 1989 and horizontal gaze, incomplete convergence, horizontal gaze

nystagmus. +Amplitude ratio of saccade and tdegree of ocular
dysmetria
Marti-Fabregas and  Cross-sectional 13/16 29.09 - fSaccadic latencies and | smooth pursuit gain. Positive relationship
Roig, 1993 between smooth pursuit saccadic intrusions and the bulbar clinical
score and the rate of progression and a | optokinetic nystagmus
maximal velocity in patients with pseudobulbar syndrome
Shaunak et al., Cross-sectional  17/11 24.5 (6-60) - 1Error rates (distractibility) and latency in the anti-saccade and
1995 remembered saccade paradigms. 1Square—wave jerks. Gaze fixation
instability

Donaghy et al., Cross-sectional 30 spinal and 14 52 35 (18-47) | Reflexive saccades in bulbar-onset vs. to spinal-onset patients and

2010 bulbar/45 controls. tAnti-saccade latency and tanti-saccade type 1 errors.
| “Proportion of time spent in smooth pursuit” and | smooth pursuit

“velocity gain”
Moss et al., 2012 Cross-sectional  63/37 43.2 £ 37.25 16 (6-46) Gaze impersistence, voluntary upgaze restriction, eyelid opening
(7.2-204) apraxia, saccadic horizontal pursuits

Ohki et al., 1994 Observational ~ 9/- 13 (3-49) Early stages | Velocity of saccades. Abnormalities of smooth pursuit, optokinetic
nystagmus, and visual poor suppression of vestibular ocular reflect

Proudfoot et al., Cross-sectional/  61/39 38.6 (31) 33.5 (6.5) JExecutive and visual search tasks; normal basic saccadic function.

2016
Kang et al., 2018

longitudinal

Retrospective/
observational

22 spinal cord/10
bulbar

Spinal 55.1 + 9.5,
bulbar 62.2 + 11.1

JAnti-saccade performance, terror rate and latency
Square wave jerks, saccadic dysmetria, abnormal cogwheeling smooth
pursuits, head shaking, and positional nystagmus of central origin. 1
Abnormal smooth pursuits and saccadic dysmetria

ALS, amyotrophic lateral sclerosis; ALSFRS, Amyotrophic Lateral Sclerosis Functional Rating Scale.
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Study and year of
publication

Matheson et al., 1986

Ghezzi et al., 1989
Miinte et al., 1998

Gonzalez Diaz et al., 2004
Fawzi et al., 2014

\olpe et al., 2015

Moss et al., 2016

Liu et al., 2018

Rojas et al., 2019

Alterations in visual functions in ALS

VEP

Abnormal latencies
between eyes

WNL

P300 delayed and
attenuated

P100 latency prolongation

ERG

P1 absent

WNL

VA

No changes high contrast VA
JHigh contrast and low contrast VA

No changes high contrast VA

VF

MS| and tsLV

| reliability index (tfixation losses,
tfalse positives and negatives)

cs

1CS
No changes

ALS, amyotrophic lateral sclerosis; VEF, visual evoked potentials; ERG, electroretinogram; VA, visual acuity; VF, visual field; CS, contrast sensitivity; WNL, within normal
limits; MS, mean sensibility; sLV, square of loss variance.
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Study and OCT device Type of Number of Disease ALSFRS-R score Alterations in Differences ALS vs. control Correlation

year of study ALS/control  duration visual OCT-ALSFRS-R
publication patients (months) functions
Macula GCC pRNFL mRNFL ONL INL
Roth et al., Cirrus HD-OCT Cross- 76/54 42 + 34 34+7 - - No No No No No No
2013 sectional (7-166)
Ringelstein SD-OCT  Cross- 24/24 22.3 £22.57 - - No J L No \p No
etal, 2014 Spectralis  sectional (8-120)
Hibers et al., SD-OCT  Cross- 71/20 12 (2-98) 40 (16-48) - - No & No No 4 -
2016 Spectralis  sectional
Volpe et al., SD-OCT  Cross- 16/15 85.3 £110.79 - = VA, color - - ! 1 - No. OCT inversely
2015 Spectralis  sectional vision, and CS. correlates with disease
Histopathology duration
study
Simonett et al., SD-OCT  Cross- 21/21 43.2 £43.4 28.1+£12.5 - - No - { No No No. (correlation FVC% and
2016 Spectralis  sectional (10-197) FEV1%)
Mukherjee SD-OCT  Cross- 21/normative - 30+ 10 VA (Snellen) - - 1 Global and six— - - No
etal, 2017 Spectralis  sectional OCT database sectors
Rohani et al., SD-OCT Cross- 20 145 +£11.3 33.1+3.8 - - - IMean, sup - - - Direct correlation
2018 Topcon 3D sectional and nasal
Liu et al., 2018 HD-OCT  Cross- 51/126 18.46 £ 6.16 39.58 + 10.41  VF: MS| and No No tNasal - - - acula direct correlation
Cirrus 4000  sectional (6-72) (10-48) sV quadrant (temporal Q correlated with
duration of the disease)
Abdelhak et al., SD-OCT Cross- 34/20 12 (7-17) - Diameters of - No No - I No Retinal thickness inverse
2018 Spectralis  sectional retinal vessels correlation
Rojas et al., HD-OCT Prospective 38/20 10.80+ 5.5 Baseline VA and VF  tTemporal and No 1Sup, Jinf. = = — pRNFL inverse correlation
2019 Cirrus 4000  longitudinal (1-18) 29.50 + 14.89 tinferior. JH3, H5, H6,
Follow-up Follow-up: | H12 1H8
35.6 + 14.08 Inferior
(some patients
dead)

ALS, amyotrophic lateral sclerosis; GCC, ganglion cell complex; RNFL, retinal nerve fiber layer; pRNFL, peripapillary RNFL; mRNFL, macular RNFL; ONL, outer nuclear layer; INL, inner nuclear layer; VA, visual acuity;
CS, contrast sensitivity; FVC%, Forced vital capacity% predicted; FEV1%, forced expiratory volume in 1 s% predicted; MS, mean sensibility; sLV, square of loss variance; ALSFRS, Amyotrophic Lateral Sclerosis
Functional Rating Scale.
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Gene

ACTB for

ACTB rev
CALBINDIN 2 for
CALBINDIN 2 rev
OPSINM for
OPSINM rev
PKCu for

PKCu rev
RHODOPSIN for
RHODOPSIN rev
RPL4 for

RLP4 rev
TUBBS3 for
TUBB3 rev

Oligonucleotides 5 — 3’

ctettccagecttecttc
gggcagtgatctctttct
tgaacccaagctccaagagt
aaaaggtgaagatggegttg
ggggagceatcttcacctaca
gatgatggtctctgecaggt
accgaacaacaaggaacgac
ctgagctecacgtttccttc
tccaggtacatcccagaagg
getgeccatagcagaagaag
caagagtaactacaaccttc
gaactctacgatgaatcttc
cagatgttcgatgccaagaa
gggatccactccacgaagta

GenBank accession number

XM_021086047.1

NM_001194980.2

NM_001011506.1

XM_021066740.1

NM_214221.1

XM_005659862.3

NM_001044612.1

Amplicon size

178

176

244

163

151

122

164

for, forward; rev, reverse.
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Primary antibodies Secondary antibodies

Antibody Company Dilution Antibody Company Dilution
Anti-calretinin Santa Cruz Biotechnology 1:100 Donkey anti-goat Alexa Fluor 488 Dianova 1:500
Anti-opsin Merck Millipore 1:1,200 Donkey anti-rabbit Alexa Fluor 555 Invitrogen 1:500
Anti-PKCa Santa Cruz Biotechnology 1:300 Goat anti-mouse Alexa Fluor 488 Invitrogen 1:500
Anti-RBPMS Merck Millipore 1:400 Donkey anti-rabbit Alexa Fluor 555 Invitrogen 1:500
Anti-rhodopsin Abcam 1:400 Goat anti-mouse Alexa Fluor 488 Invitrogen 1:500

PKCa., protein kinase C alpha; RBPMS, RNA-binding protein with multiple splicing.
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Gene name

ABCA4

CDH23

CEP290

CRB1

EYS

GPR179

MYO7A

PRPF8
RP1

USH2A

Accession number

NM_000350.3

NM_022124.6

NM_025114.4

NM_201253.3

NM_001142800.2

NM_001004334.4

NM_000260.4

NM_006445.4
NM_006269.2

NM_206933.4

CDS (bp)

6822

10065

7440

4221

9435

7104

6648

7008
6471

15609

Disease(s)

Recessive Stargardt disease,
macular dystrophy, recessive
retinitis pigmentosa, recessive
cone-rod dystrophy
Recessive Usher syndrome,
type 1d

Recessive Leber congenital
amaurosis

Recessive retinitis pigmentosa;
recessive Leber congenital
amaurosis

Recessive retinitis pigmentosa
Recessive complete congenital
stationary night blindness
Recessive Usher syndrome,
type 1b

Dominant retinitis pigmentosa
Dominant retinitis pigmentosa;
recessive retinitis pigmentosa
Recessive Usher syndrome,
type 2a; recessive retinitis
pigmentosa

Representative list of genes associated with IRDs containing large coding
sequences (CDS). Gene names are listed alphabetically, accession numbers and
CDS sizes were retrieved from Ensembl (https://www.ensembl.org/). The disease
descriptions were obtained from RetNet (https://sph.uth.edu/retnet/home.htm).
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crb1KO/CZ49W crbzAMGC crb1de|—B crb1rd8 crb1KO crb1nu|| crb1K0 crb1KO crbzAHPC crbzAimPRC
crbzlow—imPRC crbzlow—RPC
Severity + g - - +++ -+ -+ 44+
CRB1-A ablation — — Natural MGC MGC MGC MGC - -
occurring
mutation
CRB1-B ablation — PRC and Natural — PRC and - - — -
MGC occurring MGC
mutation
CRB2 ablation MGC — — — — 50% in 50% in RPC Immature
immature RPC PRC
PRC
Morphologic phenotype onset* ™M NA ™M P14 3M P10 P10 E18.5 E15.5
ERG differences* No NA No No NA Yes (3 M) Yes (3 M) Yes (1 M) Yes (1 M)
Affected areas Mainly NA Inferior Inferior Inferior Inferior Throughout Throughout Throughout
periphery nasal temporal retina retina retina retina retina
quadrant quadrant
OLM disruptions Yes, Yes No Yes Yes Yes Yes Yes Yes Yes Yes Yes
sporadic
PRC nuclei protrusions Vs, Yes No Yes Yes Yes Yes Yes Yes Yes Yes Yes
sporadic

MGC, Mtdller glial cells; OLM, outer limiting membrane; PRC, photoreceptor cell; RPC, retinal progenitor cell. * The phenotype onset and ERG differences can be marginal on the indicated ages, the severity of the
phenotype increases over time.
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sze: 10-25° disease. Scoloma siza: 10-15°
Plark et al, 2017" o 1. 19 NAam a7e370) N s a7 N Hereditary retinalcystrophies with
(13-65) binocular absoite central scoloma.
10" and VA <0.2 decimal
Pring ot al, 2016" 2 34 55022v3y 752 402 068618y  swa 6238 w50 ‘Bnocular VF defect (mean  Binocular VF defect (mean scotoma
(62-91) (1266 Y37(13-60) scotoma 14°) 207
Rosengatheta. 2013 9 0 7 7N 69(51-83) 4555 NA 29m1 Scotomassze >10° N
(6584
Schumachoretal 2008 5 1 7 785 NA 7526062 678 NA &7 SAMD+ 1MD N
(63-62)
Sakandlite 2000 6 0  1206Y8) 72 NA 0736478 5050 NA Y5050 Biatora GAwihocoentric  NA
(6583 Y25 @22-31) oem AL
Whitson o o, 2015, 70 2O16YIE 799 NA  O0683E5-79 1488 NA 5050 Longstandngbisteral -
(69-91) Y235 (18-35) VD
Masuda ot al, 2008 o 4 3 [ (2939 N3 £ N 2 cases of Stargars Disease and
@251 2 cases of cone-1od dystophy, i
central-biatralscofoma

“Basolr o al. (2011), Homowo et al. (2014, Haak ot . (2016}, and Prns o . (2016) share the same patients, Plank ot a. (2011, 2013, 2017) shared some of the patiens modian vakio of age. Y, young: O, ok NS,
ot specified: NA, not appicabie; PRL, preferred retinal locus; VF, visual fiekd; AMD, age-related macular dystrophy.





