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Abstract 

 

The Role of the Retinal Pigment Epithelium and serpinf1 in 

  Visual Outcomes after Light Damage Exposure 

By Debresha Auriel Shelton  

 

 

Increasing evidence highlights the retinal pigment epithelium (RPE) in ocular inflammation and the 

complex, nuanced presentation of retinal degenerative diseases involving RPE pathobiology. Multiple 

retinal degenerative diseases, characterized by significant loss of retinal function and supportive tissue, 

demonstrate either primary or secondary RPE involvement in disease progression. Mammalian systems, 

including humans, lack the ability to regenerate damaged RPE cells, making it crucial to understand how 

the RPE modulates inflammation to protect visual structures and preserve vision. RPE cells serve dual 

roles in inflammation, exhibiting both immunogenic and immunosuppressive functions depending on the 

conditions. Many immunosuppressive properties of RPE are mediated by secreted factors, such as 

Pigment epithelium-derived factor (PEDF), encoded by serpinf1, and Insulin-like growth factor-1 (IGF-

1). However, the expression of these factors is altered in disease, leading to a more advanced pathological 

state. Studies have linked up-regulated Galectin-3 (Gal-3) expression to poor prognosis in retinal 

degeneration, particularly in subretinal immune cells interacting with RPE. 

This study aimed to 1) characterize changes in RPE morphometric features related to structural and 

functional vision aberrations with age, and 2) explore the immunomodulatory effects of PEDF on 

Galectin-3 signaling and RPE-microglia interactions after damage. While the roles of these factors in 

various diseases have been examined, there is limited data on their interactions in ocular damage. The 

findings from this study indicated that loss of PEDF increased the vulnerability of C57BL/6J mice to light 

damage, led to severe retinal degeneration, elevated recruitment of subretinal immune cells, and resulted 

in defects in damage-associated IGF-1 expression after light stress. Additionally, without damage, PEDF-

deficient mice showed lower Gal-3 expression at both gene and protein levels compared to wildtypes. 

Interestingly, light damage exposure significantly increased Galectin-3 expression in PEDF-deficient 

mice, a phenotype opposite of PEDF wildtypes after the initial insult. Additionally, pharmacological 

inhibition of Gal-3 in PEDF wildtype mice mimicked the effects seen in PEDF-deficient mice. These 

results suggest that PEDF and Galectin-3 may co-regulate ocular inflammatory responses and influence 

visual outcomes following light damage. 
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CHAPTER 1.1 INTRODUCTION 

 

The goal of this dissertation is to characterize the functional, immunological, and molecular 

characteristics of pigmented animals during acute and low-grade phototoxic damage(Aim 1), and 

investigate PEDF as a potential regulator of damage outcomes via IGF-1-Galectin-3 signaling 

paradigm(Aim 2).  

 

1 Importance of Understanding RPE Function During Pathology for Advancements in Therapeutics for 

Vision Loss 

The retinal pigment epithelium (RPE) is a collective monolayer of polarized, hexagonal-shaped 

cells that overlay Bruch’s membrane in the posterior segment of the eye, acting as the secondary site of 

the blood-retinal barrier. RPE selectively facilitates the exchange of nutrients, ions, and water between the 

retina and the choriocapillaris. The apical portion of the RPE contains microvilli, which intercalates 

between the outer segment of photoreceptors within the neuroretina and extends into the 

interphotoreceptor matrix, the compartment between the neuroretina and the RPE. The microvilli, each 

composed of a densely packed core of actin filaments, enclose the termini of rod- and cone 

photoreceptors. The RPE is the seat of multiple cellular processes required for ocular homeostasis, 

including waste management and regeneration of components used in phototransduction1–3. In addition to 

its role as a semi-permeable barrier, the RPE protects the neurosensory cells from excessive light 

exposure and nourishes the neuroretina with neurotropic factors that aid in its development and 

maintenance. Due to the myriads of functions held by the RPE, damage or dysfunction to this tissue can 

have devastating, adverse effects on vision4–6. Unfortunately, as a predominantly quiescent tissue, the 

RPE has limited mechanisms to mitigate stress or resolve damage 7–9. Currently, there are no curatives to 

replace dead RPE cells or restore their function.  
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The risk of RPE dysfunction increases with age, and the consequences manifest in retinal 

pathologies like Age-related Macular Degeneration (AMD), Retinitis Pigmentosa (RP), and Leber’s 

Congenital Amaurosis (LCA)10–15. Although the phenotypes of these two pathologies manifest differently, 

both involve etiologies that originate with RPE dysfunction and issues with the inflammatory response16–

21. Thus, identifying molecular mechanisms that consider the coordinated influence of immune cells and 

RPE on damage phenotypes and outcomes is needed to develop new, early therapeutic interventions to 

protect vision in affected individuals.  

 

1.1 Discovery of RPE function and structure 

The retinal pigment epithelium was first observed and described as a “real membrane” using 

rudimentary microscopic techniques in the late 1700s by anatomist Carlo Mondini in his 

“Commentationes Bononienses.” In Mondini’s work, he described what would later be coined the 

“pigmentum nigrum” by English anatomist Thomas Wharton as a “delicate network” of “innumerable 

globules.” In the early 19th century, Wharton would describe the RPE as a “dark-colored matter…with 

uniform character” that lined the inner surface of the choroid of cow and sheep eyes22,23.  

 

 

1.2 Development of the RPE  

The RPE arises from epithelial cell progenitors derived from the diencephalon, which also gives rise 

to the optic stalk, retina, and anterior structures of the forebrain, like the thalamus24. The RPE 

differentiates alongside the retina and aids in its development. In early and late RPE ablation studies, the 

eyecup is either reabsorbed or there is retinal disorganization, respectively25. Retinogenesis begins around 

embryonic day E8 in mice, with the retina and RPE beginning to differentiate around E11.5 26. In addition 

to its roles in secreting neurotropic factors that help with retina differentiation27, waste management, and 

retinoid storage and regeneration, the RPE also contains melanosomes, heavily pigmented cells that 

protect the neural retina from oxidative stress and extraneous light exposure28.  
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1.3 Pathology of the RPE 

Many of the functions of the RPE are affected during pathology involving or affecting the RPE. For 

example, in age-related macular degeneration (AMD), drusen, which are extracellular deposits of lipids, 

proteins, and debris not degraded during proteolysis, accumulates under the RPE as an early sign of age-

related macular degeneration. An essential function of RPE is the phagocytosis of photoreceptor outer 

segments via phagocytosis, specifically LC-3-associated phagocytosis, a non-canonical form of 

autophagy. Studies of drusen accumulation in humans and RPE impairment models in mice show that 

defects in phagocytosis and autophagy result in increased sub-RPE lipofuscin and drusen deposits: a 

pathological phenotype of age-related macular degeneration and correlated with a significant decrease in 

visual function29,30.   

 

Both Retinitis Pigmentosa (RP) and Leber’s Congenital Amaurosis (LCA) are inherited retinal 

diseases that involve mutations in Rpe65, an isomerase found in the RPE that converts all-trans retinyl 

esters to 11-cis retinols required for phototransduction31. Loss of or mutations in this gene result in a 

diverse range of phenotypes ranging from mild to severe, resulting in progressive photoreceptor death and 

vision loss. The etiology of these conditions involves loss of proper vitamin A cycle regeneration in the 

RPE, resulting in RPE stress and photoreceptor death 32–34. Environmental factors, like light stress, 

exacerbate the pathological phenotypes of LCA and RP 35,36.  

 

1.4 Immunomodulation via the RPE 

Many mammalian systems, including those found in humans, cannot regenerate damaged RPE cells 

or accommodate their loss, depending on initial lesion size. Consequently, studying the innate molecular 

pathway that modulates the immune response to limit ocular damage may be an alternative therapeutic 

method of preserving RPE cells.  
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In the presentation of AMD, chronic para-inflammation, low-level noxious inflammatory stress, and 

deficits in RPE function are familiar hallmarks of disease 37–40. Previous studies have shown that the RPE 

plays a role in immunomodulation. The central nervous system, and by extension the eye, employs 

immune privilege to limit toxic inflammation from destroying critical, post-mitotic tissues via 

immunosuppression41,42. The term “immune privilege” was coined by Nobel prize-winning biologist Sir 

Peter Medawar in the mid-20th century. In his lecture on immune tolerance, he expressed that the degree 

of immunological tolerance via limited or non-reactivity differs between tissues. He also described the 

tolerance within the eye as “special.” In the ocular microenvironment, injections into the eye's vitreous 

results in anterior chamber-associated immune deviation (ACAID), which protects the eye by suppressing 

the immune response43,44. The ACAID-like phenotype manifests during the introduction of foreign bodies 

into the subretinal space. An intact RPE is required for this immune tolerance to occur 42,43,45–47. The RPE 

secretes immunosuppressive neuropeptides that aid in modulating the activity of T-cells and macrophages, 

like Neuropeptide Y and MSH-1 48–50. The RPE also secretes neurotrophic factors implicated in immune 

regulation, PEDF, and IGF-1. However, the mechanism by which these factors influence eye 

inflammation requires elucidation. 

 

1.5 Pigment epithelium-derived factor (PEDF or gene: serpinf1) 

PEDF (also known as SerpinF1) is a member of the serpin family of proteins, known for their serine 

protease inhibitor function; however, PEDF is unique because it is a non-inhibitory member of this 

family. There are 16 clades, or subclasses, of eukaryotic serpins: PEDF exists in Clade F along with 

SerpinF2 or alpha-2 antiplasmin. PEDF is only expressed in vertebrates and evolutionarily and 

structurally conserved51. PEDF has two functional domains; one has neurotrophic activities, and the other 

has anti-angiogenic functions as a counterbalance to VEGF-mediated vascularization52.  

 

 Pigment epithelium-derived factor (PEDF) is a crucial multifunctional protein in RPE cell function. 

PEDF was initially described by Tombran-Tink et al. for its capability of inducing differentiation in 
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retinoblastoma cell lines, suggesting that PEDF is necessary for the organization and maintenance of the 

intraocular environment 53,54. PEDF has anti-inflammatory effects, which may involve inhibition of the 

MAPK signaling cascade and activation of the Lamin receptor signaling in myeloma cells55. Studies in 

dry eye disease (DED) have postulated that the 29-mer of PEDF has protective effects via the 

immunosuppression of proinflammatory cytokines and reduced activity of matrix metalloproteinase-

9(MMP9)56. 

 

PEDF influences the proliferative capacity and metabolism of microglia and astrocytes collected from rat 

brains, suggesting that PEDF plays a role in suppressing the proliferation of these cell types57. PEDF 

suppresses dry eye disease-associated (DED) damage severity, enhancing T-regulatory frequency and 

functional capacity 58. PEDF expression is vital to maintain the differentiated phenotype in epithelial cells. 

For example, in low metastatic cancer cells, high expression of PEDF was accompanied by increased 

alpha-catenin expression, a structural protein that works with F-actin to form a mechanosensory junction 

needed for cell-cell contact of healthy cells59–61. PEDF also functions to influence microglia morphology62. 

The ability of PEDF to modulate both RPE cell responses and microglia morphology and function suggests 

that it participates in the selective recruitment of microglia subclasses from the retina during the onset and 

progression of disease57,63. 

 

1.6 Insulin-like Growth Factor-1 (IGF-1) 

The insulin-like growth factor (IGF) system consists of hormone peptide ligands IGF-1 and IGF-2, 

which share more than 50% homology with insulin, their respective receptors, and several protein binding 

partners. IGF-1/IGF-1 receptor modulates multiple cellular processes, including growth and development, 

cell survival, and proangiogenic and anti-apoptotic properties through localized paracrine/autocrine 

signaling in various tissues 64. IGF-1 facilitates proper retina vascularization, even in the presence of 

VEGF.  Due to the conserved homology that IGF-1 shares with insulin, the IGF-1/IGF-1 receptor 
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complex is also involved in the pathogenic presentation of metabolic disorders involving insulin 

resistance, like diabetic retinopathy 65. 

 

Studies have also implicated IGF-1 in modulating innate and adaptative immune responses via a 

STAT3-mediated signaling cascade64.  Additionally, IGF-1/insulin is associated with the prolonged 

proinflammation associated with aging. Other studies have posited that IGF-1 can shift proinflammatory 

microglia from an M1 cell fate to an M2 phenotype associated with protection 66. Interestingly, PEDF 

may regulate IGF-1 expression, repressing IGF-1 activity, and indirectly regulating microglia activity in 

an IGF-dependent manner 67. 

 

1.7 Galectin-3(Gal-3 or gene: Lgals3)  

 

In 2006, An et al. studied the secreted proteome of RPE cell cultures isolated from patients with AMD 

and compared them to control eyes17,68. Interestingly, they found a 3-fold increase in the secretion of four 

proteins in AMD eyes compared to controls; among them were galectin-3 (Lgals3) and pigment 

epithelium-derived factor (PEDF). Galectin-3, a member of the β-galactosidase binding protein family, 

expressed in the cytosol and the nucleus of the RPE, can be secreted via a non-classical pathway to the 

cell surface of the RPE, where it participates in a cell lattice formation and cell-cell interaction69,70. 

Galectin-3 fine-tunes inflammatory responses due to its increased affinity for β-1, 6-N- glycosylation on 

the cell surface of RPE cells undergoing epithelial-to-mesenchymal transition ( EMT) and its increased 

secretion of Galectin-3 from RPE cells after damage69–71. While the complete list of galectin-3 binding 

partners is still incomplete, there is evidence that galectin-3 can bind to receptors like TGF-β receptors 

and interact to form complexes with neurotrophic factor receptors associated with inflammatory functions 

71,72. Co-culturing microglia with galectin-3 can change their secretory profile and morphology, 

suggesting that galectin-3 is essential in fine-tuning immune cell response72. O’koren et al. showed that 

microglia reside in two anatomically distinct niches within the retina and display different dependencies 
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on IL-34 to survive. They describe that microglia from both niches are recruited to the subretinal space 

where the RPE resides73 during damage.   

 

Multiple studies other studies have also suggested there is transcriptional heterogeneity in microglia 

during neurodegenerative diseases, including those performed in the eye, and have identified a 

subpopulation of proliferating microglia enriched with galectin-3 transcripts and another gene that is often 

co-expressed with galectin-3, insulin-like growth factor (Igf1)73–76. IGF-1 is associated with 

neuroprotective functions, and functional studies have shown it co-expressed in galectin-3-positive 

microglia72. Lalancette-Hebert et al. showed that IGF-1 may be an upstream regulator of galectin-3 

expression in microglia and can induce microglia proliferation after damage 77–79.  

 

Multiple organs in the body express PEDF. Additionally, several cell types in the eye express PEDF, but it 

is preferentially secreted by the RPE in the eye. PEDF is a secreted neurotrophic factor expressed at high 

levels in healthy, fully differentiated RPE cells and downregulated during damage, aging, and EMT found 

in cancerous cells80–82.  

With PEDF counterbalance to VEGF-A, a prominent focus of current therapeutic intervention in AMD 

and other retinal diseases, it is essential to characterize the possible immunomodulatory influence of 

PEDF secreted by RPE cells within the damaged ocular environment.  

 

1.8 PREMISE 

Based on the literature, our central hypothesis is that the RPE influences immune responses via a 

PEDF-Galectin-3 mediated signaling paradigm. This study addresses the gap in knowledge around 

the immunomodulatory effects of PEDF on Galectin-3 signaling and the RPE-microglia interactions 

mediating immune privilege in the eye after damage. 
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1.8.1 Aim 1: Evaluate pigmented animals' functional, immunological, and molecular 

characteristics during acute and low-grade phototoxic damage. 

Hypothesis: Common molecular signatures are subverted during pathology; thus, identifying 

damage kinetics and molecular determinants involved in modifying damage outcomes will 

provide therapeutic targets for sigh-saving intervention.  

 

1.8.2 Aim 2: Investigate PEDF as a potential regulator of immune responses via IGF-1-Galectin-3 

signaling. Hypothesis: Dysregulation of PEDF expression is associated with RPE damage and 

increased inflammation during AMD progression in humans; thus, loss of PEDF will increase 

Galectin-3 mediated inflammation and down-regulate neuroprotective factor, IGF-1, in the 

subretinal space 

 

 

1.9 Dissertation Outline 

This dissertation is divided into six chapters. The introduction serves as the first chapter and is a brief 

review of seminal works covering RPE structure, importance in normal eye development and pathology, 

and key secreted factors discussed in the body of this work. The second chapter is a primary scientific 

article published in Frontiers Neuroscience that investigates the role of the lysine demethylase, Lsd1, in 

proper retina development and retinal subtype speciation. This chapter is unrelated to PEDF or RPE.  The 

third chapter is a primary scientific article, preprinted in BioRxiv, characterizing morphological changes 

in RPE that correspond with changes in functional and immunological patterning in C57BL/6J mice aged 

over 24 months, a distinctly understudy demographic. This chapter is unrelated to PEDF but has some 

relevance to RPE structures.  The fourth chapter investigates the functional, immunological, and 

molecular changes in congenic pigmented photosensitive versus pigmented photoresistant animals via 

manipulation of the vitamin A cycle. Chapter four details the phenotypic differences in pigmented 

C57BL/6J animals with a conservative, single nucleotide substitution in the Rpe65 gene, an isomerase 
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that is expressed in the RPE and needed for phototransduction. We showed that the substitution of amino 

acid 450 within the RPE65 protein from methionine (which confers photoresistance) to leucine confers 

photosensitivity in mice. We also investigate the requirement of PEDF in the photoresistant phenotype. 

The fifth chapter examines the facilitation of protection from phototoxic damage via a novel function of 

PEDF in regulating IGF-1 and Galectin-3 expression. Chapter five posits that PEDF and Galectin-3 may 

co-regulate each other to confer a photoresistant phenotype and may be therapeutic targets for further 

studies of immune privilege. The sixth, and final, chapter is the summary and overall discussion of the 

implications of the work included in document, how it differs from previous studies, and adds important 

insights to the field.  
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2.1 ABSTRACT 

Purpose:  

This study aimed to investigate the role of Lsd1 in proper retinal development. Lysine-specific 

demethylase 1 (Lsd1) is a histone demethylase that can demethylate mono- and di-methyl groups on 

H3K4 and H3K9. Using Chx10-Cre and Rho-iCre75 driver lines, we generated novel transgenic mouse 

lines to delete Lsd1 in all progenitor cells or specifically in rod photoreceptors. We hypothesize that Lsd1 

deletion will cause global morphological and functional defects due to its importance in neuronal 

development.   

Methods:  

We tested young adult mice for visual function, with electroretinograms (ERGs), and in vivo imaging to 

obtain Fundus and SD-OCT images. Afterwards, eyes were enucleated and fixed for H&E and 

immunofluorescent staining or electron microscopy.   

  

Results:  

In adult Chx10-Cre Lsd1(lox/lox) animals, we observed a marked reductions in a-, b-, and c- wave 

magnitudes in scotopic conditions. Raw photopic and flicker ERG waveforms were even more sharply 

reduced. These decreases in visual function were corroborated with modest reductions in total retinal 

thickness and outer nuclear layer thickness as observed in SD-OCT and H&E images. Lastly, electron 

microscopy revealed significantly shorter inner and outer segments and immunofluorescence showed 

modestly reduced cell type populations. We did not observe any obvious functional or morphological 

defects in the adult Rho-iCre75 Lsd1 (lox/lox) animals.   

  

Conclusions:  

Lsd1 is necessary for neuronal development specifically in the retina as adult Chx10-Cre Lsd1 (lox/lox) 

mice show greatly impaired visual function and retinal morphology. These effects were fully manifested 

in young adults (P30) suggesting that Lsd1 affects early mouse retina development.   
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2.2 INTRODUCTION 

Lysine-specific demethylase 1 (Lsd1) can demethylate mono- and di- methyl groups on H3K4 (Shi, 

2004), H3K9 (Laurent, 2015), and H4K20 (Wang, 2007) on Histone H3 and H4 in nucleosomes as well as 

demethylate non-histone proteins (Gu, 2020). Although it is ubiquitously expressed throughout the body, 

Lsd1 has an acutely important role in the development of neurons, particularly due to a neuron specific 

isoform, neuroLsd1 (nLsd1) (Zibetti, 2010 Rusconi, 2016, Toffolo, 2014). Lsd1 promotes neurite growth 

and branching (Zibetti, 2010) and plays a role in spatial learning and long-term memory formation 

(Rusconi, 2016). Dysregulation of Lsd1 in animal models cause a variety of neuronal specific 

abnormalities including reduced cell proliferation in the hippocampal dentate gyri (Sun, 2010), abnormal 

development of pyramidal cortical neurons (Fuentes, 2012), paralysis related to degeneration of the 

hippocampus and cortex (Christopher, 2017), and an anxiety-like emotional behavior (Rusconi, 2016 

(emotional)). In humans, mutations in Lsd1 are associated with a wide array of neurodevelopmental, 

psychiatric, and addiction disorders (Collins, 2019). Human patients who have dominant missense 

mutations in Lsd1 have neurodevelopmental delays and craniofacial abnormalities (Chong, 2016 Pilotto, 

2016) and features of KBG syndrome (OMIM #148050) and Kabuki syndrome (OMIM #147920) 

(Tunovic, 2014).   

  

Lsd1 is in the top 2% of evolutionarily constrained genes, which are genes that exhibit no sequence 

changes among widely diverse species (Samocha, 2014). Consequently, global homozygous deletion of 

Lsd1 in mice results in embryonic lethality at embryonic day 9.5 (E9.5), likely due to cardiac problems, 

whereas heterozygous deletion has no profound consequences (Wang, 20??). During normal retinal 

development, Lsd1 is expressed in all retinal progenitor cells (RPCs) during retinal development and in 

most mature retinal neurons after development is complete (Ferdous, 2019). Lsd1 is also expressed in all 

other major ocular structures, such as the cornea, lens, and retinal pigmented epithelium (RPE) (Ferdous, 

2019). Based on the importance of Lsd1 in proper brain neuronal development and function as well as its 
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ubiquitous expression in retinal neurons during and after development, we hypothesize that Lsd1 is 

required for the development, maintenance, and function of the retina. The deletion of Lsd1 could result 

in either: 1) Retinal degeneration due to retinal progenitor cells being unable to proliferate and/or cells 

undergoing cell death due to aberrant epigenomic regulation, or 2) Improper differentiation of retinal 

progenitor cells into mature retinal neurons leading to an over- or under-representation of certain neuronal 

populations, specifically photoreceptors. This hypothesis is based on work done by Popova et al. in which 

pharmacological inhibition of Lsd1 in retinal explants inhibited proper rod photoreceptor development via 

misexpression of the Notch/Hes1 pathway (Popova, 2016). This group then went on to discover that 

pharmacological inhibition of Lsd1 in the rd10 mouse prevented rod photoreceptor death and improved 

visual function, indicating that Lsd1 inhibitors may be a viable option for treating retinal degenerations 

(Popova, 2021). 3) A third possibility is that roughly the correct number of cells are born and terminally 

differentiate but due to abnormalities in gene expression, wiring among “normal” appearing cells is 

incorrect. Therefore, the retina would look morphologically normal, but does not function correctly.  

  

To test our hypotheses, we used the Cre-Lox system (Nagy, 2000) to delete Lsd1 in most retinal 

progenitor cells using the Chx10-Cre driver mouse line (Rowan, 2004). Afterwards, we tested juvenile 

post-natal day 30 (P30) adult mice for visual function (ERGs), examined in vivo morphology (fundus and 

SD-OCT), and conducted post-mortem morphology (H&E staining, immunofluorescence staining, and 

electron microscopy) to understand the effects of loss of Lsd1. We found substantial functional 

abnormalities and losses in ERGs but comparatively modest structural changes at the microscopic level. 

We also tested whether deletion of Lsd1 in a rod-specific manner using the Rho-iCre75 driver mouse 

would have any effect on proper rod development or function; however, those animals did not show signs 

of obvious phenotype.   
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2.3 METHODS 

2.3.1  Animal studies:  

Mouse housing, experiments, and handling were approved by the Emory University Institutional 

Animal Care and Use Committee, and the studies were conducted in adherence with Association for 

Research in Vision and Ophthalmology (ARVO) and followed guidance and principles of the Association 

for Assessment and Accreditation of Laboratory Animal Care (AAALAC). Mice were maintained on a 

12-h light/dark cycle at 22 °C, and standard mouse chow (Lab Diet 5001; PMI Nutrition Inc., LLC, 

Brentwood, MO) and water was provided ad libitum. The mice were managed and housed by Emory 

University Division of Animal Resources. Roughly equal number of male and female mice were used in 

all experiments. Adult mice were euthanized using CO2 gas asphyxiation for 5 minutes followed by 

cervical dislocation.    

  

2.3.2 Breeding scheme:  

Chx10-Cre animals (JAX Stock #005105) obtained from Dr. Michael Iuvone at the Emory University 

were bred with Lsd1 (lox/lox) animals obtained from Dr. Jeremy Boss at Emory University. This breeding 

scheme produced litters that were 50% Lsd1 (lox/lox) (controls) and 50% Chx10-Cre Lsd1 (lox/lox) 

(experimental). These mice were produced to specifically delete Lsd1 in most retinal progenitor cells 

during development. Chx10-Cre control animals were bred separately. Additionally, Rho-iCre75 (JAX 

Stock #015850) (Li 2005) were also bred with Lsd1 (lox/lox) animals to produce litters that were 50% 

Lsd1 (lox/lox) (controls) and 50% Rho-iCre75 Lsd1 (lox/lox). These mice were produced to specifically 

delete Lsd1 in rod photoreceptors. Results from genotyping for Cre recombinase were hidden from the 

experimental biologists until after in vivo experiments were complete and samples were collected to 

remove any possible implicit bias.  

   

2.3.3 Electroretinograms:  
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Equal numbers of male and female mice were dark-adapted overnight the day before ERGs were 

performed (Mazzoni 2019). In darkness (under infrared lighting), each mouse was anesthetized using 

intraperitoneal (IP) injections of 100 mg/kg of ketamine and 15 mg/kg xylazine (ketamine; KetaVed from 

Patterson Veterinary, Greeley, CO; xylazine from Patterson Veterinary, Greeley, CO).   

 

Once anesthetized, proparacaine (1%; Akorn Inc.) and tropicamide (1%; Akorn Inc.) eye drops 

were administered to reduce eye sensitivity and dilate pupils. Mice were placed on a heating pad (39 °C) 

under dim red light provided by the overhead lamp of the Diagnosys Celeris system (Diagnosys, LLC, 

Lowell, MA, USA). The light guided electrodes were placed in contact with individual eyes; the corneal 

electrode for the contralateral eye acts the reference electrode. Full-field ERGs were recorded for the 

scotopic condition (stimulus intensity: 0.001, 0.005, 0.01, 0.1, 1, and 10 cd s/m2; flash duration 4 

milliseconds). Signals were collected for 0.3 seconds in steps 1 to 5 and 5 seconds for step 6 after light 

flashes. Scotopic a-, b-, and c-waves were captured and analyzed. After scotopic testing, mice were light-

adapted for 10 minutes, and then full-field ERGs were recorded for the photopic conditions (stimulus 

intensity: 3 and 10 cd s/m2) to capture photopic a- and b-waves as well as cone flicker responses at 10 Hz. 

After recordings, each mouse was placed in its home cage on top of a heating pad (39 °C) to recover from 

anesthesia.    

   

2.3.4 In vivo ocular imaging:  

Mice were anesthetized using IP injections of ketamine and xylazine as described above. Once 

anesthetized, proparacaine and tropicamide eye drops were administered as described above. A 

MICRON® IV SD-OCT system with fundus camera (Phoenix Research Labs, Pleasanton, CA) was used 

to obtain both fundus photos and OCT images for both eyes. Images were taken after clear visualization 

of the fundus with a centered optic nerve. Circular scans approximately 100 microns from the optic nerve 

head were taken and fifty scans were averaged together. The OCT images were analyzed for both total 

retinal thickness and photoreceptor layer thickness using Photoshop CS6 (Adobe Systems Inc., San Jose, 
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CA) by an individual who was masked to sample identity. The number of pixels were converted into 

micrometers by multiplying by a conversion factor (1 pixel = 1.3 microns).    

  

2.3.5 Immunoblotting: 

Immunoblot experiments were performed as previously described (Ferdous 2019). In brief, two 

dissected retinas were collected for each sample. Protein was extracted using mechanical shearing of the 

tissue by a QIAGEN TissueLyser. Protein concentration of the supernatant was determined using a Pierce 

Bicinchoninic Acid (BCA) Assay28 and absorbance was measured at 562 nm using a Synergy H1 Hybrid 

Plate Reader (BioTek). After protein quantification, samples were diluted to a protein concentration of 0.8 

mg/mL and immediately before electrophoresis samples were heated for 5 minutes at 95 oC in a 

thermocycler. Samples were run on a pre-cast Criterion gel (BioRad TGX Stain Free Gel 4-15% Catalog 

#567-1083) as well as 10 mL of a molecular weight ladder (Bio-Rad Catalog #1610376) and run at 100 V 

for 90 min. Samples were transferred for 7 minutes onto PVDF blotting membrane using Trans-blot turbo 

pack (Bio-Rad Catalog #170-4157) and Trans-blot Turbo Transfer System (Bio-Rad). Membranes were 

blocked for 2 hours at room temperature in 5% (W/V) instant nonfat dry milk (Quality Biological Catalog 

#A614-1005) in TBST (Tris buffered saline (TBS) (Bio-Rad #1706435) with 0.1% (V/V) Tween 20 

(Fisher Scientific BP337-100)). Afterwards, primary antibodies (anti-Lsd1 (Abcam 129195 [1:1000]) and 

anti-GAPDH (GeneTex GTX627408 [1:1000]) were diluted with 5% milk in TBST, and membranes were 

incubated overnight on a 4 °C shaker. The membrane was washed three times for 5 minutes each using 

TBST. HRP conjugated secondary antibodies (mouse anti-rabbit HRP (Santa Cruz sc-2357 [1:5000]) and 

goat anti-mouse HRP (Abcam ab7068 [1:5000])) were diluted with 5% milk in TBST and membranes 

were incubated 1-2 hours at room temperature on a shaker. The membrane was washed three times for 5 

minutes each using TBST. 10 mL of Luminata Crescendo Western HRP substrate (EMD Millipore 

Catalog #WBLUR0500) was applied to the membrane for 5 min. The membrane was imaged in 

chemiluminescence mode using MP ChemiDoc Imaging System (Bio-Rad). Exposure times varied from 

30 to 180 seconds. In order to re-probe the same membrane with multiple antibodies, after imaging, 10 
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mL of Restore western blot stripping buffer (Thermo Scientific Catalog #21059) was applied to the blot 

for 10 minutes, the blot was washed for 5 minutes using TBST, and then blocked with 5% milk (W/V) in 

TBST and incubated with the appropriate primary and secondary antibody as described above.    

   

2.3.6 Ocular sectioning and histology:  

Eyes were enucleated and processed for histology by a freeze substitution method in 10 mL of 

dry-ice chilled 97% methanol + 3% acetic acid for 4 days at -80 ºC (Sun, 2015). Afterwards, samples 

were exchanged for 20 minutes in each of the following solutions (100% ethanol twice, followed by 

100% xylene twice) at room temperature and then embedded in paraffin. 5-micron sagittal plane sections 

were cut on a microtome with a fresh blade, and sections containing the optic nerve and the center of the 

cornea were selected for further staining to ensure consistency across all samples. Sections were stained 

with hematoxylin and eosin (H&E) to visualize retinal morphology. Nuclei in the outer nuclear layer 

(ONL), inner nuclear layer (INL), and retinal ganglion cell layer (RGCL) were counted manually by an 

individual who was masked to sample identity. Only nuclei within a 100-micron region were counted 

using Photoshop CS6 at regularly spaced intervals 500 microns apart from the optic nerve in both the 

inferior and superior directions. For retinal arc length, Photoshop CS6 was used to measure the distance 

along the retina between the inferior and superior most peripheral retina.  

  

2.3.7 Immunofluorescence: 

 Antibody staining was performed on eyes that were enucleated and processed by a freeze 

substitution method in 10 mL of dry-ice chilled 97% methanol + 3% acetic acid for 4 days at -80 ºC (Sun, 

2015) and embedded in paraffin as above. Afterwards 5-micron sections were cut, and slides were soaked 

for 2 minutes each in 5 steps of xylene, an ethanol rehydration series (100%, 90%, 80%, 70%, 60%, 

50%), and TBS (Corning 46-012-CM). A Sequenza staining system (Thermo Scientific 73310017, 

72110017) was used for immunostaining the slides.  Slides were incubated at room temperature (RT; 

~23°C) for 30 minutes in blocking buffer (2.5% normal donkey serum in TBS (Corning 46-012-CM with 
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0.01% NaAzide)). Slides were stained for 1 hour at RT, washed twice for 5 minutes each with TBST 

(TBS + 0.1% Tween-20; Biorad 1706531), incubated with secondary antibody for RT for 1 hour, washed 

twice for 5 minutes each with TBST, counterstained with 2.5 uM Hoechst 33342 in TBS for 10 minutes, 

and rinsed once with TBS. Vectashield Vibrance (Vector Labs H-1700) was used to mount the coverslip 

and then the sections were imaged using an A1R confocal on a Nikon Ti2 microscope. All primary and 

secondary antibodies used for this study are listed in Table 1. 

 

2.3.8 TUNEL Staining: 

 The manufacturer instructions for the Promega DeadEnd TUNEL Fluorometric kit (Promega 

G3250) were followed. In brief, tissue sections were deparaffinized in 5 steps of xylene for 2 minutes 

each. The tissue sections were then rehydrated in a graded ethanol series (100%, 90%, 80%, 70%, 60%, 

50%) for 2 minutes each. The slides were then washed for 5 minutes in PBS (Corning 46-013-CM) and 

mounted in the Sequenza system. Sections were incubated for 15 minutes in Z-fix (Anatech, Fisher 

Scientific NC935141) , washed twice in PBS for 5 minutes each, incubated in Proteinase K solution for 8 

minutes, washed with PBS for 5 minutes, fixed with Z-fix for 5 minutes, washed with PBS for 5 minutes, 

incubated with rTDT enzyme and nucleotide mix in equilibration buffer for 2 hours, washed with 2x SSC 

for 5 minutes, counterstained with 2.5 mHoechst 33342 in TBS for 10 minutes, and rinsed with TBS for 5 

minutes.  Coverslips were then mounted using VectaShield Vibrance and imaged using an A1R confocal 

on a Nikon Ti2 microscope.  

 

2.3.9 Electron microscopy:  

Eyes are enucleated and fixed in 0.1M Cacodylate buffer for 2 hours at RT and then overnight at 

4 oC. Afterwards, tissue was washed in 0.1 M sodium cacodylate buffer for 15 minutes before being post-

fixed in 1% OsO4 in 0.1M sodium cacodylate buffer for 2 hours at RT. The tissue was washed in 

deionized water for 10 minutes and then dehydrated in a graded ethanol series (35%, 50%, 70%, 95%, 

and 100% twice) for 15 minutes each. The tissue was washed in propylene oxide twice for 15 minutes 
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before being placed overnight in a 1:1 mixture of propylene oxide: LX 112 embedding resin (Ladd 

Research, Williston, VT) overnight. The next day, the tissue was placed in pure resin within a vacuum 

desiccator for 3-4 hours. Finally, the tissue was embedded in fresh resin and placed at 60 ºC for two days 

to polymerize. A Lecia UCT was used to cut 1-micron thick sections, which were stained in an aqueous 

solution of 1% toluidine blue and 1% sodium borate. Ultrathin sections (silver-gray) were cut from areas 

of interest, placed on 300 mesh copper grids and stained with 2% aqueous uranyl acetate for 30 minutes, 

before being washed in distilled water, stained with Reynold’s lead citrate for 2 minutes, washed and air 

dried. Finally, images were taken with a JEOL 100 CX-11 transmission electron microscope and 

photographed with an SIA L12C Peltier-cooled CCD digital camera (Scientific Instruments and 

Applications, Inc., Duluth, GA 30096).  

 

2.3.10 Statistical Analysis:  

Statistical analysis was conducted using Prism 8.4.2 (GraphPad Software, Inc., La Jolla, CA, 

USA) on Mac OS 11.6.8. All data are summarized as mean ± standard deviation (SD), and individual 

statistical tests and sample sizes are listed in the figure legends. P values < 0.05 were statistically 

significant. Each sample group member is an independent mouse.   

 
 

2.4 RESULTS 

The Chx10 Cre driver mouse line expresses Cre recombinase as early as E14.5 in most retinal 

progenitor cells (Rowan, 2004). Expression of Chx10 (Vsx2) increases by 3-4-fold between P0 – P6 (Liu, 

1994) but is absent in most post-mitotic retinal cells except bipolar cells and some Muller glial cells in 

mice (Rowan, 2004). After breeding Chx10-Cre mice with Lsd1 (lox/lox) mice, we first tested the 

efficiency of Lsd1 deletion in the retina via western immunoblotting. Retinas were isolated from P30 

mice from two control lines, Chx10-Cre only and Lsd1 (lox/lox) only to serve as negative controls that 

have normal Lsd1 expression and function, and one experimental line Chx10-Cre Lsd1 (lox/lox). All 
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mouse lines were on a C57Bl/6J background to eliminate any potential genetic confounding factors. We 

probed for Lsd1 protein (Figure 1A) and used GAPDH as a loading control (Figure 1B). All eight control 

retinas exhibited Lsd1 protein bands at the expected molecular weight of 107 kDa. Although there was 

some Lsd1 protein expression in the four Chx10 – Cre Lsd1 lox samples, quantification via densitometry 

showed a statistically significant 86% reduction in Lsd1 in the experimental animals compared to the 

control groups (Figure 1C and Supplemental Table 1). This indicates that Lsd1 was deleted in a high 

percentage of retinal cells and is consistent with known expression patterns of Chx10 (Vsx2) in most 

retinoblasts and mature inner retinal cells, particularly bipolar cells (Liu, 1994; Rowan, 2004).   

  

After Lsd1 deletion was confirmed via immunoblotting, adult P30 animals were tested for visual 

function using full field electroretinograms (ERGs). Animals were tested in both scotopic and photopic 

conditions and both a- and b-waves were measured. For both scotopic and photopic conditions, raw ERG 

waveforms in response to a 10 cd s/m2 light flash showed relatively normal ERG responses in the Chx10-

Cre and Lsd1 (lox/lox) control animals; however, the Chx10-Cre Lsd1 (lox/lox) animals had sharply 

reduced and abnormal visual responses (Figure 2A – 2B). In scotopic conditions with increasing light 

flash intensities, we observed significant decreases in the a-waves (~75%) and b-waves (~89%) of the 

Chx10-Cre Lsd1 (lox/lox) animals when compared to controls, indicating dysfunction in the rod 

photoreceptors and rod bipolar cells (Figure 2C – 2D and Supplemental Table 2 & 3).   Additionally, 

scotopic c-waves were significantly reduced (Figure 2E and Supplemental Table 4) and cone flicker 

responses were abolished, and oscillatory potentials data were profoundly reduced (Figure 2F-2G) 

indicating proportional dysfunction in the RPE and abolishment of cone photoreceptors signals.  

  

The significant visual function defects in the Chx10-Cre Lsd1 (lox/lox) mice suggest that there may 

be developmental abnormalities in photoreceptors and bipolar cells. To detect in vivo retinal morphology 

defects, animals were tested at P30 with fundus photography and SD-OCT images and total retinal 

thickness and outer nuclear layer (ONL) thickness were quantified by a masked individual. In the fundus 
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photos, we observed a more mottled and speckled appearance in the Chx10-Cre Lsd1 (lox/lox) animals 

compared to the controls (Figure 3A, 3C, 3E). The SD-OCT images revealed substantial degeneration and 

increased hyper-reflectivity in the ONL in the Chx10-Cre Lsd1 (lox/lox) animals compared to the controls 

(Figure 3B, 3D, 3F). There was a statistically significant reduction in total retinal thickness (~26% loss) 

and ONL thickness (~22% loss) (Figure 3G - 3H and Supplemental Table 5 & 6).  The significant 22% 

reduction in the ONL likely contributes in part to the 75% loss of scotopic a-waves.   

   

After in vivo measurements, we collected P30 eyes for post-mortem analysis. We first stained sagittal 

retinal sections with hematoxylin & eosin (H&E) to observe retinal morphology (Figure 4A – 4F). In 

these sections, we found the same retinal thinning that was observed in the SD-OCT images. We also 

found that, on average, cell nuclei quantification of the ONL and inner nuclear layer (INL) showed 

statistically significant losses (~19% and ~30% respectively) between the experimental group and control 

groups (Figure 4G – 4H and Supplemental Table 7 & 8); however, there were no statistical differences in 

the retinal ganglion cell layer (RGCL) (Figure 4I and Supplemental Table 9). This may indicate that Lsd1 

protein functionality is more important in the proper development of photoreceptors and inner neurons 

such as bipolar cells and horizontal cells, rather than retinal ganglion cells or displaced amacrine cells. 

Alternatively, it may indicate that because retinal ganglion cells and amacrine cells, along with horizontal 

cells, are the first cells to develop in the retina, these cells types are fully committed and differentiated 

before Lsd1 enzyme activity is knocked out of those cells by Chx10-Cre mediated deletion (Cepko, 1996 

; Bassett, 2012).  Lastly, on average the retinal arc lengths of the Chx10-Cre Lsd1 (lox/lox) mice were 

statistically shorter by ~7% compared to both control groups (Figure 4J and Supplemental Table 10).   

  

To obtain more detailed information on the abnormal morphology of the area between the RPE and 

the external limiting membrane (ELM), we took electron microscopy images. Based on the images, we 

observed a substantial degeneration and disorganization of the inner and outer segments (Figure 5C and 

5F), which is the likely cause of the visual function loss in the experimental animals compared to the 
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controls (Figure 5A - 5B and 5D - 5E). We observe large vacuoles and no clear demarcation between the 

inner and outer segments in the experimental animals compared to controls. On average, we found that 

the inner segments and outer segments of the Chx10-Cre Lsd1 (lox/lox) animals were significantly shorter 

compared to both control groups (~31% and 47% respectively, Supplemental Table 11 and 12).  The 

average length of the outer segments in the Chx10-Cre Lsd1 (lox/lox) animals was 15.4um, compared to 

27.9um for the Chx10-Cre controls and 29.7um for the Lsd1 (lox/lox) controls (Figure 5G). The average 

inner segments in the Chx10-Cre Lsd1 (lox/lox) animals was 14.1um, compared to 20.8um for the 

Chx10-Cre controls and 19.8um for the Lsd1 (lox/lox) controls (Figure 5H).   

  

Because of the significant decreases in cell nuclei observed in the ONL and INL, we wanted to see if 

certain cell types were uniquely sensitive to Lsd1 deletion. Through immunofluorescence, we stained for 

Lsd1, TUNEL, and major cell type specific markers across all three groups. There was little Lsd1 protein 

expressed in the Chx10-Cre Lsd1 (lox/lox) animals compared to control groups (Figure 6A – 6F) which 

corroborate the western blot results in Figure 1. When we examined cell-type specific markers for 

photoreceptors (Figure 6G – 6L), horizontal and amacrine cells (Figure 6M – 6R), and rod bipolar cells 

and retinal ganglion cells (Figure 6S – 6X) we observed qualitative reductions in the expression of 

calbindin and PKCalpha in the Chx10-Cre Lsd1 (lox/lox) animals compared to controls. We also observed 

TUNEL staining, which labels DNA breaks during apoptosis, in the experimental Chx10-Cre Lsd1 

(lox/lox) group in the ONL which is consistent with active photoreceptor cell death. As expected, no 

TUNEL staining was observed in either control group (Figure 6Y – 6DD).    

  

In addition to the Chx10-Cre driver line, we also used a Rho-Cre driver mouse to delete Lsd1 in a 

rod-specific manner. In order to determine whether the deletion of Lsd1 in rods has any effect on proper 

retinal function, we performed ERGs in scotopic conditions. Looking at the raw waveforms (S1A), there 

was virtually no difference between the controls and the experimental animals. When looking specifically 

at the a-wave, b-wave, and c-waves (S1B-S1D), there was no statistically significant difference between 
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the control Lsd1 (lox/lox) and experimental Rho-iCre75 Lsd1 (lox/lox) animals across the different 

parameters. Additionally, we performed in vivo imaging to determine whether there were any 

morphological defects. Based on the Fundus photos (S2A-S2B) and SD-OCT photos (S2C-S2D), there 

were no obvious signs of degeneration. Those in vivo results were corroborated with post-mortem results 

with H&E staining of whole eye (S3A-S3B) and retina (S3C-S3D) that showed no statistical difference in 

ONL nuclei counts (S3E).   

 

2.5 DISCUSSION 

Overall, the goal of this study was to determine the role of Lsd1 in ocular development by genetically 

ablating Lsd1 throughout the retina early during development or specifically in rods. This was achieved 

by using either a Chx10-Cre driver mouse to delete Lsd1 specifically in most RPCs or by a Rho-iCre75 

driver mouse for the rod photoreceptors. We hypothesized that deletion could cause ocular abnormalities 

which would be observed through visual function tests, in vivo imaging, and post-mortem analyses. 

Through immunoblotting, we observed a large and significant reduction in Lsd1 protein expression 

(~86%) in the experimental Chx10-Cre Lsd1 (lox/lox) animals compared to the two control groups 

(Figure 1). After observing successful Lsd1 deletion, we tested the mice for visual function and retinal 

morphology, both in vivo and post-mortem. We observed significant reductions in ERG amplitudes from 

the experimental animals compared to controls in both scotopic and photopic conditions (Figure 2). In 

scotopic conditions, the a- and b-wave amplitudes decreased by ~75% and ~89% respectively in the 

Chx10-Cre Lsd1 (lox/lox) animals compared to controls. These decreases in ERG amplitudes suggest 

photoreceptor and bipolar cell dysfunction (Granit, 1933; Weymouth, 2008). There were also sharp 

reductions in c-waves (which mirror and depend on a- wave signals), cone flicker response (which was 

extinguished), and oscillatory potentials (which were virtually eliminated) (Figure 2). We also observed 

significant but lesser decreases in total retinal thickness (~26%) and ONL thickness (~21%) in SD-OCT 

images and a more mottled and speckled appearance of fundus photos in the Chx10-Cre Lsd1 (lox/lox) 

animals compared to their littermate controls (Figure 3). Those results were corroborated with results 
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from H&E staining which showed modest degeneration in the experimental animals and significant 

decreases in cell nuclei quantification in the ONL (~19%) and INL (~30%) accompanied by mild but 

distinct disorganization, but not RGCL (Figure 4). Retinal lengths also decreased by ~7% in the Chx10-

Cre Lsd1 (lox/lox) animals compared to controls. Based on the electron microscopy images, we observed 

significant decreases in outer segment length (~47%) and inner segment length (~31%) in the 

experimental animals compared to controls and apparently important loss of normal organization, shape 

and continuity that may account for most of the lost ERG and functional signals (Figure 5). Through 

antibody staining, we determined that Lsd1 deletion during retinal development affects many major 

neuronal cell types in the retina and there was increased apoptosis in the experimental animals compared 

to controls (Figure 6). When looking at the Rho-iCre75 Lsd1 (lox/lox) animals, we did not observe any 

statistical differences in the scotopic a-, b-, or c-waves (Supplemental Figure 1). Additionally, there were 

no obvious signs of degeneration when looking at Fundus and SD-OCT images (Supplemental Figure 2) 

or H&E retinal images and ONL nuclei counts (Supplemental Figure 3). We hypothesize that the lack of 

an obvious phenotype in the Rho-iCre75 Lsd1 (lox/lox) animals to because Lsd1 activity was reduced 

after the retinal cells had committed and differentiated, thus the retinal cells and circuity were able to 

properly develop.   

  

One interesting note is that we observed small, but statistically significant differences between the 

Chx10-Cre and Lsd1 (lox/lox) control groups for a few parameters, including Lsd1 protein expression 

(Figure 1C), scotopic b-waves (Figure 2D), and total retinal thickness as measured by OCT imaging 

(Figure 3E). Although unexpected, it is possible that the Chx10-Cre only animals may experience some 

retinal toxicity due to the presence of Cre recombinase. Although rare, then have been reports about 

differences in recombinase efficiency in different tissues and Cre recombinase toxicity (Loonstra, 2001; 

Hameyer, 2007 ; Naiche, 2007 ; Lexow, 2013). Importantly, three different Nestin-Cre mouse strains were 

shown to develop hydrocephaly due to high amounts of Cre recombinase expression in neural progenitor 

cells (Forni, 2006). It is possible that the Chx10-Cre animals have slight Cre toxicity resulting in lower 
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protein expression, overstimulation of bipolar cells, and small amounts of edema in the retina which 

accounts for the small, but significant differences we observe between the control groups. Overall, it does 

not detract from the important role of Lsd1 in proper retinal development but should be noted.   

  

Earlier we hypothesized that Lsd1 ablation could result in either: 1) retinal degeneration due to RPC 

apoptosis or abnormalities in RPC proliferation or 2) irregularities in the relative proportion of various 

mature retinal neuron subtypes due to improper RPC differentiation. For now, we are unable to 

differentiate between these two possibilities and will be the subject of future studies. RPCs are 

heterogenous in their individual transcriptome and this allows for multipotency (Trimarchi, 2008 ; 

Bassett, 2012 ; Cepko, 2014). Under the influence of different cell fate determinants, the RPCs undergo 

asymmetrical cell division and become increasingly restricted and specified before committing to a 

particular cell fate (Cepko, 1996 ; Livesey, 2001 ; Saito, 2003 ; Kechard, 2012). These restricted RPCs 

often have distinct molecular and transcriptional profiles compared to their multipotent counterparts 

(Blackshaw, 2004 ; Aldiri, 2017 ; Buenaventura, 2018 ; Clark, 2019 ; Shiau, 2021). Thus, during retinal 

development, the 7 major and ~130 subtypes of mature retinal cells are born in distinct, but overlapping 

windows of time in a stereotypical order (Young, 1985; Cepko, 1996 ; Bassett, 2012 ; Shekhar, 2016 ; 

Tran, 2019 ; Yan, 2020). Therefore, we posited that the loss of Lsd1 would affect the proliferation, 

specification, and differentiation of the RPCs due to global abnormalities in the epigenetic environment. 

Future studies will investigate how RPCs cope with the epigenetic dysregulation that possibly occurs with 

the loss of Lsd1 by studying timepoints during retinal development. This can be achieved looking at the 

global retinal morphology and specific differentiation of specific major and minor cell types during 

embryonic and post-natal retinal development. One limitation of the present study is the relatively crude 

identification of the loss of specific major cell types via immunofluorescence. More sophisticated 

methods such as RNAscope (Wang, 2012), or single-cell spatial technologies such as MERFISH (Chen, 

2015; Moffitt, 2016), Seq-Scope (Cho, 2021), or SABER-FISH (Kishi, 2019), which has already been 

applied to the retina to investigate bipolar cell subtype identify, location, and birthdate (West, 2022), 
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could be used to elucidate precisely which retinal subtypes are missing following Lsd1 deletion during 

retinal development.  

  

Additionally, it is crucial to study how the global transcriptome and epigenome are altered in these 

animals both during and after development through RNA-seq (Mortazavi, 2008; Nagalakshmi, 2008), 

ChIP-seq (Johnson, 2007 ; Robertson, 2007) / CUT&RUN (Skene, 2017), and ATAC-seq (Buenrostro, 

2013)  methods. This could lead to significant insights on the mechanistic role of Lsd1 in the proper 

development and differentiation of the retina.   
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2.6 FIGURES AND TABLES 

2.6.1 Figure 1 Retinal LSD1 Protein Expression at P30 
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2.6.2 Figure 2: Chx-10 Lsd1 fl/fl Show Deficits in ERG Responses  
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2.6.3 Figure 3: Chx10-Lds1 fl/fl Show Abnormalities in Retinal Structures 
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2.6.4 Figure 4: Chx10-Lds1 fl/fl Exhibit Significant Loss of Retinal Thickness 
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2.6.5 Figure 5: Chx10-Lds1 fl/fl Exhibit Shortening of Inner and Outer Photoreceptor Segments 
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2.6.6 Figure 6: Chx Chx10-Lds1 fl/fl  Show Loss of Retinal Subtypes and Increased Apoptosis 
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3.1 ABSTRACT: 

 Purpose: Using C57BL6/J mice ranging in age from P60-P970, we sought to evaluate how regional 

changes in RPE shape reflect incremental losses in RPE cell function with advancing age. We hypothesize 

that tracking morphological changes in RPE is predictive of functional defects over time.  

 

Methods: We examined three groups of C57BL/6J mice (young: P60-180; middle-aged: P365-544; 

aged: P730- 970) for function and structural defects using electroretinograms, immunofluorescence, and 

phagocytosis assays.  

 

Results: The most significant changes in RPE morphology were evident between the young and aged 

groups, while the middle-aged group exhibited lesser but notable region-specific differences. We observed 

a 1.9-fold increase in cytoplasmic alpha-catenin expression, specifically in the region proximal-medial of 

the optic nerve, in the aged group compared to the young.  Cells expressing cytoplasmic alpha-catenin in 

the aged group had increased cell area and eccentricity compared to the young group. Additionally, there 

was a 9-fold increase in IBA-1-positive immune cell density in the subretinal space and a significant 

decrease in visual function in aged mice compared to young mice. Functional defects in the RPE are 

corroborated by changes in phagocytotic capacity, possibly suggesting a slower turnover of phagosomes. 

 

Conclusions: There was a marked increase in cytoplasmic alpha-catenin expression in the RPE of 

aged mice compared to the young group. There was a regional increase of cytoplasmic alpha-catenin in 

aged mice proximal-medial of the optic nerve; additionally, these cells also exhibited increased cell area 

and eccentricity compared to cells in the same region in young animals. Similarly, the regional increase of 

subretinal immune cell density and decreased visual output coincide with changes in RPE cell 

morphometrics when stratified by age. These cumulative changes in the regional RPE morphology and 

stress marker patterns are associated with the loss of RPE integrity and function.  
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3.2 INTRODUCTION 

The retinal pigment epithelium (RPE) is a monolayer of hexagonal cells between the neurosensory 

retina and the choroid that interacts with Bruch’s membrane 83–87. Primary functions of the RPE include 

supplying the retina with nutrients via basal infoldings and removing waste by-products from the 

phototransduction processes of photoreceptor cells 86,87. RPE phagocytosis recycles the outer segments of 

rod and cone photoreceptors and secretes growth hormones that are critical in maintaining the 

morphological integrity of multiple retinal structures 1,88,89. The role of the RPE is evident beginning at the 

very early stages of ocular development. Ablation of the RPE results in absent or abnormal ocular 

development 90,91. Due to the plethora of functions that the RPE performs, its density, structure, and 

function are critical to visual signaling. Consequently, studying age-related changes in RPE structure can 

serve as a predictive measure for retinal degeneration and progressive vision loss 4,91–93.  

Aging affects many tissues of the human body, including the RPE. In healthy adults, RPE cell density 

decreases uniformly from the second to the ninth decade of life 94, declining by about 0.3% per year, 

increasing the photoreceptor-to-RPE cell ratio 95,96.  In addition to reduced density of the RPE, other 

hallmarks of aging include the thickening of RPE-Bruch’s membrane complex at the foveal minimum, 

subretinal accumulation of lipofuscin, decreased visual acuity, increased circulation of profibrotic 

macrophages, increased choroidal neovascularization, and the formation of hard drusen 39,97–103. While 

these are expected changes in natural aging, they overlap with disease hallmarks, suggesting a partially 

conserved mechanism between normal and abnormal aging 1,104–106. For example, age is the primary 

demographic risk factor for age-related macular degeneration (AMD), followed by race, iris color, and 

dysregulation of inflammation-associated genes (e.g., CFH and ARMS/HRTA1, and C3b107–114 and 

lipoproteins 14,106.  

Structural changes in RPE cells can also be indicators of future RPE dysfunction and progressive loss 

of vision. During increased apoptosis, neighboring RPE cells expand their borders to maintain contact, 

increasing polymegatheism and pleomorphism in aging and damaged RPE cells. A study by Rashid et al. 

showed a region-specific increase in cell size and loss of hexagonal shape of the RPE during normal 
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aging and AMD 86. Further research is needed to understand the association between increased age, 

abnormal RPE structure, decreased phagocytic capacity, and AMD 15,115,116. Understanding familiar 

hallmarks of normal and abnormal aging mechanisms can aid in early detection of pathogenesis and 

preserve vision. 

  Further study of age-related structural RPE heterogeneity and its molecular underpinnings is 

required to target the RPE-mediated initiation of age-related retinopathies. This study employed a natural 

aging model to examine unique structural patterns in RPE associated with age and deterioration. Previous 

aging studies compared relatively young animals with animals that were ~1 to 2 years old 117–119. 

However, this excludes a crucial advanced aged demographic (mice older than 24 months) that may better 

capture the overall progression of ocular differences due to aging that recapitulates human disease. After 

24 months of age, the probability of survivorship in mice drops markedly from roughly 50% before 24 

months to less than 20% after that time point 120. 

Additionally, many studies focused on retinal dysfunction and may have missed critical changes in 

RPE structure that are also important in visual function outcomes. Currently, many studies explicitly 

characterizing changes in the aging RPE of mice are limited to data before or around the age of 24 months 

(correlating to 56-69 human years), which limits our understanding of changes in RPE morphology 

resulting in the cumulative loss of vision in seniors over 80 years of age 121–124. In humans, RPE 

morphology is intact into middle age (38-47 years); however, by 80 years of age, there is a sudden 

decrease in visual function due to subtle changes in the RPE monolayer arrangement, integrity, and 

geometry, resulting in vision loss125. The timeframe of RPE morphological changes corresponds with a 

significant spike in the rate of visual disability in adults that are 80 years or older126.  Weikal et al. 

described substantial differences in the frequencies of age-related lesions and structural aberrations in 

animals that were 23.5 months compared to 17 months old, a phenotype exacerbated by high-fat diet 

exposure127. Thus, the data loss in this maturational gap between 17 months and 32 months limits our 

understanding of early signs of aging and distress in RPE cells, resulting in vision loss. To address this 

gap, we utilized C57BL/6J mice divided into three groups: young (P60-180), middle-aged (P365-P544), 
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and aged (P730-P970), providing a comprehensive analysis of RPE aging. Our study expands on previous 

work by correlating RPE dysmorphia with immune cell recruitment, stress-related protein expression 

changes, and RPE dysfunction over time 128.  

 

3.3 METHODS 

3.3.1 Animal Husbandry:  

Mouse housing, experiments, and handling were approved by the Emory University Institutional 

Animal Care and Use Committee. Studies were conducted in adherence with Association for Research in 

Vision and Ophthalmology (ARVO). The studies conducted followed the guidance and principles of the 

Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). C57BL/6J (WT) 

mice were maintained on a 12-h light/dark cycle at 22°C, and standard mouse chow (Lab Diet 5001; PMI 

Nutrition Inc., LLC, Brentwood, MO) and water were provided ad libitum. Animal breeding pairs were 

purchased from Jackson Laboratories (JAX) and bred in-house for three generations before experimental 

use. The mice used in each group were collected from different litters, and all samples represent an 

independent animal; therefore, we expect no batch effects. The mice were managed and housed by Emory 

University Division of Animal Resources. Adult mice were euthanized using CO2 gas asphyxiation for 5 

minutes followed by cervical dislocation. All mice used for this study were divided up into the following 

groups: Group 1 (Young: post-natal day 60-180); Group 2 (Middle-aged: post-natal day 365-544); Group 

3 (Aged: post-natal day 730-P970).  

 

3.3.2 RPE and Visual Function Studies: 

 

3.3.2.1 Electroretinography (ERGs) – a-, b-, and c-waves 

Scotopic electroretinograms were performed on mice that were dark-adapted overnight. Each 

mouse was anesthetized using intraperitoneal (IP) injections of 100 mg/kg of ketamine and 15 mg/kg 

xylazine (ketamine; KetaVed from Patterson Veterinary, Greeley, CO; xylazine from Patterson Veterinary, 
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Greeley, CO). Once anesthetized, the pupils were dilated with proparacaine (1%; Akorn Inc., Ann Arbor, 

MI) and tropicamide (1% Tropicamide Ophthalmic Solution, USP; Akorn Inc., Ann Arbor, MI or 0.5% 

Tropicamide Ophthalmic Solution, USP, Sandoz, Princeton, NJ) eye drops, which were administered 

topically. Mice were placed on a heating pad under red light, and function was analyzed with Diagnosys 

Celeris System (Diagnosys, LLC, Lowell, MA). Full-field ERGs were assessed at the following stimulus 

intensities (0.001, 0.005, 0.01, 1, and 10 cd s/m2). Signals were collected for 0.3 sec after each step to test 

for scotopic a- and b-wave function. The c-wave was tested at a flash intensity of 10 cd s/m2, and the 

signal was collected for 5 sec. The c-wave was measured from baseline to the peak of the waveform. 

After recording, each mouse was placed in its home cage on top of a heating pad (39°C) to recover from 

anesthesia. Afterward, mice were injected with a reversal agent (0.5 mg/mL atipamezole, injection 

volume 5 µL per gram mouse weight; Patterson Veterinary, Greeley, CO) and placed individually in cages 

on top of heated water pads to recover.  

 

3.3.3 Rhodopsin Metabolism Assay 

Murine eyes were enucleated and placed in glass tubes of “freeze-sub” solution of 97% methanol 

(Fisher Scientific A433p-4) and 3% acetic acid that was chilled with dry ice, following the method of Sun 

and coworkers 129.  Tubes were placed at -80°C for at least four days to dehydrate the tissue. After at least 

four days, tubes were allowed to reach room temperature before the eye samples were placed into tissue 

cassettes (Fisher Scientific, Catalog # 15200403D). The cassettes were placed in 100% ethanol for 20 

minutes and then fresh 100% ethanol for another 20 minutes. Next, the cassettes were placed in xylene 

(Fisher Scientific X3S-4) for 20 minutes and then in fresh xylene for another 20 minutes. Afterwards, the 

cassettes were placed in a paraffin bath for 45 to 60 minutes before being transferred to a fresh paraffin 

bath for another 45-60 minutes. Eyes were then embedded in paraffin and sectioned for 

immunofluorescence.  
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The paraffin sections were then deparaffinized and rehydrated with xylene and decreasing ethanol 

concentrations, then finally in Tris-buffered saline (TBS) (#1706435; Bio-Rad). The slides were covered 

in a blocking solution made up of Tris-buffered saline (#1706435; Bio-Rad) with 0.1% (vol/vol) Tween 

20 (pH 6.0) (BP337-100; Fisher Scientific) (TBST)] with 2% Bovine Serum Albumin (BSA) [catalog 

#BP9703-100]. The primary antibodies (mouse anti-rhodopsin, Abcam, catalog #ab3267, [1:250] and 

Rabbit anti-BEST1, Abcam, catalog # ab14927 [1:250]) are then added to the blocking solution and put 

on the slides overnight at room temperature in a humidified chamber. The next day, the secondary 

antibody is added to the blocking solution. The slides were washed three times in TBST, and then the 

secondary antibody was placed on the slides and incubated for four hours. Slides were washed and nuclei 

stained before mounting in fluoromount G (catalog #0100-01; SouthernBiotech, Birmingham, AL, USA). 

We used counts of rhodopsin deposits within the RPE from shed rod outer segments as a proxy for 

phagosome production which were quantified. Counts were performed by three independent, blindeded 

observers using Photoshop (Adobe Photoshop, Version 27.4.0 release), and each count was averaged for 

final counts per sample.   

 

 

3.3.4 RPE flat mount preparation for ZO-1/alpha-catenin immunohistochemistry  

Murine eyes were enucleated and fixed with either zinc and formaldehyde (Z-fix) (Anatach, 

Battle Creek, MI Catalog # 622) for 10 minutes at room temperature for alpha-catenin staining or 4% 

paraformaldehyde (PFA; 16% solution stored under argon from Electron Microscopy Sciences Catalog # 

15710) diluted in 1X PBS (Fisher Scientific #50-980-487 and Corning 46-013-CM) for 1 hour at room 

temperature. Afterward, the eyes were washed five times in Hanks’ Balanced Salt Solution (HBSS Cat 

#14025092 Gibco by Life Technologies, Grant Island, NY) and stored at 4°C for up to 24 hours before 

dissection. RPE flat mounts were dissected and prepared as described in Zhang et al. (2021)130. After the 

removal of the retina, each RPE flat mount was individually transferred into a well created by attaching a 

silicone gasket (Sigma Aldrich #GBL665104-25EA) to a SuperFrost Plus microscope glass slide (Fisher 
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Scientific #12-550-15). Flat mounts were incubated in 300 µL of blocking buffer (3% (W/V) bovine 

serum albumin (BSA) (Catalog #BP9703-100) and 0.1% (V/V) Triton X-100 (Sigma) in HBSS (Fisher 

Scientific Catalog # MT21023CV) for 1 hour at room temperature in a humidified chamber. Primary 

antibodies (anti-ZO1 EMD Millipore Cat #MABT11 and anti-CTNNA1 (alpha-catenin) Abcam Cat 

#ab51032) or (anti-ZO-1 EMD Millipore Cat #MABT11 and anti-Iba1 [EPR16589] (ab178847)) were 

diluted and pre-blocked in the blocking buffer for 1 hour before being applied to the flat mounts. Flat 

mounts were incubated in the primary antibody overnight at room temperature. The primary antibodies 

were aspirated, and the flat mounts were washed five times with wash buffer (HBSS and 0.1% V/V Triton 

X-100). Secondary antibodies (see Table 2) were diluted and pre-blocked in the blocking buffer for 1 hour 

at room temperature before being applied to the flat mounts overnight at room temperature. The flat 

mounts were then rinsed three times with the nuclear stain, Hoechst 33258 (Thermo-Fisher H3569, 

Waltham, MA), in the wash buffer, followed by two additional washes with the wash buffer. Afterward, 

the wash buffer was aspirated, the gasket was removed from the glass slide, and the flat mounts were 

mounted with Fluoromount-G (Southern Biotech; Catalog #0100-01; Birmingham, AL) and covered with 

a 22X40 mm coverslip (Thermo Fisher #152250). Flat mounts were dried overnight on flat surfaces in the 

dark.  

3.3.5 Confocal microscopy: 

The Nikon Ti2 with an A1R confocal scanner microscope was used for imaging. The processing 

software used for imaging was NIS Elements 5.2. Imaging was done in resonance mode at 1024x1024 

with 8x averaging, and a Denoise.ai filter was applied to the images. Lasers were 405, 488, 560, and 640 

nm. Images were collected using a 20x objective, and 25 images were usually photomerged together 

using Adobe Photoshop CS6. 
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3.3.6  Morphometry 

3.3.6.1 CellProfiler Segmentation Analysis 

  CellProfiler, a free, open-sourced cell image analysis software, is designed to analyze different 

images through customizable scripts, or “pipelines.” A pipeline was explicitly created to examine the 

morphology of the retinal pigment epithelium cells in murine eyes (used with Cellprofiler version 4.2.5), 

specifically the area, eccentricity, and radius of cells expressing alpha-catenin. The pipeline first 

converted the staining of ZO-1 (green), alpha-catenin (red), and Hoechst 33258 (blue) to grayscale, 

inverted the image, identified the primary object in the image, collected metrics of each cell (including the 

number of neighbors and eccentricity), and saved all morphometric analysis information of each cell to a 

spreadsheet that can be exported from the program for analysis.  

 

3.3.6.2 Imaris for alpha-catenin intensity 

The intensity of cytoplasmic alpha-catenin was analyzed using Bitplane's Imaris software 10.0.0. 

Maximum intensity projection images of each RPE flat mount were processed using IMARIS 10.0.0 

(Bitplane, Inc.), in which individual cells were segmented, identified, and quantified morphologically. 

Before converting and uploading images to Imaris, the corneal flaps and optic nerve heads were removed 

via the crop tool in Photoshop. Cropped flat mounts were uploaded to Imaris, and segmentation was 

customized based on target cell characteristics. The Imaris software allowed for thresholding based on 

cell size. Incorrectly segmented cells and artifacts were manually corrected. ZO-1 was used to segment 

each RPE cell, and cells were filtered based on alpha-catenin intensities in the cytosol. 

 

3.3.7 Iba-1 quantification 

Sub-retinal immune cells were manually counted using the Photoshop count function (Adobe 

Photoshop, Version 27.4.0 release) by three independent, masked observers. 

 



 56 

3.3.8 Statistical analysis 

Statistical analysis was conducted using Prism 9.1.0 (on Mac OS X 14 Sonoma) (GraphPad Software, 

Inc., La Jolla, CA, USA). Data are presented as mean +/- standard deviation (SD), with statistical testing 

for individual datasets described in the Figure legends. A p-value <0.05 was considered statistically 

significant. Demographic distributions and sample sizes are summarized in Table 1. All statistical tests 

used are detailed in supplemental data Figures. Note: Regional analysis of cell counts and fluorescence 

intensity for proteins of interest was averaged over the total number of cells within that partition and 

normalized to the partition containing the most significant number of cells by partition area.  

 

 

3.4 RESULTS 

3.4.1 Natural aging of the retinal pigment epithelium resulted in ectopic localization of structural 

protein alpha-catenin. 

To examine if increased age is accompanied by cytoplasmic mislocalization of alpha-catenin (Acat 

or CTNNA1), a force-sensing protein that interacts with F-actin and cadherins of the actin cytoskeleton 

61,131, we stained RPE flat mounts from young and aged mice. With increased age, we found that Acat 

immunoreactivity was more prevalent in the RPE cytoplasm in aged mice than in young mice [Figure 1]. 

The oldest mice showed a 1.9-fold increase (young mean: 24.7 A.U. ±9.93; Aged mean: 48.1 A.U. ± 9.31; 

p-value***<0.001; One-way ANOVA with Tukey’s multiple comparison test.) in cytoplasmic alpha-

catenin signal compared to the young mice; while middle-aged mice showed a ~16 percent increase in 

cytoplasmic alpha-catenin compared to the young group (middle-aged mean: 28.67 A.U. ±3.55 vs. young 

mean: 24.7 A.U. ±9.93; p-value: not significant; One-way ANOVA with Tukey’s multiple comparison 

test). This increased accumulation coincided with increased numbers of enlarged, multinucleated RPE 

cells (see white arrows, Figure 1).  Enlarged cells were mainly concentrated in the central portion of the 

RPE sheet. However, the aged group's peripheral cells also showed cytoplasmic alpha-catenin signs. 

These changes in alpha-catenin localization were a sign of RPE stress as the cells undergo structural 
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modification (breakdown of adherens junctions in the cell membrane) in response to age-related 

damage131 132. 

 

3.4.2 Cytoplasmic alpha-catenin localization has regional distribution patterns and is highly 

expressed in aging animals in the central medial to the optic nerve.  

The morphometric analysis of RPE eccentricity and mean area averaged across the entire flat 

mount showed no statistically significant differences among age groups [data not shown]. However, we 

hypothesized that by comparing RPE morphology by regional subcategories, there would be a 

considerable difference in morphometric features among age groups due to notable empirical observations 

of regional patches of RPE cells that looked morphometrically distinct. To test this, we made five circular, 

concentric partitions around the optic nerve expanding into the periphery. We observed an interesting 

trend in regional subcategories when compared between age groups. When comparing regions proximal 

to the optic nerve, alpha-catenin expression significantly increased when stratified by age group [See 

Figure 2B]. This trend was further evident when assessing the eccentricity and mean area of the cells 

expressing cytoplasmic alpha-catenin within each group partition. In the aged group, cells expressing 

cytoplasmic alpha-catenin displayed regional increases in cell area and eccentricity proximal-medial to 

the optic nerve compared to cells from the young group (Figure 2C-2D). A similar trend was observed 

between the middle-aged and young groups, indicating that these localization changes in the force-sensing 

protein, alpha-catenin, are an early feature of RPE stress preceding age-related visual decline and 

functional loss of RPE. These data align with previous studies that show central RPE cells exhibit more 

cell death and stress signals than peripheral RPE cells 133.  

 

3.4.3 Inflammatory cell recruitment to the RPE increases with advanced age.  

To assess whether the number of immune cells recruited to the RPE increases in the natural aging of mice, 

we quantified the total number of IBA-1 positive cells in the RPE sheets of young and aged mice. We 

found that there was a more than 9-fold increase of IBA-1+ immune cells within the RPE sheets of mice 
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in the aged group compared to younger groups (aged: mean 438.85±350; young: mean 46.5±40.3; p-

value*< 0.05; Kruskal-Willis ANOVA with Dunn’s multiple comparison test) [see Figure 3A and B]. 

Additionally, the deposition of immune cells was two-fold higher in the mid-periphery of the RPE within 

the aged group represented by zones 3 and 4 (Zone 3: young mean: 4.25 ± 3.9 cells v.s. aged: 72.6 ± 53.5 

IBA1 cells; p-value *<0.05; Two-way ANOVA with Tukey’s multiple comparison. Zone 4: young mean: 

8.25 ± 9.6 IBA1 cells v.s. aged: 78.6 ± 74.7 IBA1 cells; p-value*< 0.05; Two-way ANOVA with Tukey’s 

multiple comparison [ see Figure 3C] compared to the young group.  

 

3.4.4 Loss of Retinal and RPE Function Occurs with Aging. 

Comparative analysis of functional output between age groups found that there was a ~40% to 50% loss 

of function in both scotopic a- and b-wave function, respectively, between the young and aged groups 

(young a-wave mean: 257.5 µV ±46.3 vs. aged a-wave mean: 148.75 µV ±18.5; p-value ****<0.0001. 

young b-wave mean:  534.0 µV ±105.0 vs. aged b-wave: 264.83 µV ±36.9.; p-value ****< 0.0001. One-

way ANOVA with Tukey’s multiple comparisons test). We observed a more modest but significant 

reduction in scotopic a- and b-waves between the middle-aged and aged groups and the young and 

middle-aged groups. (29% and 22% loss, respectively p-value*** <0.001; young mean: 257.5 µV ±46.3 

middle-aged mean: 210.3 µV ± 34.3; aged mean: 148.75 µV ± 18.5; One-way ANOVA with Tukey’s 

multiple comparisons test).  When assessing RPE function via c-wave amplitude analysis, only the aged 

group showed a significant reduction in function compared to the youngest group (30% loss, p-value 

**0.001; mean young: 258.9 nV ± 59.58; aged mean 182.3 nV ± 25.98; One-way ANOVA with Brown-

Forsythe test), while there was no difference between the young and middle-aged group.  

 

3.4.5 Aging animals show modest retinal and RPE morphological irregularity. 

Mice in the aged group showed marginal differences in retinal architecture compared to the youngest 

group. At ~500 to 1000 microns from the optic nerve on the superior side, there is as much as a 34% 

increase in retinal thickness (young group: average: 6.2 ± 0.8 µm; Aged group: average 8.3 ± 0.87 µm. p-
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value **<0.01. Two-way ANOVA with Dunnett’s comparison test) in the aged group compared to the 

youngest group. This difference in regional retinal thickness appeared near the optic nerve on the superior 

portion of the retina. Additionally, the retinas of older mice showed abnormalities of the RPE layer with 

enlarged cells compared to young animals and loss of cell-cell contacts between the RPE cells, indicating 

irregularities in the cell structures (See Figure 5A: see white arrows; Figure 5B). There were also changes 

in the morphology of the inner and outer segments of the photoreceptors in the aged group compared to 

the younger groups. These data also suggested that isolated, regional changes correlate with increased age 

15,116,134.  

 

3.4.6 Natural aging resulted in the retention of phagosomes within the RPE.  

A significant function of the RPE is to provide cellular waste management of the photoreceptor outer 

segments via phagocytosis. Studies of RPE function in human donor eyes with AMD showed 

dysregulation of phagocytosis in the RPE eyes. Due to the significant loss of RPE function in the aged 

group compared to the young group, we evaluated RPE function via a rod outer segment phagocytosis 

assay. Based on previous studies, we hypothesized that there would be a reduction in phagosomes within 

the RPE of aged mice compared to the young group 15,134–136. However, we found an increase of ~68% (in 

phagosomes retained within the RPE of the aged group compared to the youngest group (young mean: 

~239.6 ± 57.6 phagosomes/animal; aged group: ~406.8 ±107.8 phagosomes/animal; p-value **<0.01; 

Unpaired t-test) (Figure 6A and 6B). These data suggest phagosome processing in RPE cells may be 

slower in old mice. 

 

3.5 DISCUSSION 

This study aimed to define the changes in RPE morphology during natural aging in the C57BL/6J 

older than 24 months of age. We sought to systematically dissect these morphological characteristics to 

look for discrete regional changes that may account for the loss of central vision during natural aging. Our 

previous work analyzed changes in RPE organization in aging animals using morphometric analysis 128. 
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In that study, we described RPE morphology as relatively conserved characteristics between young and 

aged animals: 1) cells at the periphery radiated outward along an axis and showed high levels of 

variability in cell shape, and 2) the cells located at the central to mid-peripheral RPE sheet are densely 

packed and show little change in density over time, possibly due to cells from the periphery elongating 

and pushing into the center. Thus, the accumulation of subtle RPE changes over time is most correlated 

with the detrimental effects seen in aging. While mice lack a macula and cannot provide a direct 

comparison to human AMD, they have been effectively used to study AMD-like manifestations of disease 

in RPE cells (127,137). Weikal et al. described apparent phenotypic differences in mice at 23.5 months 

compared to 17-month-old C57BL/6J mice, suggesting that the study animals older than 24 months is 

warranted. Additionally, studying the maturational gap after 24 months will aid in identifying abnormal 

patterns in cell morphology and function coupled with early intervention, which may be adequate to delay 

age-associated pathology resulting in vision loss.  

While we have explored multiple methodologies to optimize the tracking of subtle changes in 

RPE morphology that correlate with genetic and age-related manifestations of vision loss and pathology 

138–140, our understanding of very early signs of RPE distress and damage remains elusive. This study 

builds on these methods by evaluating increased regional pleomorphism and polymegathism of cytosolic, 

alpha-catenin expressing RPE cells and regional increases of immune cell recruitment as indicators of 

RPE stress preceding the overall decline in RPE function with age.  

  The RPE consists of a monolayer of post-mitotic cells that do not readily increase; consequently, 

the RPE has adopted other stress responses to accommodate the loss of cell density with age 119. We first 

evaluated alpha-catenin localization in conjunction with changes in the peripheral membrane, tight-

junction associated protein, Zonula Occludens 1 (ZO-1), as a metric for early signs of RPE damage. The 

RPE of young mice was of uniform cell size and shape, and alpha-catenin was restricted to the cell 

borders, indicating healthy RPE morphology. In contrast, the RPE in the aged group showed increased 

cytoplasmic alpha-catenin compared to the young group [See Figure 1A-B], likely indicating a higher 

degree of disassembly of adherens junction protein complexes associated with pathology. Multiple studies 
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have validated the role of alpha-catenin in controlling actin skeleton dynamics via its ability to bind actin 

bundles and act as a stabilizer at sites of adherens junction force-sensors 61,132,141–143.  We also assessed cell 

area and eccentricity (level of shape irregularity) of cells with cytoplasmic alpha-catenin. Still, we found 

no significant differences between groups when averaged over the entire flat mount (data not shown). We 

conducted a regional analysis using five concentric partitions for cytoplasmic alpha-catenin expression 

and the cell area and shape irregularity in the RPE expressing cytoplasmic alpha-catenin among each 

group. We found distinct regional differences by age when assessing the morphometrics of RPE cells 

expressing cytoplasmic alpha-catenin. In the aged group, the RPE in zones 1, 2, and 3 showed 

significantly higher cytoplasmic alpha-catenin expression than the young group [ See Figure 2A and 2B]. 

Additionally, the aged RPE expressing cytoplasmic alpha-catenin displayed increased numbers of 

pleomorphic (increased eccentricity) cells and polymegathism (non-uniform cell area) in zones 1, 2, and 3 

compared to the young group [See Figure 2C-2D]. Our findings further validate previous studies that have 

examined regional differences in RPE morphology 119,128,133, regional heterogeneity of stress markers 

5,19,112,144–147, and increased apoptosis in areas with higher photoreceptor density. Our previous 

morphometric analysis, cited in Kim et al, assessed RPE morphometrics and topology using ZO-1 

analysis and found increased eccentricity and cell size in the peripheral RPE, near the cornea, with 

increasing age128. The present study, incorporates alpha-catenin, an indicator of stress-associated 

breakdown of RPE adherens junctions, in the RPE morphometric analysis and shows that there are 

regional increases in RPE cell irregularities proximal-medial to the optic nerve that accumulate with age 

and precede age-related deficits in vision. These data support a link between the mislocalized alpha-

catenin and age-related stress changes in RPE structure and size. An alternative explanation for the 

elevated cytoplasmic alpha-catenin levels could be the age-related loss of melanosomes, potentially 

enhancing the detection of cytosolic alpha-catenin 146 

Next, we analyzed subretinal immune cell deposition in each group by staining flat mounts for 

IBA-1+ cells. Our study found the aged group (P730+) displayed increased attachment of these cells to 

the apical face of the RPE compared to younger groups [See Figure 3AB]. Additionally, the regional 
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analysis revealed higher deposition in zones 3 and 4, corresponding to the mid-periphery and far 

periphery, with fewer cells near the optic nerve. Interestingly, this deposition pattern aligned with the 

increased alpha-catenin expression and increased eccentricity data shown in Figure 2A-D, suggesting that 

there may be a correlation between RPE stress indicators and increased regional accumulation of immune 

cells [ See Figure 3C-D.] Previous studies have proposed that interactions between RPE cells and 

microglia/macrophages contribute to retinal damage, with inflammation being a hallmark of aging and 

AMD. Multiple genome-wide association and functional studies have described increased inflammation 

as a hallmark of aging, 102,148–152 and increased risk for AMD and subretinal damage in humans 19,112,147,153. 

 

 Several studies have documented age-related deterioration in visual function in mice 151,152,154,155. 

Marola et al. identified conserved, overlapping transcriptomic and proteomic signatures associated with 

visual defects in aging mouse retinas 156. We evaluated visual function robustness using electroretinogram 

(ERG) scotopic a-, b-, and c-waves. We observed a significant decline in a- and b-wave output starting in 

the middle-aged group (P365-P544) and continuing into the aged group (P730-P970). RPE function 

assessed via c-wave amplitude showed a ~30% decrease in the aged group compared to the young [See 

Figure 4A-C]. These findings suggest a correlation between early RPE stress indicators and significant 

loss of visual function between the young and aged groups. Interestingly, the middle-aged group also 

showed deviations in a- and b-wave function, correlating with changes in RPE morphology and 

cytoplasmic alpha-catenin, preceding increased immune cell infiltration or changes in c-wave in the 

middle-aged group. 

  Then, we quantified retinal thinning and cell loss over time to examine age-related structural 

changes. Surprisingly, we found an increase in retinal thickness in the aged group compared to both 

young and middle-aged groups, particularly in the superior mid-periphery. There was a regional 

component to this distinction, with the retina from the superior portion of the eye cup within the mid-

periphery being thicker in the aged group than in the young group [Figure 5B]. These data may indicate 

retinal edema or swelling proximal to the optic nerve due to cellular distress, potentially explaining the 
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regional thickness increase in the aged group 157,158. Additionally, structural abnormalities in RPE were 

observed only in the aged group [Figure 4A, denoted by white arrows]. These findings suggest that 

although RPE is resilient and shows functional damage later than the retina, accumulated age-related 

structural changes in RPE contribute to functional decline and inflammation. 

  

Finally, to assess RPE function in response to the loss of electroretinogram output, we studied RPE 

phagocytic activity in young and aged groups by proxy of rhodopsin metabolism. Phagocytosis, a critical 

function of the RPE, was evaluated by staining samples for rhodopsin within 1 hour of light onset and 

assessing changes in rhodopsin metabolism by the RPE. We found a significantly increased presence of 

rhodopsin in the RPE of the aged group compared to the young, demonstrating age-related dysfunction in 

the RPE (see Fig. 6). Previous studies have described a similar aberration in RPE phagocytic capacity, 

increased stress markers, and accumulation of iron and drusen deposits with growing age or damage 

136,159160–164. We hypothesize that the increased presence of phagosomes in the aged group may lie in 

phagosome turnover rather than increased production or reduced maturation. Incomplete proteolysis of 

phagosomes by the RPE in advanced age has been described and could result in cellular stress, leading to 

RPE loss of function and death 165. This explanation may also partially account for the manifestation of 

regional differences. Central RPE cells are responsible for recycling the waste of a more densely packed 

population of photoreceptors. As a result, the central RPE is more affected, and defects are evident before 

those in the periphery.  

 

Limitations: This study is limited by the increased attrition rate of the study as animals age and drop out 

due to death by natural causes. Very few of the animals survived to be included in the oldest group, which 

may result in an age and sex bias in the data. We didn’t perform multifocal ERGs, which would have been 

an additional method of topographically mapping changes in visual function with age. Another limitation 

of this study is that the morphometric analysis of RPE cells and immune cells is contingent on the 

adherence to the surface of the flat mount preparation. Thus, our methods could not analyze nonadherent 
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cells that might weakly interact with the RPE and may be involved in the damage response. Analysis of 

the flat mounts was restricted to the apical face, which may miss phenomena that contribute to pathology 

that lie on the basal face of the cells. Data analysis was also limited by the study's nature, only 

incorporating static, post-mortem analysis of cellular changes. Longitudinal, live-imaging data may 

complement this study and monitor dynamic changes in labeled immune cell localization over time. 

Additionally, studies of the dynamics of RPE cells and subretinal immune cells may differ between 

humans and mice during aging. We also used the inbred C57BL/6J mouse strain so that the observations 

may vary in other inbred strains or outbred mice. Last, in this study, we did not delineate between 

microglia and macrophages, which may play different roles in the onset of pathology associated with 

aging. 
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3.6 FIGURES AND TABLES 

3.6.1 Table 1: Animal Sample Sizes by Age Group and Outcome Measure 

 

Group  Immunofluorescence 

(Alpha-catenin) 

Immunofluorescence 

(IBA-1) 

ERG Phagocytosis  

Young: P60-180 N=6 N=4 N=10 N=6 

Middle-aged: P365-544 N=11 N=7 N=13 N/A 

Aged: P730-P970 N=4 N=7 N=8 N=5 

Table Legend: Numbers of individual mice are provided. Approximately equal numbers of males and 

females were collected per sample group. Average Body Weight per group: Young: 19.4 grams ± 3.4; 

Middle-aged: 30.5 grams ± 1.9; Aged: 35.5 grams ± 4.8. N/A indicates none available. 
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3.6.2 Table 2: Primary and Secondary Antibodies and Reagents used for immunofluorescence 

Antibody  

Antibody 

type 

Vendor + Catalog # Concentration 

Rat Anti-ZO1 Primary  

EMD Millipore, Catalog 

# MABT11  

[1:200] 

Rabbit Anti-CTNNA1 (Alpha-

catenin) 

Primary 

Abcam,  

Catalog #AB51032 

[1:500] 

Rabbit Anti-Iba1(ionized calcium 

binding adaptor molecule) 

Primary 

Abcam, Catalog 

#ab178847 

[1:1000] 

Mouse anti- Rhodopsin Primary Abcam, ab3267 [1:250] 

Rabbit anti-Best1 Primary Abcam, ab14927 [1:250] 

Pentahydrate (bis-Benzamide) 

Hoechst 33258 

DNA 

nuclear 

Stain 

Thermo-Fisher 

Catalog #: H3569 

[1:250] 

Donkey anti-Rat (AF488) Secondary 

Life Technologies, 

Catalog # A21208 

[1:1000] 

Donkey anti-rabbit (AF568) Secondary 

Life Technologies, 

Catalog # A10042 

[1:1000] 

Donkey Anti-Mouse (AF488) Secondary 

Life Technologies 

Catalog #A21202 

[1:1000] 
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3.6.3 Figure 1: Natural Aging of the Retinal Epithelium Results in Ectopic Localization of 

Structural Protein, Alpha-catenin 

 

 
 

Figure 1: Natural aging of the retinal pigment epithelium resulted in ectopic localization of the structural 

protein alpha-catenin. RPE flat mounts from animals in young (P60-180), middle-aged (P365-729), and aged 

(P730-970) were collected and stained for anti-alpha-catenin [1:500; red], anti-ZO1[1:200; green], and Hoechst 

33258 [blue]. The figure shows a representative image of alpha-catenin localization into the cytoplasm of RPE cells 

exhibiting atypical morphology [Figure 1A; Representative Full flat mounts are shown in Supplemental Fig.1]. 

White arrows show examples of enlarged RPE cells with cytoplasmic expression of alpha-catenin. The prevalence of 

these cells increased in the aged group and is quantified in Fig 1B. N =4-8 animals/group. One-way ANOVA with 

Tukey’s multiple comparison test was used for analysis. Error bars: standard deviation (SD). An * represents p-value 

<0.05; ** represents p-value <0.01; *** represents p value <0.001; **** represents p-value <0.0001. Sample size: 

4-8 animals/group. Statistical test details are in Supplemental Table 1. 
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3.6.4  Figure 2: Cytoplasmic Alpha-catenin Localization has Regional Distribution Patterns and 

is Highly Expressed in the Mid-Periphery of Aging Animals. 

 

Figure 2: Cytoplasmic Alpha-catenin localization displayed regional distribution patterns and was highly 

expressed centrally in aging animals. RPE flat mounts were segmented into concentric zones around the optic 

nerve and cropped for segmentation using CellProfiler. Zone locations are shown in a representative image in Figure 

2A. Multiple parameters were analyzed, including the mean intensity of alpha-catenin within the cytoplasm of the 

RPE cells (See Figure 2B), the average area of cells expressing cytoplasmic alpha-catenin (Figure 2C), and cell 

shape of RPE cells expressing cytoplasmic alpha-catenin (eccentricity) (Figure 2D). Sample sizes: N=4-11/group. 

Analysis: Two-way ANOVA with Tukey’s comparison (2B,2C, and 2D); error bars: SD, *=p<0.05, **= p<0.01, 

***= p<0.001. Statistical test details are in Supplemental Tables 2-4. 

  

B

 

A 
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3.6.5  Figure 3: Inflammatory Cell Deposition Within the RPE Sheet was Increased with 

Advanced Age. 

 
 

Figure 3: Inflammatory cell deposition within the RPE sheet increased with age.  

RPE flat mounts were stained with an inflammatory cell marker, IBA-1[1:1000; red], ZO1(1:200; green], and 

Hoechst 33258 [blue]. Representative images show increased deposition of IBA-1 positive cells both centrally and 

peripherally in the aged group compared to the young group in Figure 3A [Representative whole flat mounts shown 

in Supplemental Fig.2]. The total IBA-1-positive cells were counted using Imaris [Figure 3B]. The flat mounts were 

then segmented into zones as previously mentioned and quantified with CellProfiler pipeline per zone. 

Quantification of these results is shown in Figure 3C and 3D.  N=3-7 animals/group. Analysis: Kruskal-Wallis with 

Dunn’s Correction test (3B) and Two-way ANOVA with Tukey’s multiple comparison test(3D); error bars: SD 

*=p<0.05, **= p<0.01, ***= p<0.001. Statistical test details are in Supplemental Tables 5 and 6. 
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3.6.6  Figure 4: Loss of Retinal and RPE Function Increases with Natural Aging 

 

Figure 4: Significant loss of visual function with natural aging with moderate loss of function within the RPE.  

Raw electroretinogram waveforms from the young, middle-aged, and aged groups under scotopic conditions and 

after a 10-cd s/m2 light flash are shown (Panel D). At multiple flash intensities, there were significant differences 

between all groups and group 1 for scotopic a-wave and scotopic b-wave. In contrast, the scotopic c-wave was only 

modestly significant between the young and aged groups. The significant reductions in ERG response suggest that 

there were dysfunctional photoreceptors and bipolar cells. Additionally, the reduction in RPE c-wave response at 

10Hz compared to the young group suggests that the age-related changes in the RPE also affected visual function. 

One–way ANOVA with Tukey’s multiple comparison test. *** represents p-value <0.001; **** represents p value 

<0.0001. Samples sizes: 8-13 animals/group. Statistical test details are in Supplemental Tables 7-9. 
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3.6.7  Figure 5: Aging Animals show Irregularities in Retinal and RPE Morphology 

 

Figure 5: Aging animals showed irregular morphology and retinal swelling in Hematoxylin & Eosin (H&E) 

staining compared to young animals. Representative H&E-stained retina (Figure 5A: panels 1-3) are shown by 

age group. Notably, the aged group shows significant perturbations to the RPE (denoted by white arrows) compared 

to the young and middle-aged groups. The quantification of total retinal thickness is shown in Figure 5B. It shows 

regional changes in the retinal thickness of aged mice compared to the youngest group. Two – Way ANOVA with 

Dunnett’s correction multiple comparisons test for retinal thickness analysis*, # = p-value <0.05; **,  ## = p-value 

<0.01; ***,  ### = p-value < 0.001; ****, #### = p value < 0.0001 (* symbols indicate significance between young 

group vs . aged group: # symbols indicate significant between the young and middle-aged group. Samples sizes: 4-6 

animals/ group). Statistical test details are in Supplemental Table 10. 
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3.6.8  Figure 6: Natural Aging Results in Reduced Rhodopsin Metabolism within the RPE 

compared to Young Animals 

 

 
Figure 6: Natural aging results in Reduced Rhodopsin Metabolism within the RPE compared to Young 

Animals 

In each group, whole eyes were extracted from animals at Zeitgeber 1 [ZT1] within 1 hour of environmental light 

cue onset [ZT0]. The sections were stained with Rhodopsin [green], Best1 [red], and DAPI [blue]. Representative 

images of a rhodopsin metabolism in the healthy control animal group (See Figure 6A). [Note: Control samples 

were collected outside the maximal phagosome production time after ZT1(far left panel). The young group (middle 

panel) and aged group (far right panel) were collected between ZT0 and ZT1 or within 1 hour of lights on at 7 AM, 

which is during the maximal phagosome production period.] Rhodopsin-containing granules within the RPE were 

counted manually by three blinded observers and quantified (Figure 6B). Results showed increased phagosomes 

within the RPE of the oldest group compared to the youngest animals or the ZT control, suggesting that there may 

be aberrant turnover or maturation of the RPE phagosomes in aging mice. N=5-6/group. Analysis: Unpaired t-test; 

error bars: Standard deviation *=p-value<0.05, **= p-value<0.01,***= p-value<0.001. Statistical test details are in 

Supplemental Table 11. 
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3.7 Conclusion:  

In this study, we sought to understand further how regional changes in the RPE sheet due to aging 

may affect the functional and structural outcomes of the subretinal space in mice older than 24 months. 

Our study found that RPE cells within the mid-periphery exhibit more eccentricity changes [Figure 2D], 

increased cytoplasmic alpha-catenin accumulation [Figure 1A-B, 2A-B], and increased deposition of 

IBA-1+ immune cells than the far periphery or central RPE cells in the advance age group [Figure 3A-D]. 

Our study also highlights how changes in regional stress responses and cell structure precede notable loss 

of RPE function over time. These morphological changes correlated with the loss of visual function via 

ERGs and defects in phagosome turnover in the RPE in the aged group and were associated with 

pathology onset. Aging C57BL/6J studies that include ages over two years are needed to examine the full 

range of age-associated RPE pathology to mirror clinical phenotypes found in at-risk persons within the 

crucial advanced age demographic of 80 to 95. Further study of potential mechanisms of RPE-immune 

cell communication during aging may give greater insight into targets for early intervention to preserve 

the sight of an increasing number of geriatric patients. 
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4.1 ABSTRACT:  

Purpose:  

Light-induced retinal damage (LIRD), an ocular damage model that uses light stress to initiate retinal 

degeneration and study damage-associated changes in cellular processes and signaling, has traditionally 

used albino animals due to their increased light sensitivity. However, albino and pigmented animals differ 

significantly in retinal development and visual signaling, with the visual processing in pigmented animals 

more closely resembling human processes. Pigmentation is critical for retinal structure and function. This 

study aims to establish a light damage model reflecting pigmentation's impact on retinal degeneration and 

investigate the role of RPE65 and Pigment Epithelium Derived Factor (PEDF) in light stress responses. 

We hypothesized that (1) rhodopsin regeneration via RPE65 SNPs modulates LIRD susceptibility in 

pigmented C57BL/6J mice; (2) galectin-3 (Gal-3) expression correlates with damage severity; and (3) 

PEDF expression is essential for resistance to LIRD. 

Methods: 

C57BL/6J mice with high (RPE65L450/L450) or low (RPE65M450/M450) activity RPE65 variants were bred 

with Cx3CR1-GFP mice. Light damage was induced at 50,000 lux for 5 hours during the dark phase. 

Mice were analyzed at 1-, 3-, and 7-days post-damage using electroretinography(ERG), spectral domain 

optical coherence tomography (SD-OCT), confocal scanning laser ophthalmoscopy (cSLO), histology, 

and western blotting. GFP+ (microglia/macrophages) and Gal-3+ cells were quantified using RPE flat 

mounts. 

Results: 

RPE65L450/L450 mice exhibited greater retinal damage and higher Gal-3 expression compared to 

RPE65M450/M450 mice. Retinal thinning and ERG wave amplitude loss was more severe in RPE65L450/L450 

animals at day 7 compared to RPE65 M450/M450(p-value <0.0001 and p-value 0.0001). GFP+ cell counts 
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increased by day 7 post-damage in RPE65L450/L450 mice (p-value <0.0001). Gal-3 expression, initially 

comparable between genotypes, remained elevated in RPE65L/L mice on day 7 but decreased in 

RPE65M450/M450 mice. Knocking out PEDF expression systemically in mice with the RPE65 M450/M450 allele 

resulted in increased vulnerability to light stress. The loss of protection from light stress in RPE65M450/M450 

animals suggests that PEDF expression was necessary for resistance to phototoxic damage. 

Conclusion: 

RPE65L450/L450 increases photosensitivity and damage-associated Gal-3 expression in pigmented 

C57BL/6J mice. PEDF is crucial for the protective effects against phototoxic damage in 

RPE65M450/M450 mice, providing insights into the role of factors secreted by the RPE in the ocular 

response to light stress. 
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4.2 INTRODUCTION 

Multiple genome-wide association and proteomic studies have implicated dysfunction in immune 

cell regulation and decline in retinal pigment epithelium (RPE) function as common characteristics of 

retinal degenerative diseases17–20. Visual disease etiology often subverts normal molecular mechanisms, 

leading to disease-associated phenotypes. Light damage studies have been integral in modeling the 

conditions under which molecular determinants evoke normal versus pathological phenotypes, deepening 

our understanding of cellular and molecular mechanisms contributing to disease progression.  

 

However, previous phototoxicity studies predominantly relied on findings from albino animals as 

they are more susceptible to light damage. Pigmented mice and rats, which process visual stimuli more 

like humans, are resistant to light damage, requiring extended exposure time166,167 to display minimal 

damage phenotypes, a characteristic attributed to slower regeneration of rhodopsin168–170. Additionally, 

previous studies have reported innate differences in ocular responses in albino strains compared to 

pigmented ones, e.g., the reduced density and distribution of photoreceptors and altered speciation of 

retinal ganglion cells in albino compared to pigmented animals, suggesting that strain differences may 

have a confounding influence on how these studies should be interpreted171–175. To create a model that is 

more like the pigmented vision of most humans, we made a pigmented, photosensitive C57BL/6J mouse 

by creating a single nucleotide polymorphism in the gene Rpe65 at amino acid 450. As a result of 

substituting the methionine at position 450 with leucine, we can shift the photoresistance exhibited in 

C57BL/6J mice to conferred photosensitivity respectively33.  This method eliminates potential stain 

differences since the mice will be on the same background and possess congenic features at every other 

gene locus. This study examined the functional, morphological, and molecular differences in pigmented 

animals with putative-conferred photosensitivity compared to putative photoresistance. This study found 

that pigmented, RPE65 L450/L450 animals are conferred photosensitivity and exhibit more susceptibility to 

damage, have increased subretinal immune cell recruitment, and increased galectin-3 expression 

compared to RPE65 M450/M450 controls, which exhibit photoresistance. Galectin-3, a β-galactoside-binding 
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protein, is significantly increased in multiple progressive degenerative diseases affecting both the brain 

and eye, including Huntington’s disease, ischemic injury, glaucoma, uveitis, and advanced age-related 

macular degeneration68,176–182. O’koren et al. reported the preferential recruitment of Gal-3 expressing 

immune cells to the subretinal space where the RPE in a both light damage and genetic model of retinal 

degeneration 73,75.  

Previous studies of light damage have implicated pigment epithelium derived factor (PEDF) in the 

protection of photoreceptors and neurons after damage- associated oxidative stress.183–185. PEDF, a 

neurotropic protein preferentially secreted by the RPE, has been shown to have many neuroprotective 

effects, in both the eye and brain186–188. Previous studies of the secreted proteome of eyes collected from 

patients diagnosed with retinal degeneration also showed disruption of both galectin-3 and PEDF 

expression compared to age-matched controls, suggesting that they both may be involved in disease 

pathology17. Loss of PEDF has also been linked to increased activation of proinflammatory signaling in 

the retina189. Due to the role that PEDF and the RPE play in the maintenance of homeostatic ocular 

signaling, as well as the links to increased inflammatory signaling when depleted or dysfunctional, we 

hypothesized that the putative photoprotective phenotype observed in RPE65 M450/M450 animals requires 

PEDF expression. In the following data we show that photoprotective phenotype in RPE65 M450/M450 

requires PEDF expression. Deficiencies in PEDF expression in RPE65 M450/M450 and RPE L450/L450, result is 

severe deficits in visual function after light damage exposure. RPE65 M450/M450 animals that don’t express 

PEDF show a similar photosensitive phenotype to RPE65 L450/L450. Taken together, these findings suggests 

that the comparative analysis of congenic, pigmented photosensitive and photoresistant animals is a 

promising model to study and identify early biomarkers of disease outcome and targets for therapeutic 

interventions that may preserve vision. 
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4.3 METHODS 

4.3.1 Breeding Scheme 

To generate the C57BL/6J mouse line expressing the RPE65 L450/L450 allele, the donor strain, 129-

SV, was bred to the recipient strain, C57BL/6J.  The resultant progeny were backcrossed to the C57BL/6J 

strain for five generations until homozygosity was reached. We maintained separate homozygous sublines 

of RPE65 L450/L450 and RPE65 M450/M450 mice on the C57BL/6J background. In order to study immune cell 

activity in vivo and histology, we crossed CX3CR-1 GFP knock-in mice on the C57BL/6J background, 

acquired from Jackson Laboratory (Stock NO. 005582), to both the RPE65 L450/L450 and RPE65 M450/M450 

sublines to homozygosity. The breeding scheme resulted in RPE65 L450/L450; CX3CR1 GFP/+ and RPE65 

M450/M450; CX3CR1 GFP/+ genotypes which were maintained. In order to study the effects of the RPE-

secreted factor, Pigment Epithelium Derived Factor (PEDF), on changes in visual function and immune 

cell recruitment after light stress, we generated PEDF-null sublines of our RPE65 M450/M450 and RPE65 

L450/L450 mice.  The PEDF knockout/null (PEDF KO/KO or PEDF-null) mice used in this study were gifted 

from Dr. Hans Grossniklaus and Dr. Sue Crawford at Northwestern University Feinberg School of 

Medicine (JAX Laboratory Stock No. 030065). This mouse strain has had exons 3-6 of the PEDF gene 

replaced by an IRES-lacZ cassette systemically. We bred PEDF (ko/+) x PEDF (ko/+) with either 

RPE65 M450/M450 or RPE65 L450/L450 on C57BL/6J background . The breeding scheme resulted in 

litters that were approximately 25% PEDF KO/KO (experimental) and 25% PEDF +/+ (wildtype 

controls). All experiments were conducted on animals that were P60-P380. Experimental 

biologists were masked of genotyping results until after in vivo experiments and samples were 

collected to limit bias.  
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4.3.2 Genotyping: 

 Genotyping was performed using a polymerase chain reaction to confirm the deletion of the PEDF gene 

expression. To limit ascertainment biases, PCR genotyping results were masked from experimental 

biologists until after in vivo experimental data and tissue samples were collected, and analyzed.  

4.3.3 Immunofluorescence staining and Histology. 

4.3.3.1 RPE Flat mounts 

 Immunofluorescence was used to detect galectin-3 positive cells and RPE cells to assess the 

extent of immune cell recruitment and damage. Eyes were micro-dissected using the technique reported 

by Zhang et al. 130,140,190. In brief, after enucleation, the eye was fixed with 4% 

Paraformaldehyde/Phosphate buffered saline (PBS) solution to incubate for 30 minutes before being 

washed three times with HBSS and stored in PBS at 4˚C until dissection. After lens removal, four flaps 

were made to flatten the RPE sheet to a conventional slide with an adhered silicon gasket (Grace Bio-

Labs, Cat # GBL665104, Bend, OR). The RPE flat mounts were blocked in Hank’s Balanced salt solution 

(Hyclone, Cat #SH30588.01, Logan, UT) containing 0.3 % (V/V) Triton X-100 and 1% (W/V) bovine 

serum albumin for 1 hour at 22 ˚C or overnight at 4°C in a humidified chamber. The next day, the flat 

mounts were washed in buffer and then incubated with secondary antibodies [See Section 4.6.1:Table 1] 

in HBSS/ Triton 100 X/BSA solution for 1 hour at 22°C. After secondary incubation, samples were 

washed with Hoechst 333258/HBSS/Triton 100 X solution before mounting with fluoromount G.  

 

4.3.3.2 Retinal Sections  

Eyes were fixed in using a freeze-substitution protocol129 at −80 °C for 4 days, embedded in paraffin, and 

sectioned through the sagittal plane on a microtome at thickness of 5 µm. Sections were stained with 

hematoxylin and eosin (H&E) to visualize the retinal morphology. Nuclei in the outer nuclear layer 

(ONL) were counted manually by three individuals that were blinded to the sample identity. Only nuclei 

within a 100-micron region were counted using Photoshop CS6 at regularly spaced intervals of 500 

microns apart from the optic nerve in both the inferior and superior directions. Deparaffinized retinal 
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sections were also stained for immunofluorescence. Slides were incubated at room temperature (RT; 

∼23°C) for 30 min in blocking buffer containing 2.5% normal donkey serum in a humidified chamber. 

Slides were stained with primary for 1 hr at room temperature (RT), washed twice for 5 min, and 

incubated with secondary antibody for RT for 1 hr. The slides were then counterstained with Hoechst 

333258 in TBS for 10 min, and rinsed once with buffer before Vectashield Vibrance (Vector Labs, Cat # 

H-1700, Newark, CA) used to mount the coverslip. The sections were imaged using an A1R confocal on a 

Nikon Ti2 microscope. All primary and secondary antibodies used for this study are listed in Table 1. 

 

4.3.4 Electroretinography (ERG) 

Mice were dark-adapted overnight for electroretinographic (ERG) testing, conducted under dim 

red-light conditions as previously described 191. Anesthesia was administered intraperitoneally with a 100 

mg/kg ketamine and 15 mg/kg xylazine solution ketamine solution. Topical eyedrops of Proparacaine 

(1%; Akorn Inc.) and Tropicamide (1%; Akorn Inc.) were used to numb the eye and pupil dilation, 

respectively. ERGs were recorded using the Diagnosys Celeris system (Diagnosys, LLC, Lowell, MA, 

USA), with corneal electrodes on each eye and the contralateral eye as the reference. Full-field ERGs 

were recorded for scotopic conditions at stimulus intensities of 0.001, 0.005, 0.01, 0.1, and 10 cd s/m² 

with a 4 ms flash duration, collecting signals for 0.3 sec to assess a- and b-wave function. For c-wave 

analysis, a 10 cd s/m² flash was used, with a 5-sec signal collection. After light adaptation for 10 minutes, 

photopic ERGs were captured 10 cd s/m². Post-recording, mice were placed in their home cages on 

heating pads to recover from anesthesia unless animals require further preparation for SD-OCT and cSLO 

examinations. 

 

 

4.3.5 In Vivo Ocular Imaging   

4.3.5.1 Spectral Domain Optical Coherence Tomography (SD-OCT):  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9950115/table/T1/
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Mice were anesthetized during the previous ERG examination, and a ketamine booster was 

administered to extend the examination period. The procedure for in vivo ocular posterior segment 

morphology analysis described previously 130. In brief, spectral domain optical coherence tomography 

(SD-OCT) using the MICRON® IV Spectral Domain Optical Coherence Tomography (SD-OCT) system 

with a fundus camera (Phoenix Research Labs, Pleasanton, CA, USA) was used sequentially to examine 

the retinal anatomy. Micron IV system, circular scans ~100 µm from the optic nerve head were collected 

(50 scans averaged together) to generate image-guided OCT images of the retinal layers and fundus. 

Retinal layers were annotated according to previously published nomenclature 192 .Total retinal thickness 

and photoreceptor (outer nuclear layer thickness) were analyzed using Photoshop (Adobe Photoshop 2024 

version 25.5) as previously described130.  

 

4.3.5.2 Confocal Scanning Laser Ophthalmoscopy (cSLO): 

 Immediately after ERG analysis, a rigid, contact lens adapted for mouse imaging (Heidelberg 

Engineering) was placed on the eye (back optic zone radius, 1.7 mm; diameter, 3.2 mm; power, Plano), 

and blue autofluorescence (BAF) imaging at the layer of the photoreceptor-RPE was obtained using 

Heidelberg Spectralis HRA and SD-OCT instrument with a 25 D lens (HRA)CT2-MC; Heidelberg 

Engineering, Heidelberg, Germany). After live imaging and ERG analyses, mice were injected with a 

reversal agent (0.5 mg/mL atipamezole, injection volume 5 µL per gram mouse weight; Patterson 

Veterinary, Greeley, CO) and placed individually in cages on top of heated water pads to recover. 

 

 

 

4.3.6 Western Blot Analysis:  

As described in Ferdous et al. 2019 and Ferdous et al. 2023, immunoblot experiments were 

conducted191,193. In brief, two dissected eye cups (containing the retina and RPE/ Sclera) were collected 

from each animal. Protein was extracted via mechanical rending of tissue by a QIAGEN TissueLyser in a 
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solution of radioimmunoprecipitation (RIPA) buffer containing protease inhibitors (completed mini 

protein inhibitor catalog #118361530001) and phosphatase inhibitors (PhosSTOP EASypack 

#04906845001).  Protein concentration was determined using Pierce bicinchonic Acid (BCA) Assay, and 

absorbance was measured at 562 nm using a Synergy H1 Hybrid Plate Reader (Biotek). After ascertaining 

the protein concentration, the samples were diluted to 0.8 mg/mL and heated to 95 ˚C for 10 minutes to 

denature proteins before electrophoresis. Samples were run on a pre-cast Criterion gel (Bio-Rad TGX 

Stain free Gel 4%-20%, Catalog # 567-8094, (Bio-Rad Laboratories, Inc., Hercules, CA)) along with 

10µL of a molecular weight ladder (Bio-Rad Catalog # 1610376) and run at 120V for 90 mins.  
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4.4 RESULTS 

4.4.1 Figure 1: Light-induced retinal damage results in increased recruitment of subretinal 

immune cells.  

It has been well documented that increased inflammation and the recruitment of immune cells 

from the retina into the subretinal space are associated with damage and aging37,38,194–196.  Figure 1A 

shows a cartoon schematic of the general location of neural retina-associated immune cells compared to 

the RPE in the standard, undamaged ocular environment. These anatomical relationships change during 

pathology, where a subset of these immune cells traverse the retina, deposit in the subretinal space, and 

interact with the RPE. The recruitment of these cells also appears to follow a particular kinetic profile, 

with Day 7 post-light-damage displaying the peak number of recruited cells.  

 

4.4.2 Figure 2: C57BL/6J mice with RPE65 Met450Leu substitution show photosensitive 

phenotype after Light Damage exposure. 

Most studies that utilize phototoxic models of ocular damage use albino animals since they are 

susceptible to light stress166,197. Very few of these studies have used pigmented animals, and of those that 

have, the treatment requires multiple consecutive days of light exposure to elicit an appreciable visual 

defect198,199. Previous studies using pigmented and albino rats show differences in responses and 

susceptibility to elevations in intraocular pressure, suggesting differences in strains may partially 

confound the findings171,172. Additionally, albino animals display developmental differences compared to 

pigmented animals, e.g., reduced number of photoreceptors and loss of retinal ganglion cell subtype 

speciation, leading to differences in visual function and responses to light damage175,200,201. Differential 

strain confounders were redressed by generating a congenic putative photosensitive pigmented animal 

subline (Rpe65 L450/L450), donated from 129SV mouse strain). This line was back-crossed ten times to the 

parental C57BL/6J lineage. We detected severe damage with only one 5-hour treatment period during the 

dark cycle (when mice spend the least time sleeping to maximize damage exposure) of the animals in the 

L450 line. 
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In contrast, there was negligible damage to the retina in the M450 line. Figure 2 shows that when 

assessed by electroretinogram at baseline, the light-sensitive ( RPE65 L450/L450)  animals have no 

significant visual defects compared to their photoresistant (RPE65 M450/M450) counterparts. 

Additionally, at early points after LIRD, both sublines of animals have similar a-, b-, and c-wave ERG 

responses until three days post-damage. However, on day 5, photosensitive animals exhibit severe loss of 

visual function, which peaks on day seven after the damage. In contrast, the Rpe65 M450 allele exhibits 

minor damage at any timepoint from Day 0 to Day 7 following light stress, suggesting a photoresistant 

phenotype. 

 

4.4.3 Figure 3:RPE65 L450/L450 animals Exhibits Severe Retinal Thinning and Morphological 

Differences in Retinal Structure in vivo Compared to RPE65 M450/M450 after LIRD.  

 In addition to the loss of function, photosensitive (RPE65 L450/L450) animals display significant 

morphological changes in the retina compared to photoresist (RPE65 M450/M450) animals. There was a 

substantial loss of RPE-photoreceptor attachment, increasing the space of the interphotoreceptor matrix, 

and an overall loss of retinal thickness of RPE65 L450/L450 animals after LIRD compared to the RPE65 

M450/M450 at the same time(See Figure 3A-F). There is a considerable loss of the outer nuclear layer density 

compared to controls and an increase in the damage-associated autofluorescent backscattering of light, 

indicating an increase in the disorganization of retinal structures. Retinal thicknesses were also 

significantly depleted compared to photoresistant animals at the same time point, quantified in 3H.  

 

4.4.4 Figure 4: Histology Confirms More Severe Depletion Of Photoreceptor Outer Nuclear 

Layer In RPE65 L450/L450 Than RPE65 M450/M450 After LIRD.  

As shown in Figure 4, at baseline, there were no morphological or structural differences between 

photosensitive and photoresistant animals (see Fig. 4A-4B). However, when analyzing changes in retinal 

architecture at day seven between photosensitive (RPE65 L450/L450) and photoresistant animals (RPE65 

M450/M450), there are striking changes in the gross anatomy. RPE65 M450/M450 animals showed minimal 
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retinal thinning or loss of integrity in the retinal layers (see Fig.4D). Conversely, theRPE65 L450/L450 

animals lost over 80-90% of the photoreceptors in the outer nuclear layer and irregularities in the RPE 

monolayer (See Fig. 4C). These data are quantified in Figure 4E.  

 

4.4.5 Figure 5 : RPE65 L450/L450 have increased Gal-3+ immune cell recruitment to the subretinal 

space after LIRD compared to RPE65 M450/M450 

RPE flat mounts were collected at multiple time points to test whether the subretinal immune 

cells found at the RPE interface of photosensitive mice are enriched in galectin-3. The data show that the 

RPE sheets from RPE65 L450/L450 animals look like those from RPE65 M450/M450 animals before light 

damage (See Fig.  5A and 5B). 

Similarly, at day three post-LIRD, the number of subretinal immune cells present and the number of 

immune cells expressing high levels of galectin-3 are similar between sublines. Notably, there are also 

more RPE cells expressing cytoplasmic galectin-3 in the putative photosensitive animals (RPE65 L450/L450) 

compared to the photoresistant (RPE65 M450/M450) simultaneously. However, at seven days post light 

exposure, Gal-3 expression is almost exclusively found in immune cells. Interestingly, the photosensitive 

animals have significantly more immune cells expressing Gal-3 than the photoresistant animals, which are 

predominantly green (Fig.5E and 5F). Photosensitive animals had markedly more subretinal immune 

recruitment than photoresistant animals; the number of GFP+ immune cells which is quantified in Fig. G.  

 

4.4.6 Figure 6: RPE65 M450/M450 dampen Galectin-3 expression after LIRD, while Galectin-3 

expression remains high in RPE65 L450/L450 after light damage exposure. 

We analyzed the overall level of ocular Galectin-3 in the photosensitive (RPE65 L450/L450) 

compared to the photoresistant (RPE65 M450/M450) animals via western blot. We found that photoresistant 

animals had significantly reduced expression of galectin-3 protein after LIRD exposure compared to 

RPE65 L450/L450 at the same time. Differential expression of Galectin-3 protein began three days post-

LIRD and persisted until day 7. Notably, Galectin-3 expression is similar in RPE65 L450/L450 and RPE 65 
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M450/M450 animals before damage initiation. Gal-3 expression is actively suppressed in Photoresistant 

(RPE65 M450/M450) animals in response to damage, which may be a compensatory response to prevent the 

overactivation of the galectin-3-mediated inflammatory responses. This dampening response was not 

observed in RPE65 L450/L450 animals during the time points we assessed, suggesting a prolonged immune 

response.  

4.4.7 Figure 7: Loss of PEDF ablated the photoprotective phenotype of RPE65 M450/M450 exposed to 

light damage.  

Once we established that the hypomorphic RPE65 M450/M450 allelic variant was protective against 

phototoxic damage, we wanted to test if the secreted neurotrophic protein, pigment epithelium-derived 

factor (PEDF), would influence the conferred protective phenotype observed. To test this, we compared 

the visual function of photosensitive animals with normal levels of PEDF expression with the 

photoresistant RPE65 M450/M450  animals containing a loss of function mutation in the serpinf1 gene, which 

encodes PEDF. We found that in the absence of PEDF, the hypomorphic RPE65 M450/M450 allelic variant 

lost its resistance to light damage and phenocopied the damaged response of the photosensitive RPE65 

L450/L450, which had normal PEDF expression (see Fig. 7A-7C).  

 

 

4.4.8 Figure 8: Loss of PEDF in RPE65 L450/L450 animals results in baseline deficits in visual 

function compared to PEDF +/+.  

In the previous section, we assessed in the influence of PEDF on the photoresistant phenotype and found 

that it was important for neuroprotection to be observed, even if there was minimal damage as a result of 

the slower rhodopsin regeneration cycle. We also tested if the loss of PEDF would have an increased 

effect on photosensitive animals, further sensitizing the animals to light damage stress. Interestingly, we 

found that even at baseline, loss of PEDF leads to a significant reduction in visual function in the 

photosensitive animal over PEDF +/+ littermates, a phenomenon that we did not observe in the 

photoresistant animals lacking PEDF expression. This was an unexpected finding since in the presence of 
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PEDF and the absence of damage, the photosensitive and photoresistant animals have similar visual 

function. We postulate that the accumulation of low-grade light damage  due to ambient room light 

exposure sustained by photosensitive animals under normal lighting conditions may be exacerbated by the 

loss of PEDF, leading to a more severe phenotype than either the PEDF KO/KO or RPE65 L450/L450  mutation 

alone.  

 

4.4.9 Figure 9: Distribution of Galectin-3 May Differ in PEDF KO/KO compared to PEDF +/+ 

animals at Day 7 

Finally, we assessed if Galectin-3 expression patterns and subretinal immune cell recruitment were 

different in the PEDF knockout animals compared to wildtype (PEDF +/+  ) animals on the same 

background at the same time point after LIRD. When we compared the two photosensitive sublines, 

RPE65 L450/L450; PEDF +/+  and RPE65 L450/L450; PEDF KO/KO at day seven post-LIRD, we found that there 

were notable differences in : 1) the amount of galectin-3 expressing cells observed, 2) which cells were 

expressing Galectin-3 at the time, 3) and where within those cells Galectin-3 was being expressed.  The 

PEDF KO/KO photosensitive animal had significantly more galectin-3 expression and subretinal immune 

cells. The immune cells aggregated together, with more signs of gliosis than with the PEDF +/+. 

Additionally, in the PEDF KO/KO animals, there was significantly more localization of galectin-3 at the cell 

borders of the RPE cells compared to the PEDF +/+, which only expressed galectin-3 in the subretinal 

immune cells. . 

 

4.4.10 Figure 10: Summary Figure of the General Phenotypes observed in this study 

RPE cells are stressed, hypomorphic RPE65 M450/M450 allelic variant or PEDF +/+ confer resistance to 

phototoxic damage and protect visual function. However, if the hypermorphic RPE65 L450/L450 variant or 

PEDF KO/KO is present, this confers photosensitivity to light damage, resulting in increased loss of retinal 

morphology, and a more severe loss of visual function.  
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4.5 DISCUSSION 

In this study, we utilized a single nucleotide substitution in RPE65 to take advantage of the vitamin 

A cycle and generate a photosensitive and photresistant pigmented pair of congenic mice. We then 

performed a comparative study of changes in visual function and immune responses in the RPE65 

M450/M450 (photoresistant hypomorph) and RPE65 L450/L450 (photosensitive morph). The changes in light 

damage susceptibility observed in this study were correlated with both Galectin-3 expression and 

expression of PEDF, suggesting a hypothesis that both proteins may be involved in the manifestation of 

light damage.   

 

This study found that photosensitive (RPE65 L450/L450) and photoresistant (RPE65 M450/M450) animals 

are structurally and functionally the same at baseline. However, after acute light damage, the 

photosensitive (RPE65 L450/L450) animals experience progressive loss of visual function, loss of 

photoreceptors, and increased retinal thinning compared to the photoresistant (RPE65 M450/M450) 

counterpart, which peaks on Day 7 (See Figures 1-4)  

 

The functional and structural deficits in photosensitive (RPE65 L450/L450) animals correspond with an 

increased presence of Galectin-3 positive subretinal immune cells and elevated ocular galectin-3 protein 

expression compared to photoresistant (RPE65 M450/M450)(See. Fig. 5-6). Increased galectin-3 expression is 

associated with progressive damage and poor prognosis in several disorders. Galectin-3 plays a role in the 

epithelial-to-mesenchymal transition of the RPE, recruited by the increased N-glycosylated sugar residues 

expressed on RPE cells undergoing EMT69. Galectin-3 can then aid in forming multimeric protein 

complexes that influence RPE responses202. 

 

Due to the integral role that the RPE and PEDF play in both homeostasis and pathology, as well as 

their relationship to inflammation, we tested if the protection conferred by RPE65 M450/M450  variant 

required expression of PEDF. We found the RPE65 M450/M450; PEDF KO/KO phenocopy RPE65 L450/L450; 
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PEDF +/+ after light damage, suggesting the loss of PEDF ameliorates the phototoxic protection of the 

RPE65 hypomorph (See Fig. 7A-C). Additionally, when comparing photoresisant lines with or without 

PEDF expression, the hypomorph that expresses PEDF retains photoresistance. At the same time, the 

PEDF-null mouse shows severe loss of function by five days post damage and peaks at day 7 (See Fig 

7D-F). Interestingly, when comparing photosensitive morphs with and without PEDF expression, we 

observed significant deficits at baseline in the photosensitive PEDF KO/KO animals compared to 

photosensitive PEDF +/+ and persisted up until three days post damage (See Fig. 8). Notably, we did not 

observe the same phenomenon in the photoresistant PEDF KO/KO when compared to photoresistant PEDF 

+/+. Taken together these data show that PEDF plays a large part in the neuroprotective phenotype 

observed in both the RPE65 (L450/L450 ) and RPE65( M450/M450) since loss of PEDF exacerbated the 

presentation of light damage in both sublines.  These data suggest that although loss of PEDF under 

homeostatic conditions does not result in significant changes to visual function, PEDF plays a large role 

in the protection of retinal structures and the resolution outcomes after damage is initiated. The role of 

PEDF in influencing thee processes requires further study.    

 

Lastly, galectin-3 expression patterns significantly differ in the PEDF KO/KO animals compared to the 

PEDF +/+ at day 7 Post LIRD.  In the PEDF +/+ animals, at day 7, Galectin-3 is exclusively expressed by 

the subretinal immune cells; there is little to no galectin-3 expression in the RPE cells. Conversely, the 

RPE flat mounts from the PEDF KO/KO animals at day 7 show robust expression of Galectin-3, increased 

subretinal immune cell deposition, and significant sequestration of Galectin-3 at the cell borders of the 

RPE (See Fig. 9A-D and Fig. 10). Taken together, these data may suggest that PEDF plays a role in 

influencing Galectin-3 localization after damage and modulates sensitivity to light damage.  
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4.6 FIGURES AND TABLES 

4.6.1 Table 1: Primary and Secondary Antibody 

Antibody  Antibody 
Type  

Species Company 
and Catalog 
information  

Concentration 

Galectin-3 Primary  Goat R&D Systems 
( AF1197) 

1:250 

ZO-1 Primary  Rat Sigma 1:250 

IGF-1 Primary 
(conjugated 
AF546) 

Mouse Santa Cruz 
(sc-518040) 

1:100 

IBA-1 Primary  Rabbit Abcam 
(ab178847) 

(1:1000) 

Pentahydrate(bis-
Benzamide)Hoec
hst 33258 

DNA nuclear 
Stain 

N/A 

Thermo-

Fisher 

Catalog #: 
H3569 

[1:250] 

Donkey anti-Rat 
(AF488) 

Secondary Rat 

Life 
Technologies, 
Catalog # 
A21208 

[1:1000] 

Donkey anti-
rabbit (AF568) 

Secondary Rabbit 

Life 
Technologies, 
Catalog # 
A10042 

[1:1000] 

Donkey Anti-
Mouse(AF488) 

Secondary Mouse 

Life 

Technologies 

Catalog 
#A21202 

[1:1000] 

Donkey Anti-
Goat(AF568) 

Secondary Goat 

Abcam 
Catalog  
# A-11057 
 

[1:1000] 

Donkey Anti-Rat 
(AF405) 

Secondary  Rat 
Invitrogen 
#A48261 

[1:1000] 
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4.6.2 Figure 1: Light-induced Retinal Damage Results in Increased Recruitment of Subretinal 

Immune Cells 

 

Figure 1: Cartoon schematic of how the ocular architecture changes under the damaged conditions 

compared to the typical ocular environment. Immune cells form the neural retina and traverse the 

interphotoreceptor matrix, where they interact with the RPE. The recruitment of these subretinal immune 

cells appears to have conserved kinetics, with the first cells depositing between days 1-3 and peaking 

around Day 7. Image made using Biorender. 
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4.6.3 Figure 2: Retinal Function is significantly reduced in RPE65 L450/L450 (photosensitive) 

compared to PRE65 M450/M450 (photoresistant ) animals at Day 5 Post LIRD  

 

Fig 2: Retinal function drastically differs between photosensitive and photoresistant animals beginning at 

Day 5 post LIRD. During early LIRD, there are no statistically significant differences in photosensitive 

and photoresistant mice; however, at day five post-LIRD, there is a notable divergence in the functional 

ERG output by genotype. Blue= RPE M450/M450 animals; Red Bars= RPE L450/L450 animals. Statistical 

analysis: Multiple t-tests with two-step FDR control using Benjamini, Krieger, and Yekutieli. NS= not 

significant, *=p-value of 0.05, **= p-value of 0.01, ***=p-value of 0.001. 
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4.6.4 Figure 3: RPE65 L450/L450 (photosensitive) animals have severe retinal thinning after LIRD 

compared to RPE65 M450/M450 (photoresistant) 

 

Figure 3: In vivo imaging of retinal architecture via Spectral domain- -optical coherence 

tomography (SD-OCT) shows severe perturbations in photosensitive animals after light damage 

compared to photoresistant counterparts (Fig. 3A-F). The loss of retinal thickness is quantified in 

Fig. 3G. Two-way ANOVA with Tukey’s correction. *-p-value:0.05, **p-value: 0.01, ***p-

value:0.001, ****p-value: 0.0001,  
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4.6.5 Figure 4: RPE65 L450/L450 Exhibit Significant Loss of Outer Nuclear Layer Density 

Compared to RPE65 M450/M450 

 
 

Figure 4: Representative H&E-stained retinal sections show significant loss of photoreceptor cell cells in 

the outer nuclear layer density in RPE65 L450/L450 animals compared to the RPE65 M450/M450 animals at the 

same time point. At baseline, photosensitive and photoresistant animals are morphologically similar with 

similar retinal layer thicknesses (Fig. 4A-4B). However, after damage initiation, photosensitive animals 

display significant loss of outer nuclear layer (ONL) photoreceptors compared to photoresistant 

counterparts at Day 7 post (see Fig 4C-4D). This loss in photoreceptor nuclei is quantified in Fig 4E. 

Statistical analysis: one-way ANOVA with Barlett’s correction test. Comparisons denoted in figure key. 

*p-value<0.05, **<p-value 0.01, ***p-value<0.001, ****p-value<0.0001. Note: the number of symbols 

signify the degree of significance by comparison.  
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4.6.6 Figure 5: RPE65 L450/L450 show increased recruitment of GFP+ , Gal-3+ subretinal immune 

cells after LIRD compared to RPE65 M450/M450 animals 

 
 

  Figure 5: Ocular tissue was collected and stained with antibodies against ZO-1 (Zonula Occludins, RPE 

cell borders, blue), Gal-3, red, and subretinal immune cells tagged with CX3CR1-GFP (Green) .  n=3-5 

samples/group. Graph depicts the number of microglia/macrophages that express high or low levels of 

Gal-3 at each time point after LIRD. Statistical analysis: 2-way ANOVA with Sidak’s multiple 

comparison test. *=p-value of 0.05, **= p-value of 0.01, ***=p-value of 0.001.   On Day 3 post-LIRD, 

the expression of Gal-3 is similar in the photosensitive and photoresistant strains; however, the expression 

patterns are drastically different by Day 7 post-LIRD. 
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4.6.7 Figure 6: Galectin-3 protein expression is dampened in Photoresistant compared to 

Photosensitive animals after LIRD. 

 
Figure 6: Galectin-3 protein expression is dampened in RPE65 M450/M450 (Photoresistant) compared to 

RPE65 L450/L450 (Photosensitive) animals after LIRD exposure. Ocular Galectin-3 protein expression was 

assessed via western blot analysis. These data show that in photoresistant animals dampen galectin-3 

expression in response to LIRD exposure compared to photosensitive animals. GAPDH was used as the 

loading control for these experiments. Blue (RPE65 M450/M450); Red (RPE65 L450/L450) Statistical analysis: 

Two-way ANOVA with Sidak’s multiple comparison test; n=4/group/timepoint. *p-value<0.05, **p-

value<0.01, ***p-value<0.001, ****p-value<0.0001, ns=not significant. 
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4.6.8 Figure 7: PEDF is Required for RPE65 M450/M450 Protection from Light Damage 

 
 

Figure 7: Electroretinogram findings suggest that loss of PEDF ablates protection of the RPE65 M450/M450 

hypomorph and phenocopies photosensitive animals exposed to light damage (See Fig. 7A-C). When 

comparing photoresistant subline that are PEDF KO/KO,, to the Photosensitive subline with normal PEDF 

expression, there is no significant difference in visual function output before or after LIRD. This suggests 

that loss of PEDF results in photoresistant animals phenocopying photosensitive animals after LIRD 

exposure, losing the photoprotective phenotype. These data further confirm that PEDF plays a role in the 

protective phenotype observed in the photoresistant animals. *p-value<0.05, **p-value<0.01, ***p-

value<0.001, ****p-value<0.0001, ns=not significant. N=3-14/group/timepoint. 
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4.6.9 Figure 8: Loss of PEDF in RPE65 L450/L450 animals results in baseline visual deficits that 

phenocopy LIRD exposure. 

 
 

 

Figure 8: Loss of PEDF in photosensitive (RPE65 L450/L450 ) animals has a subtractive effect on visual 

function, leading to baseline deficits in vision. In photosensitive, PEDF KO/KO animals, there are 

significant reductions in a-, b-, and c-wave amplitudes at baseline compared to photosensitive animals 

with wild-type PEDF expression. Interestingly, by Day 5 post LIRD, the differential is lost, and both lines 

show severe visual defects that peak at Day 7 post. These data show that the PEDF KO/KO and RPE65 

L450/L450 have an additive, more severe phenotype than either mutation alone.  
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4.6.10 Figure 9: Distribution of Galectin-3 May Differ in PEDF KO/KO compared to PEDF +/+ at Day 

7 Post LIRD.  

  
 

Figure 9: PEDF KO/KO animal show increased Gal-3+ cell recruitment and differential Gal-3 

compartmentalization compared to PEDF +/+ at the same time point after LIRD. Representative 

immunoreactivity images at day seven post-LIRD of photosensitive animals with and without PEDF 

expression show differences in Galectin-3 localization. The images showcase that animals lacking PEDF 

exhibit a total increase in the number of subretinal immune cells recruited compared to PEDF wildtype 

animals at the same timepoint after damage. Additionally, the image shows the localization of galectin-3 

expression in both the RPE cell borders and in recruited subretinal immune cells of PEDF KO/KO animals 

differs from PEDF +/+ animals which have restricted galectin-3 localized to the immune cells exclusively. 

Panels A and B(20X); Panels B and D(40X).  
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4.6.11 Figure Summary Figure of Major Findings in Chapter 4 

 

Figure 10: Summary figure illustrating significant findings from this study. The presence of either the 

RPE65 M450/M450 and/ or PEDF expression confers a degree of protection from light damage. Conversely, 

the presence of RPE65 L450/L450 or loss of PEDF confers a photosensitive phenotype and more severe 

damage outcomes. Figure made using Biorender. 
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5.1 ABSTRACT 

Purpose: 

Pigment epithelium-derived factor (PEDF) is a neurotrophic glycoprotein secreted by the retinal 

pigment epithelium (RPE), a tissue that supports retinal photoreceptor health. Deficits in PEDF 

are associated with increased inflammation and retinal degeneration in aging and diabetic 

retinopathy. We hypothesized that light-induced stress in C57BL/6J mice deficient in PEDF 

would lead to increased retinal neuronal and RPE defects, impaired expression of neurotrophic 

factor Insulin-like growth factor 1 (IGF-1), and overactivation of Galectin-3-mediated 

inflammatory signaling. 

Methods: 

C57BL/6J mice expressing the RPE65 M450/M450 allele were crossed to PEDF KO/KO and 

wildtype (PEDF +/+) littermates. Mice were exposed to 50,000 lux light for 5 hours during to 

initiate acute damage. Changes in visual function outcomes were tracked via electroretinogram 

(ERG), confocal scanning laser ophthalmoscopy(cSLO), and spectral domain optical coherence 

tomography (SD-OCT) on days 3, 5, and 7 post-light exposure. Gene and protein expression of 

Galectin-3 were measured by digital droplet PCR (ddPCR) and western blot. To further 

investigate the role of Galectin-3 on visual outcomes and PEDF expression after damage, we 

also used a small-molecule inhibitor to reduce its activity. 

Results: 

Following light damage, PEDF KO/KO mice showed more severe retinal thinning, impaired visual 

function (reduced a-, b-, and c-wave amplitudes), and increased Galectin-3 expressing immune 

cell infiltration compared to PEDF +/+. PEDF KO/KO mice had suppressed damage-associated 
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increases in IGF-1 expression. Additionally, baseline Galectin-3 mRNA and protein expression 

were reduced in PEDF KO/KO mice compared to PEDF +/+. However, after light damage, Galectin-

3 expression decreases in PEDF +/+ mice but increases in PEDF KO/KO mice without reaching 

PEDF +/+ levels. Galectin-3 inhibition worsens retinal degeneration, reduces PEDF expression in 

PEDF +/+ mice, and mimics the effects seen in PEDF knockouts. 

Conclusions: 

Loss of PEDF alone does not elicit functional defects in C57BL/6J mice.  However, under light 

stress, PEDF deficiency significantly increases severe retinal degeneration, visual deficits, 

Galectin-3 expression, and suppression of IGF-1 than PEDF +/+. PEDF deficiency reduced 

baseline expression of Galectin-3, and pharmacological inhibition of Galectin-3 worsens 

outcomes and suppress PEDF expression in PEDF +/+, suggesting a novel co-regulatory 

relationship between the two proteins in mitigating light-induced retinal damage.   
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5.2 INTRODUCTION 

Pigment epithelium-derived factor (PEDF), a secreted 50-kDa glycoprotein with neurotrophic 

effects, is critical in the development and homeostasis of the vertebrate eye185,203–205. While other ocular 

tissues express PEDF, the retinal pigment epithelium (RPE) is the primary producer of PEDF and is 

crucial for retinal health and visual signaling. 25,206–209. RPE ablation studies have shown that loss of the 

RPE leads to disorganization of multiple retinal layers during development; however, supplementation 

with PEDF is sufficient to rescue this phenotype in X. leavis in ex vivo tissue culture models 203. 

Similarly, loss of the RPE and PEDF expression in the eye is associated with aging82,204,210 and ocular 

pathology211,212, including diabetic retinopathy188,213 and vascular glaucoma 188.  

 

PEDF has putative anti-inflammatory roles in eye 214,215 and was first described as an anti-tumor 

factor by Tombran-Tink and colleagues in 1990 because of its ability to differentiate retinoblastoma 

cells53,216. Since then, multiple studies have identified PEDF as a significant support in cellular 

differentiation, retinal development, inflammation, vascularization, and neuroprotection of photoreceptors 

and neurons 186,189,207,217–222. In this study, we asked if PEDF has a protective role in the retina and RPE 

following LIRD in a C57BL/6J mouse strain that confers resistance to light damage.  

  

In 2006, An et al. studied the secreted proteome of RPE cell cultures isolated from patients with 

AMD and compared them to control eyes 223,224. Interestingly, they found a 3-fold increase in the 

secretion of four proteins in eye patients with age-related macular degeneration (AMD) compared to 

controls; among them were Galectin-3 (Lgals3) and pigment epithelium-derived factor (PEDF), 

suggesting that both may be involved in the pathology of the phenotype. Galectin-3, a member of the β-

galactosidase binding protein family, is endogenously expressed in the cytosol. Galectin-3 is secreted via 

a non-classical pathway to the cell surface of the RPE, where it participates in a cell lattice formation and 

cell-cell interaction observed during epithelial-to-mesenchymal transition(EMT) of myofibroblastic RPE 

cells 225226 Galectin-3 has also been implicated in fine-tuning inflammatory responses of immune cells 
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during neurodegeneration via its increased affinity for β-1, 6-N-glycosylation on the cell surface of RPE 

cells undergoing EM; additionally, there is increased secretion of Galectin-3 from the RPE and immune 

cells after damage 69,180,225–228. However, the role that PEDF expression may play in the modulation of 

Galectin-3 after damage in the eye is not fully understood.  

 

This study identified a novel potential molecular target and signaling pathway that connects the RPE 

and inflammation via a PEDF-Galectin-3 mediated signaling paradigm. The interplay between PEDF and 

Galectin-3 may reveal an additional level of regulation of ocular immune privilege facilitated by the RPE 

over immune cell behavior. Using in vivo imaging techniques, electroretinograms, protein and gene 

expression analysis, and immunofluorescence, we examine how the loss of PEDF expression after light 

damage increases Galectin-3 expression, recruitment of subretinal immune cells, and progressive loss of 

visual structures and function over time.  These findings support the importance of PEDF in protecting 

eye tissues against LIRD.  

 

5.3 METHODS 

 

5.3.4  Animal husbandry  

The Emory University Institutional Animal Care and Use Committee approved mouse handling, care, 

housing, and experimental design. The experiments were compiled with the Association for Research in 

Vision and Ophthalmology (ARVO) and Accreditation of Laboratory Animal Care (AAALAC) guidelines 

and doctrine. Mice were housed and maintained on a 12-hour light/dark cycle at 22 °C, with standardized 

rodent chow (Lab Diet 5001; PMI Nutrition Inc., LLC, Brentwood, MO, USA). Mice had access to water 

ad libitum. The Emory University Division of Animal Resources supervised mouse care and housing. A 

roughly equal representation of male and female mice was used in all experiments. Animals were 

euthanized using standardized asphyxiation via CO2 gas for 5 min, followed by confirmatory cervical 

dislocation. 
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5.3.5 Breeding Scheme 

PEDF knockout/null (PEDF KO/KO or PEDF-null) mice used in this study were gifted from Dr. Hans 

Grossniklaus and Dr. Sue Crawford at Northwestern University Feinberg School of Medicine (JAX 

Laboratory Stock No. 030065). This mouse strain has had exons 3-6 of the PEDF gene replaced by an 

IRES-lacZ cassette systemically. We bred PEDF (ko/+) x PEDF(ko/+) with RPE65 M450/M450  on 

C57BL/6J background . The breeding scheme resulted in litters that were approximately 25% PEDF 

KO/KO (experimental) and 25% PEDF +/+ (wildtype controls). These mice were used for all protein and 

gene expression analysis. To assess and track immune cell dynamics in vivo and immunofluorescence 

staining data, we used CX3CR-1 GFP knock-in mice on the C57BL/6J background which were acquired 

from Jackson Laboratory (Stock NO. 005582).  We maintained a line that was homozygous for PEDF-ko 

and another line that was homozygous for PEDF-wt. Both sets of mice were then bred to produce 

heterozygous CX3CR1(gfp/+) on the RPE65 M450/M450 background. The resultant animals were either 

PEDF KO/KO; CX3CR-1 GFP/+; RPE65 M450/M450 or PEDF +/+; CX3CR1 GFP/+; RPE65 M450/M450. All PEDF 

KO/KO experiments were conducted in animals that were more than P60 but less than P380. Genotyping 

was performed using a polymerase chain reaction to confirm the deletion of the PEDF gene product. The 

genotyping results were masked from experimental biologists until after in vivo experiments, and 

samples were collected to limit ascertainment biases.  

 

5.3.6  Light-induced retinal damage (LIRD) conditions and LIRD box information 

Mice were dark-adapted overnight before light damage initiation. Phototoxic light damage was 

induced using Fancier 500-A LED light lamp panels (Fancier Studio, Cat # ACE45330, Haywood, CA), 

which was modified to fit on transparent polycarbonate model 750 cages. The protocol is a modification 

of previously described phototoxic damage models197,229. The light intensity was calibrated using a VWR 

® Light Meter with outputs (VWR, Cat# No. 62344-944, Radnor, PA) to 50,000 lux. The mice were 



 108 

treated with topical 1% Atropine eye drops for two rounds of 10 seconds per eye. Mice were exposed to 

high-intensity light damage for 5 hours during the dark phase of the animals (7PM-12 AM or ZT12- 

ZT17). After light damage, animals were returned to their home cages for recovery. 

5.3.7  Immunofluorescence staining and Histology. 

5.3.7.1  RPE Flat mounts: 

Immunofluorescence was used to detect Galectin-3 positive cells and RPE cells to assess the 

extent of immune cell recruitment and damage. Samples were dissected using the technique reported by 

Zhang et al.130,140,190. In brief, after enucleation, the eye is placed into a 4% Paraformaldehyde/Phosphate-

buffered saline (PBS) mixture to incubate for 30 minutes. The lens was removed, and four flaps were 

made to flatten the RPE sheet to a conventional slide with an adhered silicon gasket (Grace Bio-Labs, Cat 

# GBL665104, Bend, OR). The RPE flat mounts were blocked in Hank’s Balanced salt solution (HBSS) 

(Hyclone, Cat #SH30588.01, Logan, UT) containing 0.3 % (V/V) Triton X-100 and 1% (W/V) bovine 

serum albumin for 1 hour at 22 ˚C or overnight at 4°C in a humidity chamber. The samples were then 

stained with Galectin-3 (1:250), Vimentin (1:250), IGF-1(1:250), and ZO-1(1:200) overnight at 4°C. The 

next day, the flat mounts were washed with HBSS/Triton X-100 solution and incubated in secondary 

antibody in HBSS/ Triton 100 X/BSA solution for 1 hour at 22°C. After secondary incubation, samples 

were washed with HBSS/Triton 100 X solution before mounting with fluoromount G.    

 

5.3.7.2  Retinal Sections  

 Eyes were fixed in fixation solution (97% methanol, VWR, Cat. # BDH20291GLP, Radnor, PA ; 

3% acetic acid, Fisher Scientific, Cat. # BP2401-500, Ottawa, Ontario) at −80 °C for 4 days, embedded in 

paraffin, and sectioned through the sagittal plane on a microtome at thickness of 5 µm as previously 

described by Sun et al230. Sections were stained with hematoxylin and eosin to assess retinal morphology. 

Nuclei in the outer nuclear layer (ONL) were counted manually by an individual masked to sample 

identity. Only nuclei within a 100-micron region were counted using Adobe Photoshop (Version 27.4.0) at 

regularly spaced intervals of 500 microns apart from the optic nerve in both the inferior and superior 
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directions. Deparaffinized retinal sections were also stained for immunofluorescence in a humidity 

chamber as described by Zhang et al130. Slides were mounted using Vectashield Vibrance (Vector Labs, 

Cat # H-1700-2; Newark, CA) was used to mount the coverslip, and the sections were imaged using an 

A1R confocal on a Nikon Ti2 microscope. All primary and secondary antibodies used for this study are 

listed in Table 1. 

 

5.3.8  Rhodopsin staining /Rhodopsin metabolism assay 

Animals were euthanized, and eye samples were collected within 1 hour of light onset (between 

ZT0 and ZT1) to capture maximal phagosome production (shed rhodopsin outer segment accumulation) 

as previously described by Devera et al. 231.  Murine eyes were enucleated and placed in glass tubes of 

“freeze-sub” solution of 97% methanol and 3% acetic acid that was chilled with dry ice, following the 

method of Sun and coworkers 129.  Tubes were placed at -80°C for at least four days to dehydrate the 

tissue. The sections were then treated as described in section 2.4.2. The primary antibodies (mouse anti-

rhodopsin, Abcam, Cat #ab3267, [1:250] and Rabbit anti-BEST1, Abcam, Cat # ab14927 [1:250]) are 

then added to the blocking solution and put on the slides overnight at room temperature in a humidified 

chamber. The next day, the secondary antibody was added to the blocking solution. Slides were washed 

and nuclei stained before mounting in fluoromount G (Southern Biotech, Cat #0100-01, Birmingham, 

AL). The shed rod outer segments (rhodopsin-positive vesicles) within RPE were quantified as 

phagosomes and used to compare rhodopsin metabolism by RPE. Counts were performed by three 

independent, masked observers using Photoshop (Adobe Photoshop, Version 27.4.0), and each count was 

averaged for final counts per sample.   

 

5.3.9  Electroretinography (ERG) 

Mice were dark-adapted overnight for ERG testing, conducted under dim red-light conditions as 

previously described 191. Anesthesia was administered intraperitoneally with a 100 mg/kg ketamine and 

10 mg/kg xylazine solution ketamine (KetaVed from Boehringer Ingelheim Vetmedica, Inc., Cat # 1867-

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9950115/table/T1/
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66-9, Fort Dodge, IA; xylazine from PivetalVet, Cat # 04606-6750-02, Greely, CO, USA). Proparacaine 

(0.5 %; Akorn Inc., Cat # 17478-0263-12, Decatur, IL) and tropicamide (0.5 %; Akorn Inc., 17478-0101-

12, Decatur, IL) eyedrops were used for topical anesthesia and pupil dilation. Mice were kept on a 39 °C 

heating pad during the procedure. ERGs were recorded using the Diagnosys Celeris system (Diagnosys, 

LLC, Lowell, MA, USA), with corneal electrodes on each eye and the contralateral eye as the reference. 

Full-field ERGs were recorded for scotopic conditions at stimulus intensities of 0.001, 0.005, 0.01, 0.1, 

and 10 cd s/m² with a 4 ms flash duration, collecting signals for 0.3 sec to assess a- and b-wave function. 

For c-wave analysis, a 10-cd s/m² flash was used, with a 5-sec signal collection. After light adaptation for 

10 minutes, photopic ERGs were captured at 3 and 10 cd s/m². Post-recording, mice were placed in their 

home cages on heating pads to recover from anesthesia unless further prepared for SD-OCT and cSLO 

examinations. 

5.3.10 In Vivo Ocular Imaging   

 

5.3.10.1 Spectral Domain Optical Coherence Tomography (SD-OCT):  

Mice were anesthetized during the previous ERG examination, and a ketamine booster was 

administered to extend the examination period. The procedure for in vivo ocular posterior segment 

morphology analysis has been previously described 130. In brief, spectral domain optical coherence 

tomography (SD-OCT) using the MICRON® IV Spectral Domain Optical Coherence Tomography (SD-

OCT) system with a fundus camera (Phoenix Research Labs, Pleasanton, CA, USA) was used 

sequentially to examine the retinal anatomy. Micron IV system, circular scans ~100 µm from the optic 

nerve head were collected (50 scans averaged together) to generate image-guided OCT images of retinal 

layers and fundus. Retinal layers were annotated according to previously published nomenclature 192Total 

retinal thickness and photoreceptor (outer nuclear layer thickness) were analyzed using Photoshop (Adobe 

Photoshop 2024 version 25.5) as previously described130.  

 

5.3.10.2  Confocal Scanning Laser Ophthalmoscope (cSLO)  
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Immediately afterward, a rigid, specialized contact lens adapted for mouse imaging (Heidelberg 

Engineering) was placed on the eye (back optic zone radius, 1.7 mm; diameter, 3.2 mm; power, Plano), 

and blue autofluorescence (BAF) imaging at the layer of the photoreceptor-RPE was obtained using 

Heidelberg Spectralis and SD-OCT instrument with a 25 D lens ( (HRA)CT2-MC; Heidelberg 

Engineering, Heidelberg, Germany). Afterward, mice were injected with a reversal agent (0.5 mg/mL 

atipamezole (Antisedan); Zoetis, Cat # 10000449, Parsippany, NJ) injection volume 5 µL per gram mouse 

weight; and placed individually in cages on top of heated water pads to recover. 

 

 

5.3.11 Western Blot Protocol 

 As described in Ferdous et al. 2019 and Ferdous et al. 2023, immunoblot experiments were 

conducted191,193. In brief, two dissected eye cups (containing both the retina and RPE/ Sclera) were 

collected from each animal. Protein was extracted via mechanical rending of tissue by a QIAGEN 

TissueLyser in a solution of radioimmunoprecipitation (RIPA) buffer containing protease inhibitors  

cOmplete ™ mini protease inhibitor, Roche , Cat #118361530001,Indianapolis, IN ) and phosphatase 

inhibitors (PhosSTOP EASypack, Roche, Cat #04906845001, Indianapolis, IN).  Protein concentration 

was determined using a Bicinchonic Acid (BCA) Assay (Pierce, Cat # 23225, Waltham, MA) and 

absorbance was measured at 562 nm using a Synergy H1 Hybrid Plate Reader (Biotek). After ascertaining 

protein concentration, the samples were diluted to 0.8 mg/mL and heated to 95 ˚C for 10 minutes to 

denature proteins before electrophoresis. Samples were run on a pre-cast Criterion gel (TGX Stain free 

Gel 4%-20%, Catalog # 567-8094, Bio-rad, Hercules, CA) along with 10µL of a molecular weight ladder 

(Catalog # 1610376, Bio-Rad, Hercules, CA) and run at 120V for approximately 90 mins.  

 

5.3.12  TUNEL Staining protocol 

The manufacturer instructions for the Promega DeadEnd TUNEL Fluorometric kit (Cat # G3250, 

Promega, Madison, WI) were followed. In brief, tissue sections were deparaffinized in 5 steps of xylene 
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for 2 min each. The tissue sections were then rehydrated in a graded ethanol series (100, 90, 80, 70, 60, 

and 50%) for 2 min each. The slides were then washed for 5 min in PBS (Cat # 46-013-CM, Corning ™ 

Mediatech ™, Manassas, VA) and mounted in the Sequenza system. Sections were incubated for 15 min 

in Z-fix (Cat # NC935141, Anatech ™ , Battlecreek, MI), washed twice in PBS for 5 min each, incubated 

in Proteinase K solution for 8 min, washed with PBS for 5 min, fixed with Z-fix for 5 min, washed with 

PBS for 5 min, incubated with rTDT enzyme and nucleotide mix in equilibration buffer for two hours, 

washed with 2× SSC for 5 min, counterstained with 2.5 m Hoechst 33342 in TBS for 10 min, and rinsed 

with TBS for 5 min. Coverslips were then mounted using VectaShield Vibrance and imaged using an A1R 

confocal on a Nikon Ti2 microscope. 

 

5.3.13 Galectin-3 inhibitor experiments 

At baseline, animals were assessed by electroretinogram, spectral domain coherence tomography 

(SD-OCT), and confocal scanning laser ophthalmoscope (CSLO) to evaluate any inherent structural or 

functional features or defects. Animals were injected with 15mg/kg of TD139 (33DFTG; AOBIOUS, Inc., 

Cat # AOB37408, Scranton, PA) intraperitoneally daily beginning one day before light damage 

administration until day five post damage. Animals were then assessed using the same in vivo measures 

for retina architecture and structure changes.   

5.3.14  Gene expression analysis  

5.3.14.1  cDNA prep  

 Eyes were collected between 10 AM and 2 PM (ZT3-ZT7) to ensure standardized gene 

expression. The cornea and iris were removed via an incision, followed by the lens, and the neuroretina 

was separated from the RPE/choroid eye cup. Retinas were flash-frozen in RNase-free tubes and pre-

chilled on dry ice. RPE/choroid eye cups were incubated in RNAprotect® Cell Reagent (Qiagen, Cat # 

76106, Germantown, MD).  for 10 minutes, with occasional agitation to release RPE cells. Cells were 

pelleted by centrifugation (>12,000 x g for 5 minutes), the supernatant was discarded, and the cells were 

stored at -80°C. RNA extraction was performed using the Qiagen RNeasy Mini Kit (Qiagen, Cat #74106), 
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Germantown, MD). Samples were homogenized in RLT lysis buffer with a stainless-steel bead, followed 

by ethanol addition and vortexing. The mixture was processed through an RNeasy column, washed with 

RW1 and RPE buffers, and eluted with nuclease-free water. The final RNA samples were stored at -80°C. 

cDNA synthesis was conducted using the Qiagen Quantitect RT kit (Qiagen, Cat # 205311, Germantown, 

MD). 

 

5.3.14.2  Digital droplet PCR (ddPCR) Reactions 

Reaction mixes containing reverse transcriptase, primers, RT buffer, and QX200TM ddPCR 

EvaGreen Supermix (Bio-Rad, Cat # 186–4034, Hercules, CA) were added to 2μL of cDNA template for 

a total volume of 20 μL /well on the plate Twin-Tec plate (Eppendorf, Cat # 951020320 Enfield, CT). Fill 

the empty well with RT Buffer and seal plate with tape film and spin down and mix. Plates were 

preheated at 95 C for 2 min/cycle. After using the droplet generator to generate droplets on the ddPCR 

plate, seal the droplet plate with foil film using the Biorad program. Then place the sealed Twin-Tec plate 

into ddPCR apparatus (QX200 Droplet Digital PCR (ddPCR™) System – Bio-Rad) and run the program 

as detailed in manufacturer’s manual.  

 

 

5.3.15  Imaris analysis 

The intensity, size, and distribution of Galectin-3 positive immune cells were analyzed using Imaris 

software (10.1.0, Bitplane, Inc.), in which individual cells were identified, segmented, and quantified 

morphologically. Before converting and uploading images to Imaris, the corneal flaps and optic nerve 

heads were removed via the crop tool in Photoshop. Subretinal immune cell counts were conducted using 

the spots function in Imaris (artifacts and cell particulates were manually rejected) so that only cells with 

intact soma were quantified. Cell counts were normalized against double-blind manual cell counts of the 

same samples.  
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5.3.16 Statistical analysis 

Statistical analysis was conducted using Prism 9.1.0 (on Mac OS X 14 Sonoma) (GraphPad 

Software, Inc., La Jolla, CA, USA). Data are presented as mean +/- standard deviation (SD), with 

statistical testing for individual datasets described in the Figure legends. A p-value <0.05 was considered 

statistically significant. Demographic distributions and sample sizes are summarized in Table 1. All 

statistical tests used are detailed in each Figure Legend. 
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5.4 RESULTS 

5.4.1 Figure 1: Loss of Pigment Epithelium Derived Factor Modifies Sensitivity to Phototoxic 

Damage in C57BL/6J Animals 

Expression of PEDF protects neurons and photoreceptors186,187,232. Conversely, loss of PEDF is 

linked to neurodegenerative disease phenotypes, including an autosomal dominant retinitis pigmentosa 

locus in human studies220,233.  To determine if loss of PEDF sensitizes C57BL/6J mice to phototoxic 

damage, we crossed PEDF-null mice to mice with a hypomorphic mutation in the RPE65 gene, resulting 

in reduced sensitivity to light damage.  We exposed these animals to 50,000 lux of light for 5 hours. We 

found that PEDF-null animals had more mottling in the fundus after light stress treatment than wildtype 

controls and experienced more retinal degeneration and thinning (see Figure. 1E-F). We quantified these 

changes amongst PEDF+/+, PEDF +/-, and PEDF KO/KO. We found that PEDF +/- behaved very similarly to 

PEDF +/+ animals and showed minimal perturbations to ocular structure after light stress (Fig. 1G-H). 

However, PEDF KO/KO showed significantly increased losses of photoreceptor thickness and total retinal 

thickness compared to PEDF+/+ and PEDF+/- animals (See Fig. 1G-H). Analysis: One-way ANOVA with 

Brown-Forsythe test and Barlett’s correction. Retinal thickness: PEDF+/+ vs. PEDF +/- p-value= not 

significant(ns); PEDF+/+ vs. PEDF KO/KO **p-value<0.01; PEDF +/- vs. PEDF KO/KO **p-value0.01. 

Photoreceptor thickness: PEDF+/+ vs. PEDF +/- = ns; PEDF +/+ vs. PEDF KO/KO ****p-value<0.0001; PEDF 

+/- vs. PEDF KO/KO ****p-value<0.000. PEDF +/+ n=5, PEDF +/-n=4, PEDF KO/KO n=4).  This data suggest 

that PEDF was protective against increased phototoxic damage.  

 

5.4.2 Figure 2: Loss of PEDF Increased Damaged-Associated Autofluorescent Dots at the Level of 

the RPE 

We used cSLO to capture dynamic changes in the presence of autofluorescent dots associated with 

damage at the level of the photoreceptor-RPE interface. At baseline, there were no differences or 

abnormalities between PEDF +/+ (2A-B) or PEDF KO/KO (2F-G) in the vasculature or at the level of the 

RPE interface. However, when assessing the same animals on Day 7, the number of damage-associated 
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puncta at the RPE-photoreceptor layer was significantly increased in the PEDF KO/KO(2H-J) animals 

compared to the PEDF +/+ (2C-E). This data suggest that PEDF-null animals had an increased response to 

damage via the appearance of damage-associated foci at the RPE-photoreceptor interface.  

 

5.4.3 Figure 3: Loss of PEDF Resulted in Regional Damage and Increased Apoptosis of 

Photoreceptor Cells.  

We used H&E to quantify the number of nuclei remaining in the outer nuclear layer (ONL) after 

LIRD damage to assess the degree of the damage and morphological changes. PEDF +/+ animals still had 

relatively normal morphology with intact RPE layer and photoreceptor inner and outer segments before 

and after LIRD (Figure 3A-B). However, the PEDF KO/KO animal displayed a significant loss of total 

retinal thickness, a drastically diminished ONL, an almost complete loss of photoreceptor inner and outer 

segments, and compromised RPE integrity (shown via white arrows: differences in RPE thickness; Fig. 

3C-D). There were regional characteristics to this damage phenotype in the PEDF KO/KO animals, with 

retinal structures on the superior portion of the eye being more severely diminished compared to the 

inferior region of the eye (Fig.3E). A similar phenotype was also shown in day five after damage [data not 

shown]. (Analysis: One-way ANOVA with Brown-Forsythe test and Barlett’s correction; ## p-value<0.01 

and ###p-value< 0.001; PEDF +/+ n=4, PEDF KO/KO n=4). This phenomenon was characteristic of light 

damage models, as described by Rapp and Williams166,196 and our data confirmed that.  

 

Previous light studies in rats have suggested that peak DNA damage occurs within the first 8-16 

hours after damage 234. To assess if PEDF KO/KO animals were still undergoing significant levels of active 

apoptosis at day 7, we stained for DNA fragmentation using TUNEL and immune cells using CX3CR1-

GFP. PEDF KO/KO animals had significantly more apoptotic cells at day 7, resulting in a more depleted 

outer nuclear layer than wild-type controls. Additionally, there are more immune cells in the PEDF KO/KO 

subretinal space compared to the wild-type animals at the same time point (Fig. 3L-N; quantified in Fig. 

3O: Analysis: One-way ANOVA with Tukey’s multiple comparison tests: untreated vs. PEDF+/+ p-
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value=ns; untreated vs. PEDF KO/KO **p-value <0.01; PEDF +/+ vs PEDF KO/KO **p-value<0.01. untreated 

n=3, PEDF +/+ n=4, PEDF KO/KO n=3.) These data suggest that loss of PEDF increased regional loss of 

photoreceptors after light damage.  

 

5.4.4 Figure 4: PEDF KO/KO RPE Failed to Increase Rhodopsin Metabolism After Light Damage 

Loss of PEDF in the RPE affects aging and RPE functional deficiency204,235. To assess changes in 

RPE function in the absence of PEDF, we performed a rhodopsin metabolism assay as a proxy for RPE 

phagocytic capacity, a critical function of the RPE. We found that at day seven after LIRD, PEDF +/+ 

animals significantly increased rhodopsin metabolism in response to damage. However, PEDF KO/KO mice 

failed to significantly increase rhodopsin metabolism, although they showed increased damage compared 

to wild-type littermate controls (See Figure 4F; quantified in Fig. 4G: Two-way ANOVA with Tukey’s 

multiple comparison test, *p-value<0.05). Defects in phagocytosis of PEDF KO/KO mice have been 

previously documented210. These data suggest that loss of PEDF results in reduced capacity for 

phagocytosis by the RPE.  

 

5.4.3 Figure 5: The Loss of PEDF Led to significant deficits in Visual Function after Light 

Damage Exposure 

 We also assessed functional changes using electroretinograms to accompany the distinctive in vivo 

and post-mortem histology analysis that we performed. Under scotopic conditions, we found that at 

baseline until three days post-LIRD, there was no significant difference between genotypes in either a- or 

b-wave function. However, by days 5 and 7, there were significant defects in a- and b-wave amplitudes of 

PEDF KO/KO compared to wild-type littermates (Fig. 3A-B: Two-way ANOVA with Sidak’s Multiple 

comparison correction. Scotopic a-wave- Day 5: PEDF +/+ vs. PEDF KO/KO **-p-value<0.01. Day 7: **p-

value<0.01 n=3-7/group/timepoint. Scotopic b-wave: Day 5: *p-value<0.05. Day 7: *p-value<0.05). To 

accompany the rhodopsin metabolism analysis, we used c-wave analysis as a proxy to evaluate the RPE 

function. We found that after light damage, there is not a significant difference between PEDF +/+ and 
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PEDF KO/KO animals until day seven post-LIRD damage (Fig5.C: Two-way ANOVA with Sidak’s multiple 

comparison correction: PEDF+/+ vs. PEDF KO/KO; Day 5-ns; Day 7 *p-value<0.05). This datum aligns with 

the functional deficits observed in the RPE in our immunofluorescence data from Figure 4. We also 

assessed the scotopic and photopic waveforms of PEDF KO/KO compared to PEDF +/+ at baseline and day 

seven post-LIRD. PEDF KO/KO animals have a slightly lower b-wave and c-wave amplitude compared to 

PEDF +/+ littermate controls at baseline (Fig.5D); however, there were no defects in phototopic function 

(Fig. 5F). On day seven after damage, both scotopic and photopic waveforms worsened in PEDF KO/KO 

animals compared to PEDF +/+ animals (Fig. 5E and 5G). These data suggest that the loss of PEDF 

negatively affects the retina and RPE function and leads to increased damage after LIRD compared to 

PEDF +/+ littermates.    

 

5.4.4 Figure 6: Loss of PEDF Suppressed the Damage-Associated Increase in IGF-1 after Light 

Damage 

Studies of hypoxic trauma, diabetic retinopathy, and pharmacological damage in the eye have 

linked the expression of PEDF and insulin-like growth factor 1(IGF-1) to the protection of RPE cells and 

other ocular structures after insult 80,236,237. To determine if loss of PEDF impacts the expression of IGF-1 

after damage, we used immunofluorescence to stain retinal sections of PEDF +/+ and PEDF KO/KO animals. 

We quantified the expression of IGF-1 from baseline until day seven post-damage. Notably, PEDF KO/KO 

animals showed significant reductions in IGF-1 starting at day three compared to wildtype littermates (Fig 

6Q: Two-way ANOVA with Tukey’s multiple comparison test, n=3-4 animals/group/timepoint. Day 3: 

****p-value<0.0001; Day 5: ****<0.0001; Day 7: ****p-value<0.0001). Increased infiltrating Galectin-3 

positive immune cells were found at the RPE-photoreceptor interface in PEDF KO/KO animals and 

significantly more damage via loss of ONL thickness compared to wildtype littermates (See Fig. 6A-P). 

To confirm these findings, we tested the protein expression of IGF-1 in PEDF +/+ and PEDF KO/KO animals. 

At baseline, there is no significant difference in IGF-1 expression among PEDF +/+ and PEDF KO/KO 

animals (Two-way ANOVA with Tukey’s multiple comparison test. N=3-6 animals/group/timepoint. 



 119 

Baseline: PEDF +/+ vs. PEDF KO/KO =ns). PEDF +/+ animals significantly increased IGF-1 expression by 

day seven after damage (PEDF +/+ no damage vs. PEDF +/+ Day 7 post *p-value<0.05). Notably, the 

expression of IGF-1 in response to damage was significantly dampened in PEDF KO/KO compared to PEDF 

+/+ animals at day 7 (PEDF +/+ Day 7 vs. PEDF KO/KO Day 7 **p-value<0.01). Immune cells, like 

microglia, with high expression of IGF1 are associated with neuroprotection 238,239. We found that 

subretinal immune cells in the PEDF +/+ animals on day 7 showed a prominent expression of IGF1 in the 

cell body/cytoplasm. However, the subretinal immune cells in the PEDF KO/KO had very little to no 

expression of IGF-1. These data may suggest that loss of PEDF results in global loss of IGF-1 expression 

and increased recruitment of IGF-1 deficient immune cells.  

 

5.4.5 Figure 7: Loss of PEDF Increased Infiltration of Galectin-3+ Immune Cells Compared to 

PEDF +/+  

Pigment epithelium-derived factor regulates inflammatory responses in multiple diseases, 

including diabetic retinopathy, dry eye disease, and cancer studies 58,63,81,215,217,240,241. Specifically, the 44-

mer and 17-mer PEDF peptides have been associated with antagonizing IL-6 production, thus 

suppressing chorioretinal inflammation 242. We used immunofluorescence staining of RPE flat mounts to 

evaluate how the loss of PEDF affects the recruitment of subretinal immune cells at different time points 

after LIRD. The number of subretinal immune cells in PEDF KO/KO and wildtype littermates is 

comparable at baseline. However, after LIRD, PEDF KO/KO animals had significantly more recruitment of 

subretinal immune cells by day five than wildtype littermates (See Fig. 7A-D; quantified in Fig. 7E: 

Two-way ANOVA with Sidak’s multiple comparison test, Day 5: PEDF +/+ vs. PEDF KO/KO **p-value 

0.01). The number of subretinal immune cells peaked on day 7 (****p-value 0.0001). Additionally, the 

cells had higher expression of Galectin-3, a pleiotropic, β-galactoside-binding protein associated with 

reactive microglia, compared to wildtype littermate controls at day seven post 180.   
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5.4.6 Figure 8: PEDF KO/KO Increased lgals, nlrp3 gene Expression After LIRD Compared to 

PEDF +/+ 

To determine if loss of PEDF differential affects inflammasome activation after LIRD, we first 

used digital drop PCR to assess mRNA expression of both Lgals3 and Nlrp3 in both the retina (data not 

shown) and RPE. Lgals3, the gene that encodes Galectin-3, mRNA expression was significantly lower in 

the RPE of PEDF KO/KO animals compared to wildtype littermate controls at baseline (Two-way ANOVA 

with Tukey’s multiple comparison test. *p-value<0.05).  However, the amount of the transcript 

significantly increases on day 7 in PEDF KO/KO animals compared to wildtype littermates at the same time 

point (**p-value< 0.01).  Additionally, Nlrp3 mRNA in the RPE only increased significantly at day seven 

post-LIRD in PEDF KO/KO compared to wildtype littermates (*p-value<0.05). The supplemental 

information can find the mRNA expression of LGALS3 and NLRP3 in RPE and SNAI1, IL-6, and IL1-

beta expression in retina and RPE. The loss of PEDF differentially regulates genes that encode Galectin-3 

and inflammasome-associated protein, Nlrp3, at baseline and after LIRD, implicating PEDF in regulating 

Galectin-3 gene expression.  

 

5.4.7 Figure 9: Loss of PEDF Reduced Total Galectin-3 Expression Before and After LIRD 

Previous studies have identified immune cells recruited to the subretinal space as a unique subset 

enriched for Galectin-3 243,244. To investigate the relationship between the loss of PEDF and Galectin-3 

expression, we performed protein expression analysis via western blot at baseline and day seven post-

LIRD in PEDF KO/KO compared to PEDF +/+. PEDF KO/KO animals, at baseline, had significantly lower 

Galectin-3 protein expression than those of PEDF +/+ littermate controls (PEDF +/+ vs. PEDF KO/KO 

Baseline ****p-value<0.0001). This data substantiated results from Figure 8A, which showed lower 

Lgals3 mRNA expression in PEDF KO/KO animals at baseline. However, while the level of Galectin-3 

protein expression in PEDF KO/KO animals increases after phototoxic damage, it remains suboptimal to 

PEDF +/+ animals at the same time point (Two-way ANOVA with Tukey multiple comparison test, 
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n=3/group/timepoint.  PEDF +/+ vs PEDF KO/KO Day 7 ***p-value 0.001). These data suggest the loss of 

PEDF significantly affected the protein expression of Galectin-3 both before and after LIRD.   

 

5.4.8 Figure 10: Treatment with Galectin-3 inhibitor, TD139, Significantly Decreased PEDF 

Expression in PEDF +/+ Animals after LIRD. 

Previous studies have correlated increased expression of Galectin-3 with poor clinical outcomes in 

multiple eye diseases 176,179,181,182,245,246. Additionally, the inhibition Galectin-3 by genetic manipulation or 

pharmacological targeting dampened immune cell activity 178. To determine if dampening the Galectin-3 

expression would be protective after LIRD damage, we pharmacologically inhibited Galectin-3 in PEDF 

+/+ animals using TD139 to determine if Galectin-3 inhibition was protective after LIRD. We found that 

treatment with Galectin-3 inhibitor (TD139) did not significantly affect Galectin-3 protein levels. 

However, we did notice significant differences in the visual function of animals without LIRD exposure 

(data not shown). Interestingly, we found that animals treated with Galectin-3 inhibitor had a worse 

damage phenotype than LIRD-only controls. Surprisingly, PEDF levels in animals treated with TD139 

and LIRD were significantly lower than in the LIRD-only control group (One-way ANOVA with Tukey’s 

multiple comparison test. n=3 animals/group.  PEDF +/+ No damage vs. PEDF +/+ LIRD only: p-value=ns; 

PEDF +/+ no damage vs. PEDF +/+ LIRD + Gal-3 inhibitor ***p-value<0.001; PEDF +/+ LIRD only vs. 

PEDF +/+ LIRD + Gal-3 inhibitor *p-value<0.01). These data suggest a potential correlation between 

PEDF and Galectin-3 expression since the inhibition of Galectin-3 significantly decreases PEDF 

expression. 
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5.5 DISCUSSION 

 

The findings from this study reveal that PEDF plays a significant regulatory role in facilitating 

immune privilege and suppressing inflammation to protect vulnerable tissues from damage within the 

ocular microenvironment. Previous studies have evaluated and purported the protective role of PEDF 

against photoreceptor death in albino rat models under various light damage conditions; additionally, 

these studies showed that intravitreal supplementation with exogenous PEDF was protective 183,247. 

However, the full mechanism for this protection has not been fully established. Previous studies were 

limited in that they primarily used albino animals, which are not fully translatable to normal vision in 

humans with pigmented eyes. This study aimed to examine the influence of PEDF on the outcome of 

visual function, Galectin-3 positive subretinal immune cell recruitment, and effects on the neurotrophic 

factor, IGF-1, after light damage. By employing a global deletion model of PEDF and comparing the 

multiple visual metrics to wildtype controls, we could identify phenotypic shifts during damage resolution 

that coincide with expression changes in IGF-1 and Galectin-3. Studying these molecular mechanisms 

may be the basis for better understanding and predicting the pathological onset of disease, reveal new 

pathway interactions for conserved biomarkers, and present new considerations for therapeutic 

approaches employing gene therapy.  To our knowledge, our study is the first to evaluate the potential 

regulatory axis of PEDF-Galectin-3-IGF-1 in visual function. Additionally, according to our 

understanding, this is the first study to implicate PEDF in the modulation of Galectin-3 expression in the 

eye. Overall, our results implicate the loss of PEDF as an essential regulator of both IGF-1 and Galectin-3 

expression after light damage, suggesting an additional level of RPE-mediated regulation of 

immunosuppression in the ocular microenvironment.  

 

 Immune privilege in the eye requires an intact RPE monolayer, which secretes factors that 

suppress the immune response, controls the maturation of immune cells, and leads to apoptosis of 

infiltrating macrophages, magnifying the role of RPE in facilitating immunomodulation43,49,50,248–252. 



 123 

Studies of pigment epithelia derived from various ocular tissues suggest that immunosuppression is 

achieved by cell-cell contact, soluble factors, or both, depending on the source of epithelia. The retinal 

pigment epithelia predominantly utilize secreted, soluble factors to suppress immune cell activation. 

Previous studies have described the immunomodulatory functions of the RPE via the secretion of 

cytokines and neuropeptides, like alpha-macrophage stimulating hormone(⍺-MSH) and Neuropeptide 

Y(NPY)48,49,252,253. However, the complete mechanism by which the RPE participates in 

immunomodulation has not been fully elucidated. 

 

Loss of PEDF is associated with aging and reductions in RPE functionality 82,118. Here, we 

assessed the potential immunomodulatory effects of the secreted homeostatic marker, PEDF, on damage 

outcomes and inflammation. Previous studies have described overexpression of or supplementation with 

PEDF as protective of photoreceptors and motor neurons, improvements in mitochondrial function and 

cortical neurons after damage, and inhibition of inflammatory damage 187,204,218,254–257. Additionally, 

deletion of PEDF is associated with aging, increased inflammation, and increased loss of visual function 

185,189,220,258. Notably, we found the increased presence of cell-sized white foci at the level of the RPE in 

our cSLO analysis of PEDF-null animals exposed to light damage. Currently, the field has not reached a 

unified consensus on identity of these puncta as immune cells, displaced RPE cells, aggregates of cellular 

debris or lipofuscin, or a combination of all of the above 259–262. While defining the identity of these 

structures requires advanced studies outside the scope of this paper, there is agreement that the presence 

of autofluorescent dots at the RPE-photoreceptor interface is associated with pathology and damage.  Our 

results confirm the findings of other studies since the loss of PEDF resulted in increased retinal thinning, 

more damage-associated auto-fluorescent dots at the RPE-photoreceptor interface, significant loss of the 

photoreceptor layer, and increased cell death compared to littermate controls.  

 

Additionally, when evaluating the retinal function, we found that the RPE of PEDF KO/KO animals 

had a reduced capacity for rhodopsin metabolism after LIRD compared to littermate controls at the same 
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time point.  Retinal function loss reduced scotopic a-,b, and c-wave amplitudes by five to seven days after 

light damage in PEDF KO/KO animals compared to littermate controls. These data suggest that PEDF is 

protective against excessive damage after phototoxic light exposure.  

 

The RPE is the major contributor to IGF-1 secretion in the ocular environment 263. The importance 

of IGF-1 as a neurotropic factor and a regulator of immune cell function has been described in the eye and 

other tissue types under normal and pathological conditions, like cancer and ischemia 78,236,238,239,264,265. 

Additionally, decreases in IGF-1 expression have been correlated with aging, increased damage, and 

apoptosis in eye and brain studies266–268. To assess how the loss of PEDF may affect the expression and 

abundance of the neurotrophic factor, IGF-1, we first evaluated IGF-1 immunoreactivity in retinal 

sections of PEDF KO/KO animals compared to PEDF +/+ animals at baseline. Baseline data showed no 

significant changes in IGF-1 expression between genotypes. However, after insult, there was a 

considerable loss in IGF-1 expression beginning on Day 3 of PEDF KO/KO animals, which increased to 

Day 7. We confirmed these findings via western blot analysis, showing a significant reduction in IGF1 

protein expression in PEDF KO/KO compared to wild-type littermates at day 7.  IGF-1 inhibits apoptosis of 

photoreceptors via the downregulation of caspase-3 and c-JUN signaling; thus, the reduced expression of 

IGF-1 may explain the increased degree of apoptosis observed in Fig.3B 236,267,268. The presence of IGF-1 

and Galectin-3 co-expression in neuroprotective immune cells has been reported previously 77,238,239. We 

also assessed the presence of IGF-1 in recruited subretinal immune cells adhered to RPE flat mounts 

collected from PEDF +/+ and PEDF KO/KO animals at day seven post-LIRD. We found that PEDF KO/KO 

animals had fewer IGF-1 positive immune cells (See Fig. 6W-Y) compared to the PEDF +/+(Fig.6T-V) at 

the same time point. IGF-1 modulates macrophage responsiveness and activity when challenged with a 

high-fat diet, shifting the transcriptional and morphological phenotypes to that of an M2-like 

proinflammatory macrophage269.   A decrease in IGF-1 and PEDF expression has also been described in 

aging studies, which may suggest a similar mechanism as observed during our light damage experiments 

in the absence of PEDF 270–273. The loss of IGF-1 expression with age likely affects microglia function and 
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sensitivity. The loss of PEDF leads to insult-initiated down-regulation of IGF-1 protein expression and 

reduced recruitment of IGF-1-expressing immune cells.    

 

 Multiple groups have described a unique subclass of immune cells enriched in Galectin-3, recruited 

during neurodegeneration in the brain and the eye 72,73,75,77,177,180.  In the eye, Galectin-3 enriched 

subretinal immune cells are recruited to the photoreceptor-RPE interface, suggesting that there may be a 

functional requirement for Galectin-3 in the subretinal space 73,75,244. Elevated Galectin-3 expression is 

associated with poor prognostic outcomes176,179,181,182. Additionally, an ocular proteome study comparing 

AMD patients to age-matched controls found a significant increase in the secretion of Galectin-3 binding 

protein and Pigment epithelium-derived factor from the RPE 17. However, the correlation between PEDF 

expression, Galectin-3 levels, and damage outcomes has yet to be investigated. We hypothesized that loss 

of PEDF will increase Galectin-3 expressing cells and global expression of Galectin-3, ultimately leading 

to increased inflammation in the ocular microenvironment. To evaluate this, we quantified the number of 

Galectin-3 expressing cells that adhered to the RPE in no damage controls and day seven between PEDF 

KO/KO compared to littermate controls (Fig. 7). At baseline, there was no difference between genotypes. 

However, after damage, we found that the total number of Galectin-3 positive cells was significantly 

increased in PEDF KO/KO animals compared to wildtype controls (See Fig. 7A-D), suggesting that without 

damage, there is no increased infiltration of immune cells. However, after damage initiation, PEDF KO/KO 

animals had significantly more Galectin-3 expressing cells infiltrating the subretinal space compared to 

wild-type littermates at the same time (Fig. 7E). Damage to the subretinal space, neurodegeneration, and 

aging are associated with an increased activation of inflammation signaling and recruitment of immune 

cells 102,148,274–278. To investigate if PEDF KO/KO animals exhibit differential expression of Galectin-3 and 

inflammasome mediator Nlrp3, we used digital drop PCR. We found that Galectin-3 mRNA expression in 

the RPE from PEDF KO/KO was significantly reduced compared to wild-type littermates. However, after 

damage, there is a significant increase in lgals3 and nlrp3 expression at day 7 in PEDF KO/KO animals 

compared to the wildtype controls, which dampens the expression of these genes at the same time point.  
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In agreement with the gene expression data, Galectin-3 protein expression was significantly lower in 

PEDF KO/KO animals compared to PEDF+/+. On day 7, post-damage, PEDF +/+ animals reduced Galectin-3 

expression considerably compared to baseline expression; conversely, Galectin-3 increased in the PEDF 

KO/KO animals at the same time point. Notably, while Galectin-3 protein expression in PEDF KO/KO animals 

increased over baseline expression, there was significantly lower expression of Galectin-3 protein at day 

seven compared to PEDF +/+. These data may suggest that loss of PEDF affects the steady state of 

Galectin-3 expression. Interestingly, when we pharmacologically inhibited Galectin-3 activity in PEDF +/+ 

animals during LIRD, we found it significantly decreased PEDF levels compared to LIRD-only controls 

(see Fig. 10), leading to poorer visual outcomes (data not shown). These data suggest that PEDF protects 

ocular function after LIRD via a novel Galectin-3-mediated mechanism.  

 

PEDF suppresses eye diseases and cancer studies 240,241,279. In this study, we hypothesized that the 

protective role of PEDF in the ocular microenvironment after damage includes regulation of inflammation 

and immune privilege via Galectin-3 mediated signaling. This study reports a putative relationship 

between Galectin-3 and PEDF, suggesting that Galectin-3 enriched immune cells within the subretinal 

space are a positive regulator of PEDF expression after light damage. However, the precise molecular 

signaling by which loss of PEDF impacts Galectin-3 and IGF-1 expression requires further study.  
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5.6 FIGURES AND TABLES 

5.6.1 Table 1: Primary and Secondary Antibody Information 

 

Antibody  Antibody 
Type  

Species Company 
and Catalog 
information  

Concentration 

Galectin-3 Primary  Goat R&D Systems 
( AF1197) 

1:250 

ZO-1 Primary  Rat Sigma 1:250 

IGF-1 Primary 
(conjugated 
AF546) 

Mouse Santa Cruz 
(sc-518040) 

1:100 

IBA-1 Primary  Rabbit Abcam 
(ab178847) 

(1:1000) 

Pentahydrate(bis-
Benzamide)Hoec
hst 33258 

DNA nuclear 
Stain 

N/A 
Thermo-Fisher 

Catalog #: 
H3569 

[1:250] 

TUNEL N/A N/A Promega 
DeadEnd 
TUNEL 
Flurometric 
Kit- G3250 

 

Mouse anti- 
Rhodopsin 

Primary Mouse 
Abcam, 
ab3267 

[1:250] 

Rabbit anti-Best1 Primary Rabbit 
Abcam, 
ab14927 

[1:250] 

Donkey anti-Rat 
(AF488) 

Secondary Rat 

Life 
Technologies, 
Catalog # 
A21208 

[1:1000] 

Donkey anti-rabbit 
(AF568) 

Secondary Rabbit 

Life 
Technologies, 
Catalog # 
A10042 

[1:1000] 

Donkey Anti-
Mouse(AF488) 

Secondary Mouse 

Life 

Technologies 

Catalog 
#A21202 

[1:1000] 

Donkey Anti-
Goat(AF647) 

Secondary Goat 
Abcam 
Catalog # 
A32849 

[1:1000] 
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5.6.2 Table 2: Digital Droplet PCR Primers 

 

Gene Protein Primer Sequence Size Species 

Hrpt HRPT-
HEX(IDT)  

Mm.PT.39a22214828 
 

 Mouse 

Il6 IL6 dMmuCPE5095532 
 

70 Mouse 

Il1b IL1B Mm.PT.58.41616450 
 

119 Mouse 

Lgals3 Galectin-
3 

Mm.PT.58.8335884 
 

130 Mouse 

Nlrp3 NLRP3 Mm.PT.58.13974318 
 

90 Mouse 

Snai1 SNAI1 Mm.PT.58.43057042 
 

122 Mouse 
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5.6.3 Figure 1: Loss of Pigment Epithelium Derived Factor Modifies Sensitivity to Phototoxic 

Damage in C57BL/6J Animals 

 

Figure 1: Loss of Pigment Epithelium Derived Factor Modifies Sensitivity to Phototoxic 

Damage in C57BL/6J Animals 

Fundus and retinal C57BL/6J animals that express wild-type PEDF (PEDF +/+) or PEDF knockout 

(PEDF KO/KO) animals are shown. Figure 1A shows Spectral Domain Optical Coherence 

Tomography (SD-OCT) images of the Fundus and circular B-scans of the retinal architecture around 

the optic nerve. Top row: PEDF +/+ animals are shown in the top row at both baselines and on day 

seven post-LIRD. Bottom row: PEDF KO/KO animals at baseline and Day 7 Post LIRD. White 

arrows denote regions of damage-associated mottling of the fundus. Figure 1B shows the 

quantification of total retinal thickness and the thickness of the photoreceptor layer of PEDF +/+ 

n=5, PEDF KO/+ n=4, PEDF KO/KO= n=4 at Day 7 Post LIRD. One-way ANOVA Brown-Forsythe 

test with Barlett’s correction. * p-value< 0.05, ** p-value<0.01, *** p-value<0.001, **** p-

value<0.0001. 
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5.6.4 Figure 2: Loss of PEDF Increases Damaged-Associated Autofluorescent Dots at the Level of 

the RPE 

 

 

Figure 2: Loss of PEDF Increases Damaged-Associated Autofluorescent Dots at the Level of the 

RPE. Heidelberg Spectralis cSLO (confocal scanning laser ophthalmoscope) images show an increased 

accumulation of autofluorescent dots/granules at the level of the photoreceptor-RPE interface after 

phototoxic damage that is not present at baseline. Images were taken at -12 diopters at the level of the 

interdigitations of RPE and photoreceptors using both the infrared (to detect vascular architecture) and the 

blue autofluorescence filter (to detect fluorescent dots). Representative Images at baseline for PEDF 

+/+(2A-B) and PEDF KO/KO (2F-G) and at Day 7 Post LIRD (PEDF +/+: 2C-E; PEDF KO/KO: 2H-J). A Zoom 

(red box) of each representative image with red arrows highlighting individual dots. 
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5.6.5 Figure 3: Loss of PEDF Results in Regional Damage and Increases Apoptosis of 

Photoreceptor Cells.  

 

 

Figure 3: Loss of PEDF Results in Regional Damage and Increases Apoptosis of Photoreceptor 

Cells. 

The morphology of the postmortem tissue shows significant regional alterations in retinal architecture. 

Figure 3A-B shows a representative image of PEDF +/+ with no damage and day seven post-LIRD. 

Representative images of PEDF KO/KO animals with no damage(Figure 2C) and day seven post-damage 

(Figure 2D) are shown. Figure 2D shows severe loss of the outer nuclear layer (ONL), disruption of the 

photoreceptor inner and outer segment layer, and aberrations in the RPE monolayer in PEDF KO/KO 

compared to PEDF +/+ controls at day five post-light damage. Figure 3E quantifies ONL counts from -
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1750 microns(superior) to 1750 microns (inferior) on either side of the optic nerve. The damage is 

regionally isolated to the superior portion of the retina and is significantly between PEDF KO/KO n=4 

and PEDF +/+ n=4. One-way ANOVA with Brown-Forsythe test and Barlett’s correction. # p-value<0.05, 

## p-value<0.01, ### p-value<0.001, #### p-value <0.0001. The loss trend was the same on day seven 

post-LIRD (data not shown).  

Figure 3F-N shows representative images of retinal sections stained for TUNEL (green), immune cells via 

CX3CR1-GFP (red), and cell nuclei (DAPI) of no damage control (3F-H), Day 7 PEDF +/+(3I-K) and, 

Day 7 PEDF KO/KO (3L-N).  These data are quantified in Figure 3O and show that PEDF KO/KO have 

significantly more TUNEL-positive cells than either the untreated (** p-value<0.01) or the PEDF +/+ (** 

p-value<0.01) group. 
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5.6.6 Figure 4: PEDF KO/KO RPE Fail to Increase Rhodopsin Metabolism after Light Damage 

 

 

Figure 4: PEDF KO/KO RPE Fail to Increase Rhodopsin Metabolism after Light Damage. 

Loss of PEDF results in a suboptimal production of phagosomes by the RPE after light-induced retinal 

damage. Figure 4A-F shows representative retinal immunofluorescence images of a PEDF +/+ and     

PEDF KO/KO at day 7 Post-light damage.  The sections were stained with Rhodopsin(green) to visualize 

shed rod outer segments and phagosomes, Best1(red) was used to visualize the RPE monolayer, and cell 

nuclei were stained with DAPI (blue). Figure 4G, notably, the PEDF +/+ animals significantly increase 

production to redress clearance demands at day seven post-LIRD compared to untreated PEDF+/+(Two-

way ANOVA, Tukey’s multiple comparison test, *p-value<0.05). However, while PEDF KO/KO animals 

had a more significant accumulation of phagosomes at baseline, they failed to increase phagosome 

production after light damage. 
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5.6.7 Figure 5 The Loss of PEDF leads to significant deficits in visual function after light damage 

exposure. 

 

 

Figure 5: The Loss of PEDF leads to significant deficits in visual function after light damage 

exposure.  
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The figure shows the maximal visual output of a-wave, b-wave, and c-wave at a flash intensity of 10 

candelas/second/meters2 (cd.s/m2). These data show no statistically significant difference in the visual 

function of the PEDF KO/KO compared to PEDF +/+  at baseline or on day three after light damage. 

However, after day three there is a notable decrease in visual function of PEDF KO/KO animals in both a- 

and b-wave amplitudes at 10Hz that persists to day 7(a-wave: day 5: ** p-value<0.01; day 7: ** p-

value<0.01 and b-wave: day 5: *p-value <0.05; day 7: *p-value<0.05. n=3-7/time point/group) see Figure 

5A and 5B; Two-way ANOVA with Sidak’s multiple comparison correction). Significant loss of the c-

wave amplitudes is delayed to day seven post-light damage (See Fig. 2C: Two-way ANOVA with Sidak’s 

multiple comparison corrections, day 7: * p-value<0.01). The scotopic waveforms of PEDF KO/KO mice 

also reveal a slight depression in the waveform amplitude at baseline compared to PEDF +/+ (n=3-

4/genotype). This reduction in waveform amplitude is more pronounced at day seven post-LIRD 

(n=5/genotype; See Figures 5D and 5E). Photopic waveforms show a similar trend as scotopic waveforms 

with significantly reduced amplitudes in PEDF KO/KO at day 7 compared to PEDF +/+ littermates (See 

Fig. 5F-G).   
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5.6.8 Figure 6: Loss of PEDF Suppresses the Damage-Associated Increase in IGF-1 after Light 

Damage 

 

 

 

 

 Figure 6:Loss of PEDF Suppresses the Damage-Associated Increase in IGF-1 after Light Damage 

 

Retinal sections were collected at days 3, 5, and 7 post light damage and stained for the neurotrophic 

factor, IGF-1(red), the immune cell marker, IBA1(green), immune cell activation marker, Galectin-

3(white), and dapi(blue). Staining showed that at baseline, there was no significant difference between 

PEDF +/+ and PEDF KO/KO animals without damage. Figure 6A-P is a representative image showing the 
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degree of expression of IGF-1 and Galectin-3 and the infiltration of immune cells from the retina to the 

subretinal space. After light damage, there is an increase in Galectin-3 positive cell expression in both 

genotypes at day 3, with the earliest deposition at the photoreceptor-RPE interface occurring at day 3. By 

day 7, only the PEDF KO/KO animals still have Galectin-3 positive cells at the interface of the 

photoreceptors-RPE. Additionally, when quantifying the immunofluorescent signal of IGF-1, there are 

statically significant differences between the PEDF +/+ and PEDF KO/KO as early as day 3. The levels of 

IGF-1 continue to decrease until day seven post LIRD (see Fig. 6Q). Analysis: Two-way ANOVA with 

Tukey’s multiple comparison test, n=3-5/ group/time point. * p-value< 0.05, ** p-value<0.01, *** p-

value<0.001, **** p-value<0.0001. In Figure 6R, we confirm this finding via total eye cup expression of 

IGF-1 normalized to GAPDH in no damage controls versus at day seven post-LIRD via western blot. 

Figure 6R quantifies the total expression of IGF-1 between PEDF +/+ and PEDF KO/KO before and after 

LIRD. Analysis: Two-way ANOVA with Tukey’s multiple comparison test, n=3-6/group/timepoint. 

Subretinal immune cells recruited to RPE in PEDF KO/KO have lower expression of IGF-1 than PEDF +/+ 

animals. Figure 6T-Y shows a representative image of PEDF +/+( 6T-V) and PEDF KO/KO (6W-Y) stained 

for ZO1(blue), IGF-1(red), and CX3CR1-GFP (green) to look for heterogeneity in the immune cell 

population. 
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5.6.9 Figure 7: Loss of PEDF increases infiltration of Galectin-3+ immune cells compared to 

PEDF +/+ 

 

Figure 7: Loss of PEDF increases infiltration of Galectin-3+ immune cells compared to PEDF +/+ 

We collected RPE flat mounts to assess if PEDF KO/KO animals showed an increased inflammatory profile 

and stained them for Galectin-3 (red) and CX3CR1-GFP(Green). We found that PEDF KO/KO animals were 

like PEDF +/+ animals at baseline and up to day three post-LIRD damage. However, by day 5, there was 

the inflammation phenotype significantly increased in PEDF KO/KO animals compared to littermate 

controls * p-value< 0.05, ** p-value<0.01, *** p-value<0.001, **** p-value<0.0001 (Analysis: Two-way 

ANOVA with sidak’s multiple comparison correction. N=3-5 animals group/ time point. p-value: Day 5: 

** vs Day 7 **). Figure 7A-D shows a representative image of the subretinal immune cell morphology in 

PEDF +/+ and PEDF KO/KO animals at baseline and Day 7. Figure 7E shows the total number of Gal-3 

positive cells counted from baseline to day seven post-LIRD between PEDF +/+ and PEDF KO/KO 
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5.6.10 Figure 8: Loss of PEDF Increases Galectin-3 Gene Expression at Day 7 Post LIRD 

Compared to Wildtype Littermates 

 

Figure 8: Galectin-3 and NLRP3 gene expression are elevated in PEDF KO/KO at day seven 

compared to PEDF +/+. 

Retinal and RPE tissues were collected separately, and RNA was extracted from each tissue sample type. 

Figure 9A quantifies Lgals3 and Nlrp3 gene expression normalized to HRPT in the retina between PEDF 

+/+ and PEDF KO/KO at baseline and Day 7 Post LIRD. Figure 9A-B shows the gene expression of Lgals3 

and Nlrp3 at the same time points in the RPE. The Lgals3 expression in the RPE Two-way ANOVA; 

PEDF KO/KO baseline vs. PEDF KO/KO Day 7: *p-value<0.05; PEDF +/+ Day 7 vs. PEDF KO/KO Day 7: *p-

value<0.05. However, only at day 7 in the RPE is Nlrp3 expression significantly different in the PEDF 

KO/KO compared to littermate controls(*p-value<0.05). 

  

A B 
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5.6.11 Figure 9: Loss of PEDF Reduces Total Galectin-3 Expression Before and After LIRD 

 

Figure 9: Loss of PEDF Reduces Total Galectin-3 Expression Before and After LIRD 

PEDF KO/KO animals have significantly lower expression of Galectin-3 at baseline compared to littermate 

controls. Additionally, after damage, there is a suboptimal increase in Galectin-3 protein expression on 

day seven post-LIRD. PEDF +/+ animals dampen Galectin-3 expression in response to LIRD damage at 

day 7, suggesting differential temporal regulation of the protein when PEDF is present compared to when 

it is not. Figure 9A shows a western blot that was probed for PEDF (50kDa), Galectin-3(~30kDa), and 

GAPDH (~37kDa) loading control. The results from Figure 9A are quantified in Figure 9B and show that 

there are significant differences in Galectin-3 expression at both baselines (Two-way ANOVA with 

Tukey’s multiple comparison correction. **** p-value<0.0001. sample sizes: 3 animals/group/time point) 

and at Day 7 (****p-value<0.0001) between PEDF KO/KO and PEDF +/+ animals. While Galectin-3 

expression increases in the PEDF KO/KO animals at day seven compared to baseline, it is still dampened 

compared to the Gal-3 expression of PEDF +/+ at the same time point. 
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5.6.12 Figure 10: Treatment with Galectin-3 inhibitor, TD139, significantly decreases PEDF 

expression in PEDF +/+ animals after LIRD. 

 

 

Figure 10: Treatment with Galectin-3 inhibitor, TD139, significantly decreases PEDF 

expression in PEDF +/+ animals after LIRD.  

Figure 10A shows a western blot exhibiting that PEDF+/+ with no damage controls have high levels 

of PEDF, and exposing PEDF+/+ animals to LIRD shows a decrease in PEDF levels. Still, it is not 

significantly different from no-damage controls. However, by adding the Galectin-3 inhibitor to 



 143 

LIRD, there is a significant loss of PEDF compared to LIRD, and there is no damage control. 10B is 

a quantification of 10A. (One-way ANOVA with Tukey’s multiple comparison test. No damage vs. 

LIRD only (Day 5 post) ns; not significant. No damage vs. LIRD (day 5) + Gal-3 inhibitor ***p-

value<0.001. LIRD only (Day 5) vs. LIRD (Day 5) + Gal-3 inhibitor (*p-value<0.0.5). 10C shows 

representative fundus and retinal images taken using SD-OCT, displaying the effects of TD139 

treatment with and without LIRD. Treatment with an inhibitor in conjunction with LIRD 

significantly increased retinal thinning compared to the control of LIRD only. 
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5.6.13 Supplemental Figure 1: Treatment with TD139 Alone does not Deleteriously Affect Visual 

Function or Galectin-3 Protein Levels  

 

Supplemental Figure 1: Treatment with TD139 Alone does not Deleteriously Affect Visual Function 

or Galectin-3 Protein Levels  

When comparing animals at baseline versus after 5 days of Galectin-3 inhibitor (TD139), we found that 

between the DMSO vehicle control and the experiment TD139 treated animals, there was not a 

statistically significant difference at baseline or at Day 5 (See figure S1 A-C). Additionally, when 

assessing total Gal-3 expression normalized to GAPDH of no damage, LIRD, only, and LIRD+ Gal-3 

treated animals, the inhibitor did not deplete Galectin-3 levels, suggesting that its mode of function does 

not degrade Gal-3 protein. Taken together, these data show that inhibiting Galectin-3 activity using 

TD139 alone does not have deleterious off target effects on visual signaling or Gal-3 protein.  

  

A B 

C 
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5.6.14 Figure 11: Schematic of Model Summary 

  

Fig 11A: Schematic summary 

illustrating significant differences 

between PEDF +/+ and PEDF KO/KO 

animals and the impacts on IGF-1 

and Galectin-3 expression.  

Fig 11B: Shows the proposed 

immunomodulatory network 

influencing photoreceptor death, 

immune cells, and RPE cells. 

Images made using Biorender.  

  

A 
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6 CHAPTER 6: THE DISCUSSION 

6.1 SUMMARY 

Overall, the main objectives of this dissertation research were to 1) investigate the role of RPE in 

immunomodulation, 2) characterize how secreted factors from the RPE may affect outcomes of visual 

damage, and identify potential molecular targets for interventions that may aid in limiting inflammation-

associated loss of vision. Secondarily, this dissertation also investigated the role of Lysine demethylase 

1(Lsd1) in the proper organization and development of the neural retina. Lastly, this dissertation also 

evaluated how natural aging affects RPE morphometrics and visual function in wild-type C57BL/6J 

animals between the ages of 2 and 32 months.  

 

Lsd1 plays an indispensable role in the development and maturation of neurons within the brain; 

however, less was known about the role that Lsd1 plays in the proper differentiation of retinal cell types. 

Previous studies by Popova et al. found that pharmacological inhibition of Lsd1 reduced rod 

photoreceptors' development and shunt retinal progenitors’ cells into development programs for other cell 

fates280.  A previous study from our lab showed that the temporal localization of Lsd1 and its unique 

expression patterns likely play a role in retinal cell subtype speciation193. Lsd1 localization within rod 

photoreceptors was particularly interesting because there was low expression compared to rods, and it 

formed a “ring-like” structure around the periphery of the nucleus, which coincided with the location of 

euchromatin. Using the data from those studies as a premise, we hypothesized that Lsd1 plays a role in 

the proper development and maturation of retinal cells. We made a mouse Lsd1 fl/fl mouse line under the 

Chx10 promotor, expressed in embryonic neuroblast cells that later differentiate into inner nuclear layer 

cells, bipolar cells, and Muller glia. We found that the Chx10-specific deletion of Lsd1 would result in 

global morphological and structural ocular defects. We found that the loss of Lsd1 resulted in significant 

loss of a-, b-, and c-wave amplitudes, loss of retinal thickness, and loss of cells via apoptosis by TUNEL 

analysis191.  Additional essential findings from this study are all described in Chapter 2.  
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Next, in Chapter 3, we created a study to build upon our knowledge of how aging affects RPE 

function and morphology with the topography of stress markers, like alpha-catenin and subretinal immune 

cell function. Currently, many studies explicitly characterizing changes in the aging RPE of mice are 

limited to data before or around the age of 24 months (correlating to 56-69 human years), which limits 

our understanding of changes in RPE morphology resulting in the cumulative loss of vision in seniors 

over 80 years of age(121–124). In humans, RPE morphology is intact into middle age (38-47 years); 

however, by 80 years of age, there is a sudden decrease in visual function due to subtle changes in the 

RPE monolayer arrangement, integrity, and geometry, resulting in vision loss125. This change in RPE 

corresponds with a significant spike in the rate of visual disability in adults who are 80 years or older126. 

Thus, the data loss in this maturational cusp between 17 months and 32 months limits our understanding 

of early signs of aging and distress in RPE cells, resulting in vision loss. To address this gap, we utilized a 

C57BL/6J mouse model divided into three groups: young (P60-180), middle-aged (P365-P544), and aged 

(P730-P970), providing a comprehensive analysis of RPE aging. In this study, we aimed to extend our 

understanding of age-associated RPE changes to changes in the recruitment of subretinal immune cells 

and the breakdown of RPE cell borders, resulting in the cytoplasmic localization of alpha-catenin. We 

found region-specific differences in cytoplasmic alpha-catenin immunoreactivity, RPE area and 

eccentricity, and immune cell recruitment were most significant between our cohort's youngest and oldest 

groups. The middle-aged animals often displayed intermediary phenotypes that were distinct from the 

young group in some metrics and different from the oldest group in others, adding the premise of studying 

RPE changes in mice older than 24 months.  

 

  In Chapter 4, we aimed to redress the lack of comparative analysis of light damage in pigmented 

animals in the field. Previous studies using light damage models were done predominantly in albino rats 

and mice, presenting multiple limitations. For example, albino rats and mice spontaneously acquire 

lesions in the retina during ambient low light exposure with a rate of incidence of almost 55%281.  This 
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phenomenon is less likely to happen in pigmented animals 167. However, when using pigmented animals, 

similar damage patterns observed in albino animals required consecutive, multi-day exposures166,172. An 

additional limitation in previous studies was intrinsic strain differences when comparing albino strains to 

pigmented strains of animals, e.g., cone photoreceptor types and density differences and susceptibility to 

damage via elevated intraocular pressure. 167,171,282.  This study utilized the increased retinal damage using 

LED light sources in conjunction with short exposure times during the dark phase (when diurnal animals 

are the most active) to maximize phototoxic damage susceptibility 199,283. The works in this dissertation 

showed that utilizing the vitamin A cycle could create a line of pigmented photosensitive animals that are 

similar morphologically and functionally to the pigmented photoresistant animals before damage. 

However, after damage, pigmented photosensitive animals show severe defects in visual function via 

electroretinogram amplitudes, increased retinal thinning, prominent loss of the ONL (photoreceptors), and 

increased expression of galectin-3, inflammation-associated pattern-recognition receptor, and danger-

associated molecular pattern284.  Additionally, this study showed that PEDF is required for phototoxic 

protection since photoresistant animals without PEDF phenocopy the photosensitive animals’ response to 

light damage. Chapter 4 characterized the light damage-associated phenotypes in pigmented animals and 

expounded on these findings by analyzing potential molecular determinants that may confer resistance 

and susceptibility to light damage.  

 

Finally, in Chapter 5, we sought to investigate the relationship between PEDF and Galectin-3 expression, 

implicated in multiple studies involving ocular pathologies56,202,215,279,285–287. The immunosuppressive 

effects of RPE-secreted neuropeptides, Neuropeptide Y and alpha-MSH, have been well established. The 

RPE has an extra level of immune regulation via PEDF-Galectin-3 signaling.   

 

In 2006, An et al. studied the secreted proteome of RPE cell cultures isolated from patients with 

AMD compared to control eyes17,68. Interestingly, they found a 3-fold increase in the secretion of four 

proteins in AMD eyes compared to controls. Among them were galectin-3 (Lgals3) and pigment 
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epithelium-derived factor (PEDF). Galectin-3, a member of the β-galactosidase binding protein family, is 

endogenously expressed in the cytosol and the nucleus of the RPE but can be secreted where it 

participates in cell lattice formation and cell-cell interaction 69,70. Galectin-3 has been implicated in fine-

tuning inflammatory responses due to its increased affinity for β-1, 6-N- glycosylation on the cell surface 

of RPE cells undergoing EMT and its increased secretion from RPE cells after damage69,70,74.   

Coincidently, O’koren et al. described that microglia recruited to the subretinal space during ocular 

damage enriched in Galectin-3, which changes the secretory profile and morphology of immune cells73. 

PEDF, a critical neurotrophic, non-inhibitory member of the serpin protease inhibitor family, has 

decreased expression during AMD, RP, diabetic retinopathy, and glaucoma209184,211,288. Previous studies 

have implicated a correlation between the onset of disease/pathology, increased expression of Galectin-3 

and inflammation, and reductions in PEDF expression; however, the potential immunomodulatory 

mechanism between PEDF and Galectin-3 is yet to be explored.  

 

Previous studies of PEDF and light damage utilize albino animals and use exogenous 

supplementation with PEDF via intravitreal injections, which has drawbacks: 1) it may overshadow the 

impact of endogenous expression of PEDF, 2) studies in albino rats are not as translatable to normal 

human vision since there is pigmentation 183,247. Chapter 5 has profiled changes in PEDF-null animals 

compared to wild-type littermates during LIRD. Typically, C57BL/6J (RPE65 M450/M450 ) has reduced light 

damage risk due to slower visual cycle turnover. However, in the absence of PEDF, photoresistant animals 

show a significantly increased susceptibility to LIRD damage described in Chapter 4.  We assessed and 

analyzed changes in severe loss retinal architecture via Spectral-domain optical coherence tomography 

(SD-OCT; Fig. 1), increased autofluorescence at the level of the RPE-photoreceptor interface (See Fig. 2), 

significant loss of ONL (H&E sections; Fig. 3), increased cellular apoptosis(See Fig 3B) and reduced 

phagocytotic capacity of the RPE (rhodopsin metabolism; Fig. 4).  These changes in these structural 

changes in the retina coincide with functional defects in visual output (See Fig. 5). Next, we looked for 

changes in neurotrophic factors and biomarkers of inflammation.  The expression of neurotropic factor, 
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IGF-1, in PEDF-null animals and how that changes expression of subretinal microglia (IHC expression 

and protein quantification of IGF-1; Fig. 4). Additionally, I found that loss of PEDF results in 

dysregulation of galectin-3 at both the mRNA and protein expression level (qRT-PCR and protein 

quantification; Fig. 5). Finally, I’ve confirmed that the pharmacological blockade of galectin-3 activity 

phenocopies what was documented in my PEDF-null studies (protein quantification; Fig. 6). In figures 7 

and 8, I have added simplified model summaries of how the factors I’ve discussed correlate with damage 

course and outcomes. T 

 

6.2 FUTURE DIRECTION  

This dissertation addressed a few important scientific questions regarding the role of PEDF in 

protection from light damage that extends beyond its neurotrophic attributes and proposed that it partially 

facilitates this protection via modulation of the immune responses via a Galectin-3 mediated mechanism. 

However, many unanswered questions still need to be addressed in future studies. 

 

Further investigation of how PEDF may be modulating galectin-3 mRNA and protein expression is 

required. Galectin-3 has multifaceted roles ranging from development, cell differentiation, survival, and 

innate and adaptive immune cell tolerance284. While Gal-3 has multiple binding partners, there is no 

evidence, at present, that PEDF and Galectin-3 interact directly. So, the mechanism by which PEDF and 

the RPE modulate Galectin-3 during challenges remains in need of further study. Why does inhibition of 

Galectin-3 pharmacologically result in reduced expression of PEDF during challenge?  Do Galectin-null 

mice exhibit reduced expression of PEDF? Are the impacts of PEDF on Galectin-3 during challenge 

temporally regulated? Is the relationship between PEDF and galectin-3 observed in the eye conserved in 

other tissues? One could look for direction interactions between PEDF or its known receptors and 

Galectin-3 via Co-immunoprecipitation, which would be relatively simple. Additionally, like Galectin-3, 

PEDF also has a nuclear localization sequence and has been shown to interact with Transportin SR2 in 

both normal RPE cells and several cancerous cell lines; however, less is known about the function of 



 151 

PEDF within the nucleus or whether its localization is a sign of pathology52,289. The importance of 

galectin-3 and PEDF in the pathobiology of multiple diseases makes the potential co-regulatory 

relationship between the two a tantalizing scientific query to explore in the future.  

 

6.3 SIGNIFICANCE AND IMPACT 

The overarching theme of this dissertation is that RPE acts as a biosensor within the ocular 

environment, changing its shape and secreted factors to facilitate high-fidelity signaling and visual 

performance. One way the RPE functions as a biosensor is its effect on immune privilege. Immune 

privilege is the selective recruitment of immune cells to facilitate a limited inflammatory response during 

healing and repair to protect sensitive tissues within the CNS. The retinal pigment epithelium is required 

for immune privilege to exist within the eye249,250. The RPE facilitates this immunosuppression primarily 

by secreting factors like alpha-MSH and neuropeptide Y. However, this study expanded on this premise 

by identifying an extended level of regulation via PEDF-Galectin-3 signaling that may be important to 

other ocular pathologies with etiologies involving RPE dysfunction and dysregulated inflammatory 

responses. 

 

 Additionally, the study of epithelia in the eye modulating immune privilege via a PEDF-Galectin-

3 signaling paradigm might be translatable to tumor microenvironment and granulomatous disease 

studies.  Tumors recreate the immune-privileged microenvironment seen in the CNS via 

immunosuppression. Interestingly, both PEDF and Galectin-3 are dysregulated in multiple cancer 

subtypes, like breast and prostate cancers290–295, as well as in aging studies17. PEDF has suppressive 

effects on T-cells and regulates the maturation of dendritic cells215,285. Thus, this study of PEDF and 

Galectin-3 in the ocular microenvironment may tell us more about how the tumor microenvironment is 

structured and aid in improving the efficacy of therapeutic interventions. 
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