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Abstract 

 
 The retina is the light sensitive tissue at the back of the eye that processes the essential 

first steps of vision and contains several populations of neurons. Retinal Ganglion Cell (RGC) 

axons form the optic nerve, which is the only connection between the retina and the brain. 

Glaucoma is a leading cause of irreversible vision loss, affecting millions of people annually, 

and advanced stage glaucoma patients are blinded as a result of RGC degeneration. Since the 

human central nervous system possesses no functional regenerative capacity, there is ample 

interest in developing cell replacement therapies for optic neuropathies like glaucoma. In this 

dissertation, I describe work that I accomplished with my colleagues, both unpublished and 

published, that is relevant to human medicine and basic science alike.  

In my unpublished work, I generated a novel induced Pluripotent Stem Cell line that 

labels RGCs with a green fluorescent protein and attempted to engineer these cells with an 

inducible transgenic platform to expand the production of RGCs, but discovered potent 

transgenic silencing. My published work covers a range of topics; with colleagues, I developed a 

novel red fluorescent protein RGC reporter mouse that labels 70% of RGCs in the mouse retina 

from the earliest points of RGC development through adulthood. Additionally, this reporter can 

be visualized live and, since it uses a red fluorescent protein, can easily be combined with any 

green fluorescent protein reporter without crossing fluorescent signals. I have also shown that 

an endogenous glial cell of the retina, Müller glia, secrete factors that promote stem cell-derived 

RGC survival in vitro, which may help identify methods to promote transplanted cell survival in 

future therapies. I analyze the landscape of microRNA (miRNA) expression in the developing 

non-human primate fovea with the La Torre lab to study how the fovea, which is a region of the 

retina essential for acute human vision, develops. Finally, with my mentor Dr. Anna La Torre, I 

review the state of the RGC transplantation field to identify areas that require technical 

achievement to grow closer to establishing a reliable method of RGC transplantation in vivo.  



 v 

Table of Contents 

Abstract.................................................................................................................................. iv 

List of graduate school publications ........................................................................................ ix 

List of Abbreviations ............................................................................................................... x 

1. Introduction ........................................................................................................................ 1 

1.1 General introduction .................................................................................................................. 1 

1.2 The retina ................................................................................................................................... 3 

1.3 Retinal cell types ........................................................................................................................ 5 
1.3.1 Photoreceptors ........................................................................................................................................... 5 
1.3.2 Bipolar cells ................................................................................................................................................ 6 
1.3.3 Horizontal cells ........................................................................................................................................... 7 
1.3.4 Amacrine cells ............................................................................................................................................ 7 
1.3.5 Retinal Ganglion Cells ................................................................................................................................. 8 
1.3.6 Retina Pigment Epithelium ......................................................................................................................... 9 
1.3.7 Müller glia ................................................................................................................................................... 9 

1.4 The unique structure, function, and cytoanatomy of the fovea ................................................ 11 

1.5 Retinal Ganglion Cells in detail ................................................................................................. 14 
1.5.1 Retinal Ganglion Cell types ....................................................................................................................... 14 
1.5.2 Retinal Ganglion Cell diseases .................................................................................................................. 17 
1.5.3 Restoring vision via cell transplantation ................................................................................................... 19 

1.6 The developing vertebrate retina ............................................................................................. 20 
1.6.1 Eye field specification and early retina development .............................................................................. 21 
1.6.2 RGC generation in the mouse retina ........................................................................................................ 24 

1.7 MicroRNAs ............................................................................................................................... 27 
1.7.1 MicroRNA biogenesis and cellular function ............................................................................................. 27 
1.7.2 MicroRNAs in retina development ........................................................................................................... 29 
1.7.3 MicroRNA sponges ................................................................................................................................... 32 

1.8 The tetracycline inducible gene expression system ................................................................... 33 

1.9 Stem cells ................................................................................................................................. 34 
1.9.1 History ...................................................................................................................................................... 34 
1.9.2 Induced Pluripotent Stem Cells ................................................................................................................ 36 

1.10 Deriving retinal neurons from stem cells in vitro .................................................................... 37 
1.10.1 Two-dimensional retinal neuron generation in vitro ............................................................................. 37 
1.10.2 Three-dimensional retinal organoid generation in vitro ........................................................................ 38 

2. Unpublished results: Induced pluripotent stem cells silence Tet transgenes inserted in the 
Hprt locus in retinal organoids .............................................................................................. 40 

2.1 Abstract ................................................................................................................................... 40 

2.2 Introduction ............................................................................................................................. 41 

2.3 Results ..................................................................................................................................... 43 
2.3.1 Isl2-GFP expression during development ................................................................................................. 43 



 vi 

2.3.2 Generation and analysis of an Isl2-GFP iPSC line ..................................................................................... 45 
2.3.3 miRNA expression in Isl2-GFP organoid differentiation ........................................................................... 50 
2.3.4 Strategy to controllably knockdown LP-miRNAs ...................................................................................... 50 

2.4 Discussion ................................................................................................................................ 57 

2.5 Materials and Methods ............................................................................................................ 60 
2.5.1 Animals ..................................................................................................................................................... 60 
2.5.2 Generating lentiviral particles for iPSC production .................................................................................. 60 
2.5.3 Generating Isl2-GFP iPSCs ........................................................................................................................ 60 
2.5.4 LP-miRNA sponge and IRES-UCOE cloning ............................................................................................... 61 
2.5.5 Mouse iPSC culture ................................................................................................................................... 62 
2.5.6 LP-miRNA sponge iPSC generation ........................................................................................................... 62 
2.5.7 Retinal differentiation of iPSCs ................................................................................................................. 62 
2.5.8 Tissue culture media and components .................................................................................................... 63 
2.5.9 Tissue processing ...................................................................................................................................... 64 
2.5.10 Immunohistochemistry .......................................................................................................................... 64 
2.5.11 Genotyping ............................................................................................................................................. 65 
2.5.12 qPCR ....................................................................................................................................................... 65 
2.5.13 Statistics ................................................................................................................................................. 65 
2.5.14 Primers used in this study ...................................................................................................................... 65 
2.5.15 Antibodies used in this study ................................................................................................................. 67 

2.6 Author Contributions ............................................................................................................... 68 

2.7 Funding .................................................................................................................................... 68 

2.8 Acknowledgements .................................................................................................................. 68 

2.9 Supplemental information ....................................................................................................... 69 

3. Published results: A novel reporter mouse uncovers endogenous Brn3b expression .......... 71 

3.1 Abstract ................................................................................................................................... 71 

3.2 Introduction ............................................................................................................................. 72 

3.3 Results and Discussion ............................................................................................................. 74 
3.3.1 Generation of CRISPR–engineered Brn3b-mCherry reporter mouse line ................................................ 74 
3.3.2 mCherry labels a large fraction of RGCs in the adult retina of Brn3b-mCherry mice ............................... 76 
3.3.3 The expression pattern of mCherry recapitulates endogenous Brn3b during retinal development ....... 78 
3.3.4 Brn3b-mCherry reveals the dynamic expression of Brn3b during CNS development .............................. 80 
3.3.5 Live imaging of mCherry+ RGCs ................................................................................................................ 83 

3.4 Conclusion ............................................................................................................................... 84 

3.5 Materials and Methods ............................................................................................................ 84 
3.5.1 Animals ..................................................................................................................................................... 84 
3.5.2 Immunohistochemistry ............................................................................................................................ 85 
3.5.3 Retinal ganglion cell counts ...................................................................................................................... 86 
3.5.4 In-vivo retina cellular imaging .................................................................................................................. 86 

3.6 Acknowledgements .................................................................................................................. 87 

3.7 Supplemental Information ....................................................................................................... 87 

4. Published Results: Effects of adult Müller cells and their conditioned media on the survival 
of stem cell-derived Retinal Ganglion Cells ........................................................................... 89 



 vii 

4.1 Abstract ................................................................................................................................... 89 

4.2 Introduction ............................................................................................................................. 90 

4.3 Results ..................................................................................................................................... 92 
4.3.1 Mouse Embryonic Stem cells can be differentiated into RGC-like cell fates ............................................ 92 
4.3.2 Adult mouse Müller glia cells cultured for 7 days express normal Müller glia markers ........................... 94 
4.3.3 Co-culturing stem cell-derived cells with adult Müller glia highly increased RGC-like cell survival ......... 95 
4.3.4 Müller glia conditioned media (CM) enhances RGC-like cell survival ...................................................... 95 
4.3.5 Müller glia conditioned media (CM) increases Atoh7 and Brn3b expression .......................................... 98 
4.3.6 Co-culturing RGC-like cells with Müller glia cells as well as Müller glia conditioned media (CM) increases 
neuritogenesis ................................................................................................................................................... 98 

4.4 Discussion .............................................................................................................................. 100 

4.5 Materials and Methods .......................................................................................................... 103 
4.5.1 Animals ................................................................................................................................................... 103 
4.5.2 Mouse ESC Culture ................................................................................................................................. 104 
4.5.3 Retinal Differentiation of mESCs ............................................................................................................ 104 
4.5.4 Adult Müller cell cultures ....................................................................................................................... 105 
4.5.5 Co-cultures of stem cell-derived RGC-like cells and Müller cells ............................................................ 105 
4.5.6 Müller cell conditioned media collection ............................................................................................... 106 
4.5.7 Application of conditioned media .......................................................................................................... 106 
4.5.8 Immunocytochemistry ........................................................................................................................... 107 
4.5.9 qPCR ....................................................................................................................................................... 107 
4.5.10 Quantification and statistical analysis of RGC-like cells ....................................................................... 109 

4.6 Author contributions .............................................................................................................. 109 

4.7 Funding .................................................................................................................................. 109 

4.8 Acknowledgements ................................................................................................................ 110 

4.9 Conflicts of Interest ................................................................................................................ 110 

5. Published Results: MicroRNA signatures of the developing primate fovea ....................... 111 

5.1 Abstract ................................................................................................................................. 111 

5.2 Introduction ........................................................................................................................... 112 

5.3 Results ................................................................................................................................... 114 
5.3.1 Transcriptomic characterization of the developing rhesus monkey retina ............................................ 114 
5.3.2 miRNA-sequencing and differential expression profiles between temporal and nasal fetal rhesus 
monkey retinas ................................................................................................................................................ 118 
5.3.3 miRNA expression in the mouse developing retina ............................................................................... 120 
5.3.4 Expression in the human developing retina ........................................................................................... 122 

5.4 Discussion .............................................................................................................................. 124 

5.5 Materials and Methods .......................................................................................................... 128 
5.5.1 Experimental models and subject details ............................................................................................... 128 

5.5.1.1 Rhesus monkeys ............................................................................................................................. 128 
5.5.1.2 Mice ................................................................................................................................................ 129 
5.5.1.3 Human fetal samples ...................................................................................................................... 129 

5.5.2 RNA and miRNA sequencing ................................................................................................................... 130 
5.5.2.1 Library preparation and Next Generation Sequencing ................................................................... 130 
5.5.2.2 Sequence analyses .......................................................................................................................... 130 



 viii 

5.5.2.3 miRNA-sequencing: Library preparation and Next Generation sequencing ................................... 131 
5.5.3 Analyses of RNA-seq and miRNA-seq data ............................................................................................. 131 
5.5.4 In situ hybridization ................................................................................................................................ 132 
5.5.5 Immunofluorescence .............................................................................................................................. 133 
5.5.6 Hematoxylin and Eosin staining ............................................................................................................. 133 
5.5.7 Microscopy ............................................................................................................................................. 133 

5.6 Ethics Statement .................................................................................................................... 134 

5.7 Author Contributions ............................................................................................................. 134 

5.8 Conflict of Interest ................................................................................................................. 134 

5.9 Funding .................................................................................................................................. 134 

5.10 Acknowledgements .............................................................................................................. 134 

5.11 Supplementary information ................................................................................................. 135 

6. Published Literature Review: Retinal Ganglion Cell replacement: current status and 
challenges ahead ................................................................................................................. 141 

6.1 Abstract ................................................................................................................................. 141 

6.2 Introduction ........................................................................................................................... 142 

6.3 Stem cell strategies to generate RGCs in vitro ......................................................................... 145 

6.4 Purification of Stem cell-derived RGCs .................................................................................... 149 

6.5 Scaling-up the production of RGCs from stem cell cultures: clued-in by developmental studies
 .................................................................................................................................................... 151 

6.6 Transplant methods ............................................................................................................... 152 

6.7 Material transfer: lessons from photoreceptor transplants .................................................... 155 

6.8 Alternative strategies: Müller glia-mediated endogenous repair ............................................ 158 

6.9 Concluding remarks ................................................................................................................ 159 

6.10 Acknowledgements .............................................................................................................. 159 

7. Concluding Remarks ........................................................................................................ 161 

7.1 Stem cell-based retinal therapies to date ............................................................................... 161 

7.2 Challenges of RGC transplantation ......................................................................................... 162 

7.3 Challenges for stem cell-derived RGC production ................................................................... 163 

7.4 The unpredictability of transgene silencing in iPSCs ................................................................ 165 

7.5 Utilizing miRNAs to advance retinal organoid techniques ....................................................... 166 

8. References ....................................................................................................................... 169 
 
 
 
 



 ix 

List of graduate school publications 

 
Fishman, E.S.*; Louie, M.*; Miltner, A.M.*; Cheema, S.K.; Wong, J.; Schlaeger, N.M.; Moshiri, 
A., Simó, S.; Tarantal, A.F.; La Torre, A. MicroRNA signatures of the developing primate fovea. 
Front. Cell Dev. Biol. 2021, 9, 654385. doi: 10.3389/fcell.2021.654385. *co-first authors 
 
Pereiro, X.*; Miltner, A.M.*; La Torre, A.; Vecino, E. Effects of Adult Müller Cells and Their 
Conditioned Media on the Survival of Stem Cell-Derived Retinal Ganglion Cells. Cells 2020, 9, 
1759. doi: 10.3390/cells9081759 *co-first authors 
 
Han, J.S.; Hino, K.; Li, W.; Reyes, R.V.; Canales, C.P.; Miltner, A.M.; Haddadi, Y.; Sun, J.; 
Chen, C.; La Torre, A.; Simó, S. CRL5-dependent regulation of the small GTPases ARL4C and 
ARF6 controls hippocampal morphogenesis. PNAS 2020, 117, 23073-23084. doi: 
10.1073/pnas.2002749117 
 
Miltner, A.M.; Mercado-Ayon, Y.; Cheema, S.K.; Zhang, P.; Zawadzki, R.J.; La Torre, A. A 
Novel Reporter Mouse Uncovers Endogenous Brn3b Expression. Int. J. Mol. Sci. 2019, 20, 
2903. doi: 10.3390/ijms20122903 
 
Miltner, A.M.; La Torre, A. Retinal Ganglion Cell Replacement: Current Status and Challenges 
Ahead. Dev. Dyn. 2018, 248, 118-128. doi: 10.1002/dvdy.24672 
 
Fairchild, C.L.; Hino, K.; Han, J.S.; Miltner, A.M.; Peinado Allina, G.; Brown, C.E.; Burns, M.E.; 
La Torre, A.; Simó, S. RBX2 maintains final retinal cell position in a DAB1-dependent and -
independent fashion. Development 2018, 145, 155283. doi: 10.1242/dev.155283 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 x 

List of Abbreviations 

 
 
2D Two dimensional 

3D Three dimensional 

AAA Alpha-aminoadipidic acid 

AGO Argonaut 

AMD Age-related macular 

degeneration 

AMPA Alpha-amino-3-hydroxy-5-

methyl-4-

isoxazolepropionic acid 

AO-SLO Adaptive optics scanning 

laser ophthalmoscopy 

Aq Aqueduct 

Ascl1 Achaete-scute homolog 1 

ATCC American type culture 

collection 

Atoh7 Atonal BHLH transcription 

factor 7 

Aza 5-Azacytidine 

BAC Bacterial artificial 

chromosome 

BDNF Brain derived neurotrophic 

factor 

 

 
 

bFGF Basic fibroblast growth 

factor 

BMP Bone morphogenetic 

protein 

Brn3a POU class 4 homeobox 1 

Brn3b POU class 4 homeobox 2 

Brn3c POU class 4 homeobox 3 

BSA Bovine serum albumin 

c-Myc Cellular myelocytomatosis 

C. elegans Caenorhabditis elegans 

CAG CMV enhancer, chicken 

beta-Actin promoter and 

rabbit beta-Globin splice 

acceptor site 

CAR Chimeric antigen receptor 

CART Cocaine- and 

amphetamine-regulated 

transcript 

CBX3 Chromobox 3 

CM Conditioned medium 

CNS Central nervous system 

CNTF Ciliary neurotrophic factor 



 xi 

CRISPR Cluster of regularly 

interspaced short 

palindromic repeats 

DAPI 4',6-diamidino-2-

phenyindole 

DGCR8 DiGeorge syndrome 

critical region 8 

Dkk1 Dickkopf-1 

DMEM Dulbecco’s modified 

Eagle medium 

DNA Deoxyribonucleic acid 

Dox Doxycycline 

DSGC Direction selective 

ganglion cell 

E(#) Embryonic day of 

development 

EB Embryoid body 

EBSS Earle's balanced salt 

solution 

EdU 5'-ethynyl-2'-deoxyuridine 

EGFP Enhanced green 

fluorescent protein 

ESC Embryonic stem cell 

FBS Fetal bovine serum 

FDA 

 

FGF 

Food and drug 

administration 

Fibroblast growth factor 

GABA Gamma-aminobutyric acid 

GCK-IV Germinal cell kinase IV 

GCL Ganglion cell layer 

GENSAT Gene expression nervous 

system atlas 

GFAP Glial fibrillary acidic 

protein 

GFP Green fluorescent protein 

GMEM Glasgow minimal 

essential medium 

GMP Good manufacturing 

practice 

GS Glutamine synthetase 

hESC Human embryonic stem 

cell 

hiPSC Human induced 

pluripotent stem cell 

HLA Human leukocyte antigen 

HNRPA2B1 Heterogeneous nuclear 

ribonucleoprotein A2/B1 

Hprt Hypoxanthine-guanine 

phosphoribosyltransferase 



 xii 

IGF Insulin-like growth factor 

ILM Inner limiting membrane 

INL Inner nuclear layer 

IPL Inner plexiform layer 

ipRGC Intrinsically photosensitive 

retinal ganglion cell 

iPSC Induced pluripotent stem 

cell 

IS Inner segment 

ISH In situ hybridization 

Isl1 Islet-1 

Isl2 Islet-2 

Klf4 Krüppel-like factor 4 

L Lens 

LHON Leber's hereditary optic 

neuropathy 

LIM LIN-11, Isl-1, and MEC-3 

homeodomain protein 

family 

Lin Lineage abnormal gene 

LP-miRNA Late progenitor microRNA 

M. mulatta  Macaca mulatta 

mCherry Monomeric cherry 

fluorescent protein 

MEF Mouse embryonic 

fibroblast 

mESC Mouse embryonic stem 

cell 

miR Short for miRNA when 

denoting specific miRNAs 

miRNA microRNA 

MITF Melanocyte inducing 

transcription factor 

MMRRC Mutant mouse resource 

and research center 

MRE miRNA recognition 

element 

mRNA messenger RNA 

MyoD Myoblast determination 

protein 1 

N Nasal 

NaPyr Sodium pyruvate 

NDS Normal donkey serum 

NEAA Non-essential amino acids 

NFL Nerve fiber layer 

NGS Normal goat serum 

NLS Nuclear localization 

sequence 

NMDA N-methyl-D-aspartate 



 xiii 

nuCh Nuclear-localized 

mCherry 

OCT Optical coherence 

tomography (an imaging 

method) or Optimal 

cutting temperature 

(compound used to 

section tissue) 

Oct4 POU class 5 homeobox 1 

ONH Optic nerve head 

ONL Outer nuclear layer 

OPL Outer plexiform layer 

OPN Olivary pretectal nucleus 

Opn4 Melanopsin 

OR Optic recess 

OS Outer segment 

P(#) Postnatal day of 

development 

Pax2 Paired box gene 2 

Pax6 Paired box gene 6 

PCNA Proliferating cell nuclear 

antigen 

PEDGF Pigment epithelium-

derived growth factor 

Penn-Strep Penicillin/streptomycin 

solution 

PFA Paraformaldehyde 

pre-miRNA Premature miRNA 

pri-miRNA Primary miRNA 

Prtgn Protogenin 

qPCR quantitative polymerase 

chain reaction 

RA Retinoic acid 

Rax Retina and anterior neural 

fold homeobox 

RBPMS RNA binding protein, 

mRNA processing factor 

RGC Retinal ganglion cell 

RISC RNA-induced silencing 

complex 

RNA Ribonucleic acid 

RNAi RNA interference 

RNFL Retinal nerve fiber layer 

ROSA26 Reverse orientation splice 

acceptor 26 

RPC Retinal progenitor cell 

RPE Retinal pigment 

epithelium 



 xiv 

rtTA Reverse tetracycline 

transactivator 

SCN Suprachiasmatic nucleus 

SFEBq Serum-free floating 

culture of embryoid body-

like aggregates with quick 

reaggregations 

sgRNA Single guide RNA 

SGS Stratum griseum 

superficiale 

Shh Sonic hedgehog 

SLO Scanning laser 

ophthalmoscopy 

Sncg Gamma-synuclein 

soSC Stratum opticum of the 

superior colliculus 

Sox2 SRY-box transcription 

factor 2 

T Temporal 

Tet-off Tetracycline off gene 

expression system 

Tet-on Tetracycline on gene 

expression system 

tetO Tet operator sequence 

Tg Trigeminal ganglion 

Thy1 also known as CD90, 

cluster of differentiation 90 

Tuj1 Beta III tubulin, also 

known as TUBB3 

UCOE Ubiquitous chromatin 

opening element 

UTR Untranslated region 

VEGF Vascular endothelial 

growth factor 

VP16 Alpha trans-inducing 

protein 

Vsx2 Visual system homeobox 

2, also known as Chx10 

VTC Ventral-temporal crescent 

Wnt Wingless-related 

integration site 

YFP Yellow fluorescent protein 

Zic2 Zic family member 2 

 
 
 
 
 
 
 
 
 
 
 



 1 

1. Introduction 

 
1.1 General introduction 

 The retina is a highly organized sheet of neural tissue located at the back of the eye. It is 

comprised of seven principle cell types: rod and cone photoreceptors, horizontal cells, bipolar 

cells, amacrine cells, Müller glia, and Retinal Ganglion Cells (RGCs) 1, 2. Together, these 

neurons perform the initial steps in visual perception, and ultimately instruct RGCs to pass 

processed visual information to the brain. RGC axons converge at the optic nerve head (ONH), 

and coalesce to form the optic nerve, which is the only link between the retina and the brain. 

Glaucoma affects millions of people worldwide and is one of the leading causes of blindness, 

with estimates projecting that over 100 million people worldwide will have glaucoma in 2040 3. 

Glaucoma is an optic neuropathy disease in which RGCs degenerate and die over time, leading 

to irreversible blindness because the human Central Nervous System (CNS) does not 

regenerate itself. As a result, there is plentiful interest in developing cell replacement therapies 

for CNS diseases resulting from neurodegeneration. 

 The ability to isolate and propagate Embryonic Stem Cell (ESC) and induced Pluripotent 

Stem Cells (iPSCs) has generated excitement over the prospect of producing cells and tissues 

in vitro to replace damaged tissue in patients 4-6. Protocols have been developed for generating 

three-dimensional (3D) retinal organoids from ESCs and iPSCs, purportedly solving the problem 

of a lack of CNS donor material 7. However, organoid differentiation mostly follows endogenous 

retinal developmental pathways in order to produce retinal neurons, which leads to a roughly 

similar ratio of retinal neurons being generated in organoids; this is a problem for producing 

RGCs for cell replacement therapies, because RGCs comprise only ~3-5% of an adult mouse 

retina 8. RGCs also rapidly degenerate in retinal organoid cultures, which will likely decrease 

transplant efficiency 9.  
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 In this dissertation, I first present the reader with an overview of the retina and related 

topics and concepts within the context of RGC transplants and embryonic retinal development. 

Afterwards, I present unpublished and published work that produced new tools for visualizing 

RGCs live in the mouse retina and in mouse iPSC-derived retinal organoids, investigated the 

survival-promoting nature of Müller glia on stem cell-derived RGCs, present novel miRNAs that 

are upregulated in non-human primate fovea development, and review the state of RGC 

transplants and immediate challenges facing the RGC transplant field.  

I began graduate school with an interest in utilizing stem cell technologies to benefit 

human medicine, and leave with a profound appreciation for the beauty of developmental 

biology and an appetite for the raw dedication and precision that science demands. Human 

medicine and basic science will forever be intwined, and I believe my work in this dissertation 

exemplifies that. 
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1.2 The retina 

Vision is one of the most critical senses animals possess for interacting with their 

environment. Color vision has allowed animals to identify edible plants, attract mating partners, 

and avoid predators. What we perceive as vision is ultimately processed by the brain, but the 

initial steps of visual perception start in the retina, with Retinal Ganglion Cells (RGCs) bridging 

the gap between the retina and the brain. The retina is a thin, distinctly layered tissue at the 

back of the eye containing several different types of neurons and glia, all working in concert to 

transform photons of light into a functionally useful image of an animal’s environment 1, 8 (fig. 

1.1). Considering its close functional relationship with the brain, it is unsurprising that the retina 

is part of the central nervous system 10. Therefore, the retina not only performs a vital sensory 

function for humans, but also serves as an accessible and critically useful tool for studying 

cellular, molecular, and developmental aspects of central nervous system (CNS) function. 

 The fully developed vertebrate retina is a laminated, strictly organized neural tissue. It is 

divided into three nuclear layers—the outer nuclear layer (ONL), inner nuclear layer (INL), and 

ganglion cell layer (GCL)—and two plexiform layers—the Inner (IPL) and Outer (OPL) Plexiform 

Layers. The GCL is located basally, adjacent to the vitreous body, while the ONL is located 

apically. The retina consists of six main types of neurons: rod and cone photoreceptors, 

horizontal cells, bipolar cells, amacrine cells, and RGCs, and one main type of glia, the Müller 

glia 11. Microglia are also prominent in the retina as the resident macrophages, however 

microglia do not originate from the same progenitors as retinal neurons and Müller glia; 

microglia originate from hematopoietic progenitors in extraembryonic yolk sac, whereas retinal 

neurons and Müller glia are produced from retinal progenitor cells starting at E11.5 in the mouse 

12, 13. Together, these varied types of neurons coordinate the transformation of photons of light 

into electrical signals that are transmitted to the brain through RGC axons for further processing. 
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1.3 Retinal cell types 

1.3.1 Photoreceptors 

Rod and cone photoreceptors are the neurons responsible for the initial step in visual 

processing—light perception. Light perception begins with photons of light entering the eye 

through the lens. To be sensed by a photoreceptor, a photon of light must pass through the 

entire thickness of the retina to reach the photoreceptor layer. Both rod and cone 

photoreceptors are highly compartmentalized, and this compartmentalization is inextricably 

linked to their function. Photoreceptors possess basally oriented cellular compartments called 

outer segments, which house intracellular structures called discs. These discs contain opsins 

(rhodopsin in rods, and different opsins for cones depending on their color sensitivity), which are 

the proteins responsible for sensing photons of light 14. Rod photoreceptors are acutely sensitive 

to light, being able to detect single photons, while cone photoreceptors are less sensitive to light 

but can discern between different colors 15, 16. Humans possess three types of cone opsins, with 

each reacting to a different wavelength of light: red opsin, green opsin, and blue opsin. Using 

these three opsins, the human visual system is able to comprehend an extraordinarily wide 

range of colors.  

Figure 1.1: Eye and retina anatomy. A) Cross section of a human eye. Inset is expanded in (B) to show detailed histology of 

the retina. During visual perception, light passes through the lens and photons are absorbed by rod and cone 

photoreceptors. This photic information is eventually passed to RGCs, which transmit this information to the brain for further 

processing. The vitreous is a jelly-like substance in the center of the eye mostly composed of extracellular matrix. The 

choroid is highly vascularized to nourish the retina, and the sclera provides protection and structural support to the eye. B) 

Cytoanatomy of the retina. Rod and cone photoreceptors pass information through bipolar cells, which is modulated by 

horizontal and amacrine cells, and is finally sent to the brain through RGC axons. The RPE and Müller glia are non-neuronal 

cells that provide essential support to the retina. Abbreviations) RPE: Retinal Pigment Epithelium. OS: Outer Segment. IS: 

Inner Segment. ONL: Outer Nuclear Layer. OPL: Outer Plexiform Layer. INL: Inner Nuclear Layer. IPL: Inner Plexiform 

Layer. GCL: Ganglion Cell Layer. NFL: Nerve Fiber Layer. 
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1.3.2 Bipolar cells 

 Once light has been absorbed by photoreceptors, it flows through inner retinal neurons 

in the direction of photoreceptor to bipolar cell to RGC. There are currently 15 types of bipolar 

cells recognized in the mouse; many of these subtypes had previously been identified through 

morphological analyses, and more recently the list has been validated, and added to, by 

transcriptomic means 17, 18. Signal transduction from photoreceptors to RGCs and out of the 

retina is not as simple as photoreceptor to bipolar cell to RGC, because horizontal and amacrine 

cells play critical roles in this process. However, for simplicity’s sake, I will focus on bipolar cells 

in this section and touch on horizontal and amacrine cells in following sections.  

Although there are 14 known types of cone bipolar cells in the mouse, they can be 

divided into two main groups based on their functional response to photoreceptor 

hyperpolarization in response to light: ON and OFF. Henceforth, ON cone bipolar cells and OFF 

cone bipolar cells will be referred to only as ON bipolar cells and OFF bipolar cells. As will be 

discussed later, there are several types of ON, OFF, and ON/OFF RGCs, and it is generally 

accepted that the ON vs OFF signal dichotomy in response to light begins with bipolar cells and 

how they respond differently to hyperpolarized photoreceptors. ON bipolar cells respond to a 

light stimulus in the cell’s receptive field by depolarizing, whereas OFF bipolar cells 

hyperpolarize to the same stimulus 19. Rods and cones both release glutamate in response to 

light stimuli, and the aforementioned ON vs OFF bipolar cell response difference is mediated by 

the different glutamate receptors that ON vs OFF bipolar cells express. The first demonstration 

of the ON vs OFF bipolar pathway was through pharmacological experiments 20, and it was later 

discovered that a glutamate receptor named mGluR6 that is isoform specific to the retina 

mediates this response to light stimulation 21, 22. Similarly, OFF bipolar cells have specific 

receptors that mediate their response to photoreceptor hyperpolarization; upon light stimulus, 

AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid)/kainate receptors on bipolar cell 

dendrites synapsed with photoreceptors cause an outward current of cations leading to 
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hyperpolarization of the OFF bipolar cell 23, 24. The expression of different glutamate receptors 

on ON and OFF bipolar cells leads to the end result of ON bipolar cells depolarizing in light 

conditions, while OFF bipolar cells depolarize in dark conditions. Further adding to the 

complexity of retinal circuitry, low light conditions utilize a specific pathway of ON rod bipolar 

cells, ON and OFF cone bipolar cells, and AII amacrine cells, while in more illuminated 

conditions rods and cones will communicate through gap junctions and utilize ON and OFF 

cone bipolar cells 25. Despite the extensive specialization of bipolar cells, for information to be 

correctly conveyed to RGCs, horizontal and amacrine cells are also required. 

1.3.3 Horizontal cells 

While bipolar cells are particularly important in establishing vertical integration in the 

retina, horizontal cell function focuses on affecting retinal processing in a lateral manner. 

Horizontal cell bodies lie at the apical side of the inner plexiform layer, have relatively few 

subtypes compared to bipolar cells, amacrine cells, and RGCs, and confine their dendrites and 

axons (although not all horizontal cells have axons) to the OPL 26. Horizontal cells vary in their 

dendritic structure and whether they possess an axon. Humans contain three types of horizontal 

cells, including both axon-bearing and axon-less types 27, whereas mice contain only one axon-

bearing type of horizontal cell 28, 29. It is thought that the cone to rod ratio is somehow linked to 

the variety and type of horizontal cell a species retina contains, but there has been no steadfast 

rule identified; generally, rod-dominated retinas contain axon-bearing horizontal cells, whereas 

retinas containing more cones will also have axon-less horizontal cells 28. Improving color 

opponency is a well-established role of horizontal cells in the retina, which helps animals to 

discern different colors 30.  

1.3.4 Amacrine cells 

Amacrine cells are the other neuronal cell type in the retina that act to modulate signals 

that are eventually passed onto RGCs to be sent to the brain. Unlike horizontal cells, amacrine 

cells vary widely in their subtype and morphological properties. A recent transcriptomic study 
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has identified 63 amacrine cell subtypes in the mouse, helping to illustrate their extensive and 

varied influence on retinal function 31. While amacrine cell types are more varied than horizontal 

cells, their general connectivity is similar—horizontal cells synapse with photoreceptors and 

bipolar cells in the OPL, and amacrine cells synapse with RGCs and bipolar cells at various 

sublaminae in the IPL 32. Amacrine cell bodies reside both in the IPL and GCL, and constitute 

around half of all cell bodies in the GCL 8.  

Amacrine cells are inhibitory neurons that are primarily GABA (gamma-aminobutryic 

acid) -ergic or glycinergic, although some don’t express either neurotransmitter 31. The AII 

amacrine cell is a well-known example of a glycinergic amacrine cell, with its most studied 

function being to bridge the gap between rod bipolar cells and RGCs, since rod bipolar cells do 

not directly synapse onto RGCs 25, 33. Instead, AII amacrine cells synapse and form gap 

junctions with ON and OFF cone bipolar cells as well as rod bipolar cells, and through these 

connections AII amacrine cells integrate rod signaling with the cone bipolar network to 

eventually relay information to RGCs 25.  

1.3.5 Retinal Ganglion Cells 

Once signals from photoreceptors have been integrated through the retinal circuitry, it is 

passed along to RGCs, which serve as the sole connection between the retina and the brain. 

RGC axons converge at the optic nerve head where they form the optic nerve and connect the 

retina to various visual processing centers in the brain. RGC axons project to nearly 40 brain 

regions, including the Lateral Geniculate Nucleus 34 and Superior Colliculus 35, 36 (fig. 1.4). Using 

physiological, anatomical, and molecular classification techniques, the mouse possesses an 

estimated 30 types of RGCs 37. RGCs do much more than just pass light and color information 

to the brain, however—RGCs are often feature detectors rather than mere light detectors. For 

example, some RGCs respond to increased light stimulus, but only in a specific direction, while 

other RGCs respond to increases and decreases in light stimuli in a specific direction. The 

variety of RGC types is perhaps unsurprising when taken in the context of the array of 
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horizontal, bipolar, and amacrine cells that process information prior to RGCs performing their 

role in retinal processing.  

1.3.6 Retina Pigment Epithelium 

The RPE is a monolayer sheet of pigmented, postmitotic epithelial cells immediately 

apical to photoreceptor outer segments and is responsible for phagocytosing outer segment 

portions as well as other functions vital for retinal health 38, 39. Phototransduction is an 

extraordinarily energy intensive process, and light exposure also contributes to the buildup of 

toxic photooxidative products in photoreceptors. Photoreceptors may shed as much as 10% of 

their volume daily, which must be efficiently phagocytosed by RPE cells to prevent accumulation 

of toxic metabolites and other molecules in the ONL 39. To help illustrate the critical importance 

of RPE to retinal health, Age-related Macular Degeneration (AMD) is known to involve RPE 

degeneration, and is one of the most prevalent causes of blindness in industrialized nations 40. 

The RPE also plays a critical role in supplying photoreceptors with 11-cis retinal, which is 

required for phototransduction, and there is evidence that the RPE can protect 11-cis retinal 

from premature photoisomerization prior to photoreceptors up-taking it 41. 

1.3.7 Müller glia 

 Müller glia are the principal type of glia in the retina and are produced by RPCs late in 

retinal development 42, 43. Müller glia span the entire thickness of the retina from the NFL to the 

ONL, provide tensile strength to the retina 44, mediate neurotransmitter recycling 45-47, provide 

antioxidative support 48, and perform numerous other essential functions that help to maintain 

retinal health (reviewed in 42, 49). Müller glia are essential in promoting retinal health in 

homeostatic conditions, and may also prove useful for regenerating the retina and/or promoting 

RGC transplant survival.  

 There is significant interest in developing therapies to replace and reconnect RGCs in 

the visual system 50-54. Zebrafish possess potent retinal regenerative abilities, in which Müller 

glia enter a mitotic state in response to damage and replace dead retinal neurons 55-57. This may 
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represent a possible method to endogenously restore RGCs in humans through inducing Müller 

glia to proliferate and restore dead neurons. Evidence that mammalian Müller glia possess a 

regenerative capacity was shown when N-methyl-D-aspartate (NMDA) was used to eliminate 

RGCs and amacrine cells in combination with epidermal growth factor, FGF, or FGF and insulin 

to promote Müller glia proliferation 58. Modest Müller glia regeneration was observed in adult 

mice through forced Ascl1 expression in Müller glia in combination with a histone deacetylase 

inhibitor and intentional RGC damage through NMDA treatment 59. However, Jorstad et al.’s 

study represented a substantial advancement in the field, because the authors were able to 

achieve Müller glia proliferation in the adult mouse retina, whereas Müller glia regeneration in 

the mouse retina had previously been achieved in early postnatal retinas. Many studies found 

that intentional retinal damage was required to promote Müller glia to enter a proliferative state, 

however. Todd et al. showed that combined forced expression of Ascl1 and Atoh1 was sufficient 

to promote Müller glia into a proliferative state in adult mouse retinas; importantly, they 

observed RGCs produced from Müller glia under these conditions 60. Progress is evident in the 

Müller glia retina regeneration field, however if a cell transplant approach reaches human 

clinical trials, Müller glia may also be useful in promoting RGC survival prior and post-transplant. 

An important aspect of developing RGC replacement/regrowth therapies is understanding 

peptides and molecules that promote RGC survival. There is experimental evidence suggesting 

Müller glia promote RGC survival in vitro. Therefore, Müller glia may be a useful source of 

molecules and peptides that promote RGC survival in a therapeutic transplantation context. 

García et al found that porcine RGC survival and neurite complexity were increased when co-

cultured with porcine Müller glia. Importantly, culturing RGCs in media that had been 

conditioned by Müller glia also improved RGC survival, suggesting that Müller glia secrete 

factors into media that could be defined and specifically utilized in a therapeutic context to 

improve endogenous RGC survival or promote transplanted RGC survival 61. 
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1.4 The unique structure, function, and cytoanatomy of the fovea 

Mice are frequently used in contemporary studies to analyze retinal development 

because of their well-defined retinal cell populations, temporal aspects of development, and vast 

array of genetic tools available that allow researchers to ask questions not possible in other 

model organisms. However, the mouse retina lacks a structure that is critical to normal human 

vision—an area centralis. The area centralis is so called because it resides at the center of 

vision, typically temporal to the optic nerve head, and is both functionally and anatomically 

specialized. Many different species possess an area centralis. Chicken retinas possess an area 

of increased cone density in their area centralis, affording them more acute color vision in the 

center of their visual field 62. Likewise, in cats, RGCs are more densely packed in the area 

centralis 63, but both chickens and cats lack a structure that is critical to the sharp central vision 

that humans enjoy: a foveal pit. The fovea, which is Latin for ‘pit’, is a physical depression in the 

center of a foveated animal’s field of view that is both anatomically and functionally specialized. 

Only cone photoreceptors are present in the center of the fovea; interneurons and RGCs are 

displaced and orient their processes obliquely relative to the fovea, allowing photons to directly 

contact cones in the fovea after light has entered the eye rather than passing through the basal 

retinal layers prior to being absorbed by photoreceptors. 

 Humans and primates are not the only animals that possess a fovea; in fact, some birds 

of prey retinas contain two foveae 64-66, and several species of reptiles such as anoles and 

geckos are also foveated. However, among many foveated species there exist clear 

cytoanatomical similarities with regards to the fovea.  As mentioned above, the anatomical 

uniqueness of the fovea goes beyond gross anatomy. Rod photoreceptors do not function in 

brightly illuminated environments and, given that humans and many other foveated species are 

diurnal, foveae are rod-free areas 64. In addition to being rod-free, cones in the fovea are more 

tightly packed than in peripheral retina. Depending on the report, cone density ranges from 

125,500 cones/mm2  near the foveal center 67 up to 324,100 cones/mm2 68. This is in stark 
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contrast to the far lower density in the outer peripheral human retina of 2000-3000 cones/mm2 in 

67. These data align with recent cone density measurements using Adaptive Optics Scanning 

Laser Ophthalmoscopy (AO-SLO) 69 and is obvious when comparing foveal with perifoveal 

images (fig. 1.2B, D). There is a corresponding increase in RGC density near the fovea. Peak 

RGC density in the human retina has been measured to range from 31,600 to 37,800 

RGCs/mm2, with peak RGC density typically being about 1mm from the foveal center 68. Just as 

cone photoreceptor diameter must be smaller to pack in more cells at the foveal center, RGCs 

must alter their anatomy to make way for light entering the fovea. The gross and cytoanatomical 

difference between the fovea and peripheral retina is also indicative of a developmental 

specialization in the fovea 70. 

 RGCs in the primate fovea have unique synaptic relationships with bipolar cells relative 

to the peripheral retina. Dr. Helga Kolb and others have made significant contributions through 

Golgi staining techniques and electron microscopy to advance our understanding of retinal 

circuitry and function 71-75. The unique synaptic relationship is present from cone to RGC: foveal 

cones synapse with individual midget bipolar cells in the fovea 76, and RGCs in the fovea and 

parafovea are intrinsically unique and receive input from fewer cones than in peripheral retina 77. 

In the fovea, RGCs are monosynaptically connected to bipolar cells, whereas peripheral RGCs 

receive input from several bipolar cells 78. The increased concentration of retinal neurons in and 

around the fovea, and the reduced receptive field size of foveal RGCs, drastically improves 

resolution in central vision. Humans are critically visually impaired without functional central 

vision and understanding the developmental processes that make a fovea, and processes that 

dysfunction in cells around the fovea in the mature retina, may lead to therapeutic developments 

for blinding foveal diseases in humans. 
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1.5 Retinal Ganglion Cells in detail 

1.5.1 Retinal Ganglion Cell types 

RGC types have historically been classified by morphology, later by physiology, and 

most recently by molecular methods 37. In the mouse, the most numerous type of RGC by all of 

these aforementioned criteria is the W3 RGC, which comprises 13% of RGCs in the center of 

the mouse retina 79. RGCs analogous to the W3 RGC in mouse were first identified in cat as 

beta RGCs 80, 81. Decades have passed since it was observed that RGCs respond to attributes 

of light other than brightness, such as directionality, suggesting the retina transmits more 

information to the brain than just a raw image of the visual environment 82; this is likely a result 

of the retinas of different animals evolving to recognize different aspects of the visual space. 

However, the fact remains that in primates and humans, RGCs are far more densely packed at 

the fovea, which affords humans the clearest and sharpest view of the world in brightly 

illuminated environments 83. In addition, the cone to RGC ratio is much higher in the fovea and 

perifoveal regions of the human retina, meaning the receptive field of these RGCs is smaller 

and therefore provide higher resolution image information to the brain 84. Thus, it is reasonable 

to postulate that the most numerous RGC in the mouse retina, the W3 RGC, possesses the 

Figure 1.2: Human gestational week 11 and adult Macaca mulatta (M. mulatta) retina and fovea histology. A) Whole human 

eye section at 11 weeks gestation. Note the expanded temporal domain of the retina (large asterisk), which is where the 

fovea will develop. B) Flat mounted M. mulatta retina showing RBPMS (RGCs) and M-Opsin (cones) in nasal, temporal, and 

fovea retinal regions. Note the dramatic increase in RGC and cone density between nasal and foveal regions. C) Cross 

section view of M. mulatta macular region. Insets are magnified in D’-D’’’. D) Cross section of an adult M. mulatta macula 

region. D’: Perifovea region. D’’: Parafovea region. D’’’: Fovea.  Small asterisks in A and C label the optic nerve head.  Large 

asterisk in A is the presumptive fovea. Abbreviations) L: Lens. N: Nasal. T: Temporal. RPE: Retinal Pigment Epithelium. 

ONL: Outer Nuclear Layer. OPL: Outer Plexiform Layer. INL: Inner Nuclear Layer. IPL: Inner Plexiform Layer. GCL: Ganglion 

Cell Layer. NFL: Nerve Fiber Layer. 
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smallest receptive field and therefore its primary function is to provide the visual cortex with high 

resolution image information. Interestingly, this does not completely explain the W3 RGC’s 

function, as Zhang et al. found that W3 RGCs do not respond to most visual stimuli, which 

would be an obvious requisite if the primary function of the W3 cell were to transmit high 

resolution information. Instead, they detect small stimuli only on featureless backgrounds, 

perhaps as a means of detecting a predatory bird overhead, which would be small against a 

relatively featureless sky 79.  

Another prevalent type of RGC in the mouse retina are Direction Selective Ganglion 

Cells (DSGCs). As their name suggests, DSGCs respond to light movement in a particular 

direction 82. DSGCs may respond to illumination in a particular direction at stimulus onset (ON 

DSGCs), or at the onset and offset of a stimulus (ON-OFF DSGCs). ON DSGCs are known to 

respond to stimuli in the dorsal, ventral, and nasal directions while ON-OFF DSGCs respond to 

upward, downward, backward, and forward-moving stimuli 37. ON DSGCs primarily co-stratify 

with starburst amacrine cells in the ON sublaminae of the IPL 85, while ON-OFF DSGCs are 

bistratified with starburst amacrine cells in the ON and OFF sublaminae of the IPL 86-88 (fig. 1.3). 

Early work by Barlow and colleagues showed that some cat RGCs respond to light movement in 

a particular direction 82, and decades later the general cellular mechanism of how this direction 

selectivity functions was determined. The functionality of ON-OFF DSGCs is critically linked to 

their dendritic synapses with starburst amacrine cells. In response to light moving in the null (not 

preferred) direction of an ON-OFF DSGC, GABA driven inhibitory input to the DSGC is larger 

than during preferred direction motion, and blocking GABA receptors inhibits the ability of ON-

OFF DSGCs to discriminate stimulus direction. Excitatory glutamatergic input is also reduced 

during null-direction stimuli 89. So, although ON-OFF DSGCs are intrinsically unique and 

identifiable by CART (Cocaine- and Amphetamine-Regulated Transcript) expression 86, their 

functionality is non-cell autonomous, relying entirely on proper connectivity with starburst 

amacrine cells in addition to their bipolar cell inputs.  
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A far less prevalent, but physiologically intriguing, type of RGC in the mammalian retina 

are the melanopsin expressing RGCs (intrinsically photosensitive or ipRGCs). Though there are 

now five different subtypes of ipRGCs recognized in the mouse, ipRGCs were first identified for 

their role in circadian rhythm photoentrainment 90. ipRGCs project to several brain regions, 

including the SupraChiasmatic Nucleus (SCN), which is primarily responsible for generating 

circadian rhythms in mice and humans 91. Mice lacking melanopsin (Opn4) properly 

photoentrain to light/dark cycles thanks to rod and cone photoreceptors sensing light and 

communicating with RGCs 92, however they are unable to properly reset their light/dark cycle 

after brief pulses of monochromatic light 93. ipRGCs also heavily project to the Olivary Pretectal 

Nucleus (OPN), which is essential for proper pupillary light reflex 94, 95.  In addition to non-image 

forming processes, ipRGCs have been found to contribute to vision as well. ON alpha RGCs, 

which were originally identified morphologically and physiologically decades ago 96-98 also 

express Opn4, and mice lacking ON alpha RGCs or Opn4 have contrast sensitivity defects 99, 

showing that the intrinsically photosensitive nature of ipRGCs can augment image forming 

circuits in addition to contributing to non-image forming visual processes. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.3: RGC dendritic stratification in the IPL. ON-RGCs project dendrites only to the more basally-located ON-IPL 

sublaminae. OFF-RGCs project dendrites only to the more apically-located OFF-sublaminae of the IPL. ON-OFF RGCs 

project dendrites to both the ON- and OFF-IPL sublaminae. IPL: Inner Plexiform Layer.   
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1.5.2 Retinal Ganglion Cell diseases 

 Some retinal diseases cause only one type of retinal neuron to degenerate. One of the 

most common examples of an RGC-specific degenerative condition is glaucoma, which is 

estimated to affect around 76 million people worldwide today 3. The molecular mechanisms that 

initially cause RGC death in glaucoma are poorly understood, but a common warning sign is 

optic nerve head (ONH) cupping. ONH cupping is a result of RGC death and the lamina 

cribrosa—a porous structure at the optic nerve head through which RGC axons travel—being 

deformed 100. Additionally, intraocular pressure is increased in some cases of glaucoma, but not 

all, and is currently the only treatable clinical feature of glaucoma 101. Therapies to reduce 

intraocular pressure include topical medicine, surgery, or laser treatments 3, but these therapies 

can only slow disease progression, and cannot reverse vision loss resulting from RGC death.  

 Several animal models of glaucoma have been developed and include small animals like 

mice, rats, dogs, and large models such as sheep and cows (reviewed in 102). Unfortunately, 

due to the largely unknown pathophysiological nature of glaucoma, most animal models are 

caveat laden. For example, one drawback of using mice to study glaucoma is that mice lack a 

collagenous lamina cribrosa, a web-like tissue structure at the ONH in humans and other 

primate species through which RGC axons exit the eye 103, 104. There are regional differences in 

the lamina cribrosa of healthy humans, with the pores in the superior and inferior regions being 

larger than on the nasal-temporal axis. Interestingly, this coincides with RGC axons that often 

degenerate first in glaucoma 105. Additionally, the lamina cribrosa is thinner in human 

glaucomatous eyes, suggesting the lamina cribrosa plays a critical role in human and non-

human primate glaucoma 106. In both humans and mice, astrocytes surround RGC axons prior 

before they are myelinated in the optic nerve; in mice, this astrocytic structure is called the glial 

lamina 107, 108. Although mice lack a collagenous lamina cribrosa, studying the reactivity of 

astrocytes in the glial lamina resulting from RGC damage is likely to reveal basic insights into 

astrocyte reactivity in glaucoma and other RGC degenerative conditions 109. Overall, glaucoma 
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is often not clinically identified until vision loss has occurred, indicating extensive RGC death, 

and the only currently available therapeutics tackle the inconsistent symptom of elevated 

intraocular pressure.   

 Another blinding disorder resulting from RGC death is Leber’s Hereditary Optic 

Neuropathy (LHON). LHON is like glaucoma in that specifically RGCs in the retina die 110, but 

the cause of RGC degeneration is different. Mitochondrial DNA mutations are the root cause of 

LHON and are divided into primary and secondary mutations; there are five known primary 

mutations, each of which resides in a protein coding gene, while there are several other 

secondary mutations which are thought to act synergistically to promote pathology in 

conjunction with primary mutations. All primary mutations cause defects in electron transport 

complexes 111. The first mitochondrial DNA mutation found to be associated with LHON 

pathogenesis was a G>A point mutation at position 11,778 in the mitochondrial genome and is 

found in about half of LHON families 112, 113. Since, two other predominant mutations have been 

identified 114, 115. 

 Regardless the details of RGC degenerative conditions, major challenges still exist in 

restoring vision after excessive RGC degeneration has occurred. One strategy that several labs 

have employed is to create electronic prosthetic devices that can interface with appropriate 

thalamic and cortical structures to relay visual information to an individual who has lost vision 

resulting from neurodegeneration (reviewed in 116). Another strategy, which I focus on in my 

work, is to replace lost RGCs with exogenously produced RGCs, since the human retina 

possesses little to no endogenous regeneration capacity. However, both the prosthetic and 

transplantation strategies share a common, challenging task to overcome—how to replace the 

intricate bridge between the retina and the brain, the optic nerve. Prosthetics will require risky 

surgical intervention to implant connections to the visual cortex, while transplanted cells must 

essentially recapitulate RGC dendritic arborization and axon pathfinding in development but in 

an entirely different context—the adult brain.    



 19 

1.5.3 Restoring vision via cell transplantation 

 Both glaucoma and LHON share the disease phenotype of only RGC degeneration while 

other retinal neurons are spared. Other species, such as Xenopus laevis and Zebrafish, 

possess potent retinal regenerative capacities 117, 118, whereas mice and humans do not 

endogenously regenerate lost retinal neurons—once an RGC has died, it is gone forever. While 

neuroprotection and regeneration are being actively investigated as means to preserve existing 

neurons or restore lost neurons (Müller glia regeneration reviewed in 119, neuroprotection 

reviewed in 120), neuroprotection cannot restore lost cells, and it is unknown if human Müller glia 

can be coaxed into a neurogenic state in which they can replace sufficient numbers of dead 

RGCs.  

 Engrafting RGCs into a host retina is the first challenge to developing an RGC transplant 

therapy. Photoreceptor transplant studies have taken advantage of the apically located 

photoreceptor layer to inject transplanted cells into an artificially created cavity during injection 

called a subretinal space 121-124. However, this would be a counter intuitive strategy for RGC 

transplants, considering RGCs reside closer to the vitreal cavity on the basal side of the retina. 

The only structure separating the GCL from the vitreous is the Nerve Fiber Layer (NFL), which 

is comprised of RGC axons, astrocytes, Müller glia end feet, and extracellular matrix proteins 

including laminins and collagens 125-129. Work from Johnson et al. has shown that mechanically 

peeling the Inner Limiting Membrane (ILM) improves mesenchymal stem cell engraftment, as 

does treating host retinas with alpha-aminoadipic acid to reduce glial reactivity; the authors also 

show evidence that simply injecting cells into the vitreous yields few transplanted cells in the 

GCL 130. ILM peeling is technically challenging in mice because of their small eye size, however 

it is a common practice in human ophthalmic medicine and may be a necessary aspect of a 

future RGC transplant therapy 131.  

 Overcoming the steps of a successful RGC engraftment after physically placing RGCs 

into a host retina is a somewhat opaquer topic. One challenge will be for transplanted RGCs to 
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grow their axons to proper brain targets, which are varied and reside millimeters away from the 

retina (fig. 1.4). Early studies from Hankin and Lund demonstrated that embryonic retina 

transplanted into various brain regions of neonatal mice and rats were capable of projecting 

RGC axons specifically to the superior colliculus and no other brain regions, despite the retinal 

tissue not being in its endogenous location 132-134. Importantly, Hankin and Lund noted that RGC 

axon targeting was limited, seemingly depending on the distance the engrafted tissue was 

placed from the desired brain target. If the engraftment was too far away, axons would not find 

the superior colliculus, rather they grew randomly across the surface of the brain 133. This may 

be promising though—if a patient’s optic nerves have not completely degenerated, they may 

serve as a guide to lead RGC axons to appropriate brain targets, while synapse formation would 

be a more specific, local process. While the molecular environment within a developing animal 

is highly dissimilar to that of an adult animal, studying development likely will shed light on how 

transplanted RGCs must be engineered to grow to correct brain regions in adult transplant 

recipients. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.6 The developing vertebrate retina 

 

Figure 1.4: RGC axon targets in the mouse brain. Three RGC axon targets in the mouse brain are labeled, with many more 

not shown, to illustrate the complex nature of RGC axon pathfinding during development. Many developmental cues that 

guide RGC axons in development are missing or patterned differently in the adult animal. Abbreviations) ScN: 

Suprachiasmatic Nucleus. dLGN: dorsal Lateral Geniculate Nucleus. SC: Superior Colliculus. 
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1.6.1 Eye field specification and early retina development  

Vertebrates share many highly conserved retina developmental mechanisms, with the 

general structure of an adult vertebrate retina being recognizable from species to species 135.  

Early in embryogenesis, the neural crest and mesoderm form the neuroepithielium, surface 

ectoderm, and extraocular mesenchyme 10, 136, 137. Four key morphogenetic molecules—Bone 

Morphogenetic Protein (BMP), Sonic hedgehog (Shh), Wingless/Integrated (Wnt), and Insulin-

derived Growth Factor (IGF)—are critical for establishing very early eye formation (fig. 1.5A). 

The neuroepithelium, surface ectoderm, and extraocular mesenchyme work in concert to 

specify the eye field, with the hypothalamic and telencephalic brain regions forming adjacent to 

the eye field 137 (fig. 1.5B). Once the eye field is formed, the ventral forebrain bilaterally 

evaginates to form the two optic vesicles (fig. 1.5C). Once the optic vesicle, which originates 

from neural crest, contacts the surface ectoderm, the surface ectoderm is induced to form the 

lens placode (fig. 1.5C). The lens placode subsequently invaginates, while the optic vesicle 

folds in on itself to form the two principle, closely apposed layers of the early eye—the RPE and 

the neural retina. At this stage, the different layers of the optic vesicle are demarcated by the 

expression of certain transcription factors; MITF labels the RPE, Vsx2 (Chx10), labels the neural 

retina, and Pax2 labels the optic stalk (fig. 1.5D) 138-140. The strict separation of these markers is 

critical for proper eye formation, and the gene regulatory networks driving ocular tissue 

formation have been extensively studied (reviewed in 137). Beginning at E11.5, Retinal 

Progenitor Cells (RPCs) begin to generate RGCs, which are the first-born retinal neurons. 

Throughout retinal development, RPCs undergo a process called interkinetic nuclear migration 

as they divide to produce more progenitors 141-144 (fig. 1.6). 
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Figure 1.5: Early eye field specification and early eye development. A) The eye field originates from the ventral 

diencephalic region of the developing embryo. A combination of low medial BMP signaling, high medial Shh signaling, low 

Wnt signaling, and high IGF signaling promote eye formation. BMP, Shh, Wnt, and IGF are shown as general gradients, 

with darker shading representing higher concentrations of each morphogen. B) Mouse five-vesicle stage of 

embryogenesis with each vesicle name labeled. Inset box labeled C is expanded in panel C to show where the nascent 

eye forms. C) E9.5 mouse optic vesicle. The optic vesicle evaginates from the ventral forebrain and contacts the 

ectoderm, which becomes the lens later in eye development. The orange, green, and red regions generally show that the 

different parts of the optic vesicle will eventually become optic stalk (orange), RPE (green), or neural retina (red). D) By 

E11.5 in the mouse, the lens has taken a recognizable form and three gene expression domains separate the different 

parts of the developing eye: optic stalk cells express Pax2, neural retina expresses Pax6, and RPE expresses MITF.  
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Figure 1.6: Interkinetic nuclear migration. As RPCs traverse the different phases of the cell cycle, their cell bodies and nuclei 

travel from the apical (future photoreceptor side) to the basal (future RGC side) surface from G1 to S, then their cell bodies 

travel back to the apical surface to divide. These cell divisions may be symmetric or asymmetric. 
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1.6.2 RGC generation in the mouse retina 

 RGCs are the first-born neurons in the mouse retina, beginning at Embryonic day (E) 

11.5 145. This is evidenced by reports showing Brn3b- and Isl1-expressing nuclei at E11.5 in the 

mouse retina 145, and by data from our lab showing Brn3b driven mCherry reporter expression at 

E11.5 146-148. Like all retinal neurons, RGCs are derived from a common pool of multipotent 

retinal progenitors 43, 149; autoradiographic studies from the 1970s showed the first evidence that 

that retinal neuron generation follows a specific order 150. Since, it has been well established 

that retinal neurons are born in a highly conserved, stereotyped manner 137, 151-155. RGC genesis 

in the mouse retina peaks between E13.5 and E16.5 147, and terminates by Postnatal day (P) 1 

151.  

 The complete gene regulatory network responsible for specifying RGC fate is not 

completely understood, but critically important transcription factors for RGC genesis and 

survival have been identified. RPCs undergo mitosis at the apical side of the neuroblast layer in 

the retina (fig. 1.6), and express Brn3b immediately following mitosis 146, 147. Brn3b is a class 4 

POU domain transcription factor expressed in retinal ganglion cells as well as in other neurons 

of the central nervous system 146, 156. Brn3b is expressed in 70% of mouse RGCs, and 

homozygous germline Brn3b knockout mice lack 60-70% of RGCs, showing an essential role for 

Brn3b in RGC development and survival 157, 158. In addition, Wu et al. showed that in the 

absence of functional Atoh7, which is necessary but insufficient for RGC generation, Brn3b and 

Isl1 are sufficient to specify RGC fate 159, 160. 

Two other Brn3 transcription factors, Brn3a and Brn3c, are also present in developing 

and mature RGCs, however Brn3a is not detectable in the retina until E12.5-E13.5 161 and Brn3c 

is detectable at E16.5 162. Interestingly, Brn3a and Brn3c, despite sharing 95% sequence 

homology in their DNA binding domain with Brn3b, clearly play different roles in RGC 

development than Brn3b as evidenced by the lack of gross RGC death in Brn3a and Brn3c 
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knockout animals 163. Instead, Brn3a and Brn3c appear to be more heavily involved in dendrite 

and axon formation 162, 164.  

The LIM homeodomain transcription factors Islet-1 and Islet-2 (Isl1 and Isl2) are 

expressed only in postmitotic RGCs 160, 165. Isl1 was originally discovered as a homeodomain-

containing transcription factor that binds to the rat insulin I gene enhancer 166, 167. Isl1 causes 

mouse embryonic lethality in knockout animals at E11.5, possibly owing to vascular 

development defects 168. Isl1 expression was observed in amacrine cells in the INL and GCL, as 

well as in retrogradely labeled RGCs to distinguish them from displaced amacrine cells 169. Isl2 

was discovered several years after Isl1, was found to share a large portion of its sequence with 

Isl1, and antibodies raised against Isl1 also recognize Isl2 170. The first study to examine Isl2 

expression in the retina used in situ hybridization to show that Isl2 is expressed in ~50% of 

mouse RGCs in what the authors believed to be an equivalent temporal-nasal gradient 171. Isl2 

mRNA is expressed in the retina from E13.5 through adulthood and is only present in 

postmitotic RGCs, with its expression lagging that of Brn3b 165. However, it would not take long 

for originally unnoticed nuances in Isl2 expression to be identified.  

Through studying the role of Eph-ephrin signaling in RGC axon guidance, Isl2’s role in 

directing contralateral vs ipsilateral RGC projections was discovered. Pak et al. used an Isl2 

knockout mouse in combination with an Isl2-lacZ reporter mouse to study Isl2+ RGC localization 

in the retina, as well as the effects of knocking out Isl2 in mouse RGCs. The authors found that 

in a small ventral-temporal region of the retina (the Ventral-Temporal Crescent, VTC) the 

number of Isl2+ RGCs is significantly lower, and Isl2+ RGCs only project contralaterally. They 

also found that the number of ipsilaterally projecting RGCs was increased in Isl2 knockout 

retinas, and that Isl2 acts to repress another transcription factor, Zic2, in order to direct RGC 

axons to project contralaterally rather than ipsilaterally 165. Isl2 is not sufficient to specify 

contralateral axon projection, since there are Isl2- contralaterally projecting RGCs, however it 

does establish that Isl2+ RGCs always project contralaterally.  
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Finally, Atoh7 is a transcription factor critical in RGC genesis, but precisely what function 

it plays in producing RGCs in the retina has been more difficult to pin down. Atoh7 null retinas 

lack RGCs, optic nerves, and the central artery and vein that normally enter the eye via the optic 

nerve 159. Atoh7 is a single exon gene whose mRNA and protein levels cycle rapidly during 

retinogenesis, with Atoh7 mRNA levels initiating, peaking, and terminating concurrently with the 

initiation, peak, and end of RGC genesis. Atoh7 is not sufficient for RGC production, nor is it 

expressed in cycling progenitors, rather it is expressed in terminally dividing and postmitotic 

cells. Interestingly, only 55% of RGCs in the mouse retina are Atoh7 descendants, which is 

perplexing when placed in the context of Atoh7 mutant retinas completely lacking RGCs 159, 172. 

More likely Atoh7 regulates RGC-specifying transcription factors to help determine RGC fate 173. 

Atoh7+ progenitors give rise to all types of retinal neurons, thus Atoh7 is essential for the 

generation of RGCs in the mouse retina but is insufficient to specify RGC fate on its own 159, 172-

174. Noting evidence showing that Isl1 and Brn3b expression highly overlaps during development 

and are downstream of Atoh7, Wu et al. cleverly designed transgenic mice to interrogate the 

roles of Atoh7, Brn3b, and Isl1 in RGC development 160, 175, 176. Their idea was to drive Isl1 and 

Brn3b expression using the Tet-off inducible gene expression system. Their strategy was to 

replace the Atoh7 coding region with the tetracycline TransActivator (tTA), and combine this 

with another novel transgenic mouse with Isl1 and Brn3b under the transcriptional control of the 

tet operator (tetO). Using this system, the transcriptional control elements that drive Atoh7 

expression instead directly drives only Isl1 and Brn3b, allowing Wu et al. to ask the question: is 

combinatorial expression of Isl1 and Brn3b alone sufficient to rescue the complete lack of RGCs 

in the Atoh7 null animal? Indeed, the authors were able to rescue the Atoh7 null phenotype, 

however they did observe significantly more Isl1+ and Brn3b+ cells in the neuroblast layer than 

wild type. Relevant biology is muddled in transgenic systems, but these data show that the 

temporal expression of Atoh7 is sufficient to specify RGC fate when it is driving only Isl1 and 

Brn3b and no other downstream Atoh7 targets. 
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Through morphological, physiological, and molecular studies we have gained—and 

continue to gain—knowledge about RGC functionality, connectivity, and development. To 

develop therapies to transplant RGCs into host retinas to restore lost vision, RGCs will need to 

be generated in vitro and survive when transplanted in vivo long enough to integrate into the 

GCL and connect with the retina and brain. Understanding how RGCs interact with Müller glia 

may reveal molecules that can be used to promote RGC survival during transplantation; 

understanding RGC generation during development will inform how to connect transplanted 

RGCs to the brain and will uncover molecules, like transcription factors or microRNAs 

(miRNAs), that can be manipulated to increase RGC production in vitro.   

 

1.7 MicroRNAs 

1.7.1 MicroRNA biogenesis and cellular function 

MiRNAs are small, typically 19-25 nucleotide long Ribonucleic Acids (RNAs) that are 

transcribed by RNA polymerases II and III and, when functionally mature, downregulate gene 

expression by binding to antisense sequences in the 3’ untranslated region of messenger RNA 

(mRNA) transcripts 177, 178. miRNAs are referred to as primary miRNAs, or pri-miRNAs, 

immediately after transcription, and fold into a hairpin which is then loaded into the 

Drosha/DGCR8 Microprocessor protein complex for initial processing within the nucleus. Pri-

miRNAs are then called pre-miRNAs and are exported from the nucleus to the cytoplasm, 

where they are further processed by Dicer, and eventually loaded into Argonaut (AGO). The 

mature miRNA-AGO complex is called the RNA-Induced Silencing Complex (RISC) 179-181. 

Drosha and Dicer are RNases that act to process miRNA transcripts into their functionally 

mature form; once in their final form, miRNAs then act to guide AGO to proper mRNA targets for 

translation inhibition and mRNA transcript decay. It is thought that full complementarity in the 

miRNA:mRNA duplex results in AGO endonuclease activity, resulting in the mRNA being 
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cleaved; incomplete miRNA:mRNA complementarity prevents AGO endonuclease activity, 

leading to mRNA silencing rather than mRNA cleavage (fig. 1.7) 182. In either case, translation of 

the miRNA-targeted mRNA transcript is inhibited.  

 Since their initial discovery it has become increasingly clear that miRNAs play an 

essential role in proper development in a conserved manner. miRNAs were discovered from 

studying the Caenorhabditis elegans (C. elegans) heterochronic pathway. Heterochrony, in 

evolutionary biology, is the idea that evolutionary differences may, in part, arise because of 

alterations to the timing of developmental events. In a series of forward genetic screens, several 

C. elegans mutants were identified that displayed abnormal cell division patterns during early 

embryogenesis; this was straight-forward to observe, because cell divisions in C. elegans had 

been well-annotated and are invariant from animal to animal in a wild type context. Chalfie et al. 

identified that the timing of several cell divisions in lin-4 mutant animals was highly abnormal 

and variable relative to wild type animals, and Ambros and Horvitz described three genes—lin-

14, lin-28, and lin-29—that also disrupted the timing of C. elegans developmental events; these 

were all therefore identified as heterochronic genes 183, 184. Several years after the discovery of 

these developmentally abnormal animals, Lee et al. published a report that, in fact, lin-4 was not 

a protein coding gene, rather it appeared to regulate lin-14 translation through an RNA:RNA 

antisense interaction 185. The discovery of miRNAs spawned an entire field that has grown 

rapidly in the past 20 years. 
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1.7.2 MicroRNAs in retina development 

Since the discovery of lin-4 and another highly conserved miRNA, let-7 186, miRNAs 

have been discovered to be dysregulated in cancer 187, important in synaptogenesis 188 and, 

likely, involved in most biological processes—either directly or indirectly—considering their 

broad ability to affect translation. Here, I will focus on the role of miRNAs as they were originally 

discovered: their function in developmental timing, particularly with respect to the mammalian 

retina. Georgi et al. used the αPax6cre transgene in combination with a conditional Dicer mutant 

animal to investigate the consequences of eliminating the essential step in miRNA processing 

mediated by Dicer (there has been one miRNA discovered that is processed in a Dicer-

 

Figure 1.7: miRNA biogenesis. miRNAs can be produced canonically as intergenic, non-coding RNAs that are initially 

processed by the Microprocessor Drosha/DGCR8, or non-canonically from introns. Regardless, pre-miRNAs result from the 

initial processing step, which are exported from the nucleus to the cytoplasm, where they are further processed by Dicer and 

loaded into Ago to form the RISC complex. Abbreviations) Ago: Argonaut. RISC: RNA-Induced Silencing Complex. Figure 

made with Biorender. 
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independent manner, but all other known miRNAs are processed in a Dicer-dependent manner 

189-191). αPax6cre is variably expressed in the peripheral retina at E10.5 in RPCs, with some 

amacrines expressing αPax6cre beginning at E14.5 and persisting through adulthood; 

otherwise, Cre expression is RPC specific in the context of the retina. The authors were able to 

accurately assess Cre-recombined cells utilizing a ROSA26-YFP reporter, and found that Dicer 

knockout cells were stuck in developmental time. YFP+ RPCs, which lacked a functional Dicer 

gene from the beginning of retinal neurogenesis, only produced early born retinal neurons, 

showing that miRNA biogenesis is critical for proper retinal neurogenesis 154.  

 Although it was clear miRNAs play an important role in retinal neurogenesis, which 

miRNAs are most important, and what transcripts they target to exert their control over 

developmental timing, remained unknown. Notch signaling is critical for proper development, 

and Notch pathway components were downregulated in Dicer mutant retinas, however 

constitutive Notch pathway activation did not rescue late RPC gene expression like Sox9 and 

Ascl1 192. Pinning down the critical targets of developmentally important miRNAs has been 

challenging, however work looking into the specific miRNAs that mediate the temporal shift in 

RPC competence during retina development has proven more fruitful and identified two 

potential key targets of miRNAs during retinal neurogenesis. 

 Interested in identifying specific miRNAs that are key to retinal neurogenesis, La Torre et 

al. performed miRNA microarray analysis on wild type retinas between E14 and P0—the 

developmental window in which RPCs switch from making early to late born retinal neurons. 

The microarray showed numerous miRNAs that increased in expression from E14 to P0, 

however three miRNAs—let-7, miR-9, and miR-125b—proved most critical for RPC 

competence. When Let-7, miR-9, and miR-125b (Late Progenitor miRNAs, or LP-miRNAs)  

were specifically inhibited with Antagomirs, which are Locked Nucleic Acid (LNA) oligos 

antisense to specific miRNAs, RPCs overproduced early born neurons at the expense of late 

born neurons. Importantly, electroporating LP-miRNA mimics in embryonic retinas prior to their 
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wild-type developmental expression increase caused progenitors to overproduce late born 

retinal neurons at the expense of early born neurons. Additionally, the authors identified two LP-

miRNA targets, Lin28 and Protogenin, that, when overexpressed, phenocopy LP-miRNA 

knockdown retinas 155. The miRNA-dependent RPC early-to-late transition is diagrammed in fig. 

1.8. Since this report, another study has shown a similar temporal requirement for let-7 and 

miR-9 in cortical development 193, suggesting that miRNAs control temporal aspects of 

development in a highly conserved manner from species to species as well as throughout the 

CNS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 One significant challenge of RGC replacement therapies is the generation of a large 

quantity of donor RGCs in vitro. Since stem cell derived retinal neuron protocols mimic normal 

development, generating RGCs in vitro is a relatively inefficient process; techniques to purify 

RGCs from other cells generated in vitro are commonly used, usually immunopanning based on 

 
Figure 1.8: miRNAs control RPC competence in the mammalian retina. Retinal cell genesis in the mouse retina begins at 

E11.5 with RGCs and terminates at P7 with Müller glia, bipolar cells, and rod photoreceptors. As retinal development 

proceeds, LP-miRNA expression increases, causing RPCs to shift from making early born retinal neurons to late born retinal 

neurons. Increasing LP-miRNA levels in early RPCs causes them to generate late born retinal cells at the expense of early 

born cells, and inhibiting LP-miRNAs in mid-retinogenesis prevents RPCs from adopting a late fate competence state, 

thereby increasing the number of early born neurons generated at the expense of late born cell types.  
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Thy1 expression 52, 194 or Fluorescence Activated Cell Sorting (FACS) purifying retinal neurons 

expressing a non-RGC specific fluorescent reporter in combination with immunopanning to 

remove non-RGC cells 51. However, these techniques do not address the relatively low 

percentage of RGCs in an entire 2D or 3D stem cell-derived retinal culture. Therefore, as 

described in chapter 2, we sought to inhibit LP-miRNAs in retinal organoids when progenitors 

begin to switch from making early born retinal neurons to late born neurons. To inhibit LP-

miRNAs in retinal organoids in vitro, we chose to employ a miRNA sponge strategy. 

1.7.3 MicroRNA sponges 

At its simplest, a miRNA sponge is a non-coding RNA containing at least one miRNA 

Recognition Element (MRE)—a sequence antisense to a miRNA—and directly competes with 

mRNAs for miRNA binding (fig. 1.9). Experimental evidence suggests that non-coding RNAs, 

including long non-coding RNAs, circular RNAs, pseudogenes, and expressed 3’ untranslated 

regions (UTRs) function as endogenous, naturally occurring miRNA sponges (reviewed in 195). 

However, synthetic miRNA sponges were used as a molecular tool prior to their discovery in 

animals 196. There are several considerations one must take into account when designing a 

miRNA sponge. First, the sponge may or may not be cloned with a protein coding sequence—

this can be any protein, though typically a fluorescent reporter is used so that sponge 

expressing cells can be identified for analysis 196-200. The number of MREs, as well as how many 

nucleotides separate them, must also be decided by the researcher. One study suggests that a 

sponge with 12 MREs was most effective at knocking down miR-9 activity compared to six and 

24 MREs, however this likely varies with different miRNAs and the context (e.g., in vitro vs in 

vivo) in which the miRNA sponge is intended to function. The same study also found that more 

effective miRNA knockdown resulted from smaller spacers in between MREs 198. Finally, non-

complementary bases, often at positions 9-12 of the MRE, result in miRNA:sponge bulging and 

are intended to prevent AGO-mediated cleavage of the sponge transcript, thereby sequestering 

RISC complexes for a longer period of time 201.  
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1.8 The tetracycline inducible gene expression system 

In chapter 2, I describe unpublished work in which I collaborated with several other lab 

members and labs to develop an inducible miRNA sponge using the Tet-On gene expression 

system. Gene expression systems controlled by the presence or absence of tetracycline and its 

derivatives were first generated using functional elements from the Escherichia coli Tet operator 

and an activating domain of a Herpes Simplex Virus transcription factor VP16. The original 

tetracycline-controlled system, Tet-Off, was controlled by a fusion protein called a tetracycline 

TransActivator (tTA). The synthetic promoter that tTA binds to consists of a minimal TATA-box 

derived from the cytomegalovirus immediate early gene fused to seven tetracycline operator 

(tetO) sequences, which tTA binds to. In this system, transgenes under tTA transcriptional 

control are constitutively expressed until tetracycline is introduced, at which point tTA undergoes 

a conformational change and no longer binds to the transgene’s promoter. The system allows 

 

Figure 1.9: MiRNA sponge function. A) When no miRNA sponge is present, RISC complexes are free to target native 

mRNAs for translation inhibition and mRNA decay. B) In the presence of a miRNA sponge, RISC complexes instead bind to 

miRNA sponge transcripts, freeing up native mRNAs for translation and preventing native mRNA degradation. Figure made 

with Biorender. 
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for temporally controllable transgene expression with the addition of tetracycline 202. However, to 

maintain an ‘off’ transgenic state, tetracycline must constantly be maintained in cell culture 

media. If the Tet-Off system is used in vivo, temporal control of transgene induction is then 

reliant on 1) bioavailability of tetracycline in the tissue of interest and 2) the half-life of 

tetracycline 203, 204, making experiments that are kinetically sensitive difficult to perform with the 

Tet-Off system. Gossen and colleagues recognized this shortcoming and developed what would 

become known as the Tet-On system. 

 In the Tet-On system, tTA functionality is reversed: rather than requiring the absence of 

tetracycline to bind to tetO sequences, the reverse tTA (rtTA) requires the presence of 

tetracycline to bind to tetO sequences and induce transgene expression. Doxycycline (Dox), a 

derivative of tetracycline, was found to be most effective at inducing transgene expression 

compared to tetracycline and other tetracycline derivatives. Dox has become the standard drug 

to use in Tet-On systems 203, 205-207. Additionally, mutagenized variants of rtTA have been 

identified that exhibit lower background activity and higher Dox sensitivity 208, 209. 

 

1.9 Stem cells 

1.9.1 History 

Our knowledge of stem cells—their ability to make all body tissues through differential 

gene expression, in vitro methods to maintain them in an undifferentiated state, and in vitro 

methods to differentiate them into specific cell types and tissues all arose from embryological 

studies. One important, fundamental question dogged the field of embryology for decades: does 

an early pluripotent cell in an embryo—generally referred to here as a stem cell—differentiate, 

and possibly even lose some, of its genetic content as the cell differentiates? This question was 

ultimately answered by a set of experiments performed by John B. Gurdon, who shared the 
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Nobel Prize in Physiology or Medicine in 2012 with Shinya Yamanaka for the discovery of four 

genes that could reprogram differentiated cells into totipotent stem cells 210, 211.  

Early experiments to determine the plasticity and information content of cell nuclei at 

different stages of development involved transplanting nuclei from Xenopus laevis donor cells 

into enucleated Xenopus eggs. Briggs and King showed that nuclei taken from blastula cells 

could be transplanted into enucleated frog eggs, with the nuclear recipient egg developing into a 

complete embryo 212. Critically, Briggs and King later discovered that nuclei from endodermal 

cells—a developmentally more differentiated cell type—much less efficiently guided transplant 

recipient eggs through development. Notably, they found many of the experimental eggs 

exhibited deficiencies in CNS and other ectodermal structures. Thus, they concluded that nuclei 

definitely change during cellular differentiation, but still did not know if nuclei change their 

fundamental information content at any point during cellular specialization. Experiments 

performed by Gurdon shortly thereafter showed that nuclei taken from different developmental 

stages yielded variable survival rates—nuclei taken from earlier embryonic stages resulted in 

more nuclear recipient animals surviving, and nuclei taken from later in development resulted in 

progressively lower survival rates and higher instances of developmental abnormalities among 

nuclear recipients 213. Together, these results showed that the nuclei of differentiated cells 

become restricted in their developmental potential to generate an entire organism.  

The publication that would earn Gurdon his Nobel Prize addressed the unknown 

question of if a differentiated cell’s nucleus contained all the information necessary to produce 

an entire living organism when transplanted into an egg. Gurdon followed the endodermal 

lineage in tadpoles generated from nuclear transplants to one of the endoderm’s most 

differentiated states—intestinal epithelial cells. Once again, many nuclear transplanted embryos 

did not survive or exhibited developmental defects, but a small fraction—1.5%—developed into 

normal tadpoles 210. It was not fully understood at the time, but these experiments represent an 

essential concept in developmental biology: organisms specify their tissues through differential 
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gene expression, and cells do not lose unnecessary parts of the genome, they merely turn them 

off. 

 These classic experiments showed that even differentiated cell nuclei do not lose all 

their developmental potential, but it was not well understood exactly what happens between 

fertilized egg and fully-grown adult organism. To further understand this, researchers sought to 

establish in vitro stem cell cultures that could then be easily manipulated and assayed to better 

understand what differentiates them from terminally differentiated cells in the adult organism. 

Nineteen years after Gurdon’s landmark publication, a pair of reports showed that cell lines 

could be made from mouse blastocysts, cultured in vitro, and differentiated into cells resembling 

those from tissues that derive from all three germ layers 214, 215. Human Embryonic Stem Cells 

(ESCs) proved more challenging to culture in vitro, nevertheless human ESC lines were 

established roughly 15 years after mouse ESCs 5. Using embryonic stem cells in research was, 

and remains, a contentious and politically charged subject because ESCs are sourced from 

animal embryos. Therefore, researchers sought to apply lessons from the Xenopus nuclear 

transplant studies to de-differentiate mouse and, most importantly, human cells. The race was 

on to find a technique to reprogram somatic cells into pluripotent stem cells that could contribute 

to all germ layers of an organism, thereby theoretically eliminating the need to use human ESCs 

in research and bypassing the controversy associated with their use.  

 
1.9.2 Induced Pluripotent Stem Cells 

Rather than transplanting entire nuclei, Davis et al. found that a single gene—MyoD—

was capable of transforming fibroblasts into myoblasts, which are muscle cell precursors 216. 

This showed that individual genes could be introduced into cells, expressed abnormally, and 

could alter the entire phenotype of the cell; if one discovered the correct factor/combination of 

factors, it was hypothetically possible to transdifferentiate (or de-differentiate) somatic cells into 

stem cells. In 2006, Kazutoshi Takahashi and Shinya Yamanaka published a report showing 
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that four genes—Oct3/4, Sox2, c-Myc, and Klf4—are sufficient to reprogram mouse embryonic 

and adult fibroblasts into what they termed induced Pluripotent Stem Cells (iPSCs). iPSCs 

phenotypically and molecularly were highly similar to mouse ESCs and exhibited a dramatically 

enhanced growth rate relative to the fibroblast cultures they were derived from. Critically, when 

the authors injected iPSCs subcutaneously into immunocompromised mice, tissues derived 

from all three germ layers were represented in the resulting teratomas, and most impressively 

iPSCs contributed to mouse embryonic development when injected into blastocysts 211, 217. 

Reports of human iPSCs followed shortly thereafter 4, 6.  

 The advent of iPSCs seemingly provided the solution to many challenges facing the use 

of human stem cells in medicine. First, and possibly the greatest obstacle considering the 

political ramifications, was the fierce ethical debate over the use of human ESCs in research, let 

alone in human medicine. More practical, scientific based reasons to be concerned about using 

a common pool of human ESCs as a source of tissue for human medicine are valid as well, of 

particular concern is the possibility that stem cells not sourced from the patient may be 

immunogenically rejected by the transplant recipient. So, being able to produce stem cells from 

the patient that needs a cellular or tissue transplant, thereby minimizing host rejection of the 

grafted cells or tissue, as well as circumventing the main politically mired ethical arguments 

against the use of ESCs, led to an explosion in iPSC research.  

 

1.10 Deriving retinal neurons from stem cells in vitro 

1.10.1 Two-dimensional retinal neuron generation in vitro 

Temporally coincident with the onset of iPSC technology, techniques for producing 

retinal neurons in vitro from stem cells offered additional hope that the human body’s inability to 

regenerate much of its tissues could one day be ameliorated through in vitro cell and tissue 

production. The general concept of promoting neural progenitor/neuron fate in vitro has always 
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been, sensibly, to copy development as best as possible; the point of in vitro tissue culture is to 

exploit the advantages of tissue culture while mimicking in vivo conditions as closely as 

possible. Some early efforts to produce retinal neurons from stem cells in vitro utilized media 

supplemented with insulin, transferrin, selenium, and fibronectin—a combination that promoted 

neural induction in mouse embryonal carcinoma cell lines 218 as well as mouse ESCs, along with 

basic Fibroblast Growth Factor (bFGF) to promote neural precursor proliferation 219. Retinoic 

acid (RA) is a common ingredient in cell culture media to promote neural characteristics in vitro, 

and while early work showed cells that expressed highly specific retinal progenitor markers—

like Chx10—these protocols were inefficient at generating retinal progenitors and neurons 220. 

 The mid-2000s saw a drastic improvement in protocols for producing retinal neurons in 

vitro from mouse and human ESCs in two-dimensional (2D) culture. Ikeda et al. utilized Wnt and 

Nodal antagonists Dickkopf-1 (Dkk1) and LeftyA, respectively, followed by activin and serum 

treatment, to help promote mouse ESCs toward a retinal fate. On average the authors found 

that 16% of cells in their cultures were Rax+; this was an improvement over previous culture 

techniques published, but still a minority of cells that produce retinal progenitors 221. A report 

from Lamba et al. improved upon this efficiency through antagonizing Wnt and BMP while 

adding IGF-1 to culture media in human ESCs. After RPC induction, they also used bFGF—like 

Okabe et al.’s usage—to promote RPC proliferation 222. IGF-1 was added to the culture media 

because IGF-1 mRNA injections in Xenopus embryos induce ectopic eye formation 223. The 

developmental rationale behind using these molecules is illustrated in figure 1.5A. Many other 

labs have published protocols mixing different culture additives and temporal alterations in the 

following years 224-229.  

1.10.2 Three-dimensional retinal organoid generation in vitro  

Yoshiki Sasai’s group delivered an exciting development in the world of stem cell-

derived retinal neurons when his lab published a protocol to differentiate mouse stem cells into 

three-dimensional (3D) retinal organoids in vitro. Just as the establishment of stem cell and 
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iPSC culture led to the expansion of those fields of study, retinal organoid techniques initially 

established by the Sasai lab substantially improved modeling the retina with tissue derived from 

stem cells in vitro. Two-dimensional tissue culture is a valuable biochemical and molecular 

biology tool, but lacks 3D tissue context and cannot be used to study tissue morphogenesis. 

Eiraku et al.’s study therefore transformed how tissue culture could be used to study 

retinogenesis in vitro by showing that optic cup-like structures could be generated in vitro from 

stem cells 7, 230. For example, certain techniques (e.g., biochemistry) are challenging, if not 

impossible, in vivo because of the limited amount of tissue available at very early embryonic 

stages. However, acquiring enough tissue for biochemical studies in organoids is as simple as 

scaling up organoid differentiations as needed.  

Numerous labs have adopted 3D organoid techniques for differentiating stem cells into 

retinal neurons in vitro, including adapting protocols to produce human retinal organoids 231-234, 

and developing custom bioreactor systems to improve and prolong organoid health 235, 236. 

Methods have also been developed to improve the reproducibility and quantitative nature of 

retinal organoids, as in Vergara et al.’s study that developed a method to measure fluorescent 

reporter expression to better analyze human retinal organoid differentiation in live culture 237. 

Organoids have proven useful for investigating retinal developmental and disease processes. 

For example, Eldred et al. used human retinal organoids to show that thyroid hormone signaling 

is critical in specifying cone subtype 233, several other studies have analyzed cell-autonomous 

defects in neurons generated in human retinal organoids made from stem cells harboring 

human disease gene mutations 238-240, and hESC-derived RGC maturation when cultured in 

isolation or in the presence of astrocytes has been examined utilizing retinal organoids 241. Our 

lab has collaborated with other groups to show the RGC survival promoting properties of co-

culturing stem cell-derived RGCs with retina-derived Müller glia 242 and the neuroprotective 

effect on RGCs when retinal organoids are treated with a drug to inhibit the Germinal Cell 

Kinase IV (GCK-IV) family of kinases 243. 
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2. Unpublished results: Induced pluripotent stem cells silence Tet 

transgenes inserted in the Hprt locus in retinal organoids 

 

Adam M. Miltner1, Mikaela Louie1, Simranjeet K. Cheema1, Yesica Mercado-Ayon1, Stephen 

Kwong1, Harrison L. Baker1, Tom Glaser1, and Anna La Torre1.  

 

1Department of Cell Biology and Human Anatomy, University of California - Davis, Davis CA, 

US. 

 

2.1 Abstract 

 Glaucoma is a blinding disorder that affects millions of people, and it is expected that its 

prevalence will continue to increase in the coming years. In glaucoma, Retinal Ganglion Cells 

(RGCs) selectively degenerate, leading to vision loss because the optic nerve, the only 

connection between the retina and brain, degenerates. As methods to generate retinal neurons 

in vitro have advanced, interest in developing techniques to transplant stem cell-derived RGCs 

into host retinas has grown. However, producing retinal neurons in vitro is time consuming and 

expensive, and RGCs are a minority population in stem cell-derived retinal organoids. Here, we 

report the generation of a novel RGC reporter stem cell line expressing GFP under Isl2 

transcriptional control. To increase RGC production in organoids, we inserted a microRNA 

(miRNA) sponge with binding sites for three miRNAs that inhibit RGC genesis in vivo—let-7, 

miR-9, and miR-125b. We found that passaging and differentiating sponge stem cells 

progressively silenced our sponge transgene, preventing analysis of its effect on RGC genesis 

in organoids. This highlights a challenge of any study using transgenesis as a tool, as transgene 

silencing can be unpredictable. 
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2.2 Introduction 

 Retinal Ganglion Cells (RGCs) are the bridging neurons that connect retinal inputs with 

the visual centers of the brain, thus RGC degeneration has severe effects on vision and is one 

of the main causes of blindness worldwide. Several conditions lead to irreversible RGC damage 

including glaucoma, hereditary optic neuropathies, and ischemic optic neuropathies 244-246. 

Restoring vision by replacing lost RGCs is of great interest given the prevalence of RGC 

degenerative disorders like glaucoma 3. Previous studies have shown some, albeit modest, 

success in transplanting RGCs in vivo using rodent models 51, 52, but a clear method to produce 

a large quantity of donor RGCs for transplant purposes has thus far eluded the field. 

  Sourcing donor tissue for RGC transplants is unlike other tissue donor scenarios—there 

is no method to cleanly isolate human RGCs without damaging their axons. Therefore, 

producing donor RGCs in vitro is the most plausible strategy to pursue. The derivation of the 

first mouse embryonic stem cell lines 214, 215, and the isolation of the first human embryonic stem 

cell line 5 and induced-Pluripotent Stem Cell (iPSC) lines 4, 6, 211 made feasible the prospect of 

producing essentially limitless donor tissue, and possibly even from the patient’s own cells. In 

conjunction with advancing stem cell technologies, two-dimensional and three-dimensional 

culture techniques for producing retinal neurons in vitro from stem cells have also advanced 

rapidly in the last 15 years 7, 222, 247, 248, reviewed in 228. These technical advancements have 

solved the problem of a lack of donor tissue, however, current methods to produce RGCs from 

stem cells in vitro largely rely on developmental pathways to guide stem cells to a retinal fate 249. 

This has proven effective at generating all classes of retinal neurons in vitro but is inefficient at 

generating large quantities of RGCs relative to other retinal neurons. However, applying more 

lessons from retinal development may ameliorate the limited in vitro RGC production. 

Retinal Progenitor Cells (RPCs) are multipotent; a single RPC can differentiate into 

clones that contain all retinal neuron types, but their ability to generate specific cell 

populations—their competence—changes over developmental time 43, 149, 152, 250. RPCs can be 
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divided into two categories, early and late, with early RPCs producing RGCs, cones, horizontal 

cells, and starburst amacrine cells, while late RPCs produce other populations of amacrine 

cells, rod photoreceptors, bipolar cells, and Müller glia. Although certain transcription factors, 

such as Ikaros1, Ascl1, Castor, Lhx2, and Nfia have been linked to RPC timing, the precise 

molecular mechanisms the retina uses to control progenitor timing are poorly understood 251-255. 

A growing body of literature has shown that microRNAs (miRNAs) play a critical role in RPC 

neurogenic timing.  

Dicer conditional deletion in the mouse retina causes an overproduction of early-born 

retinal neurons (e.g., RGCs) at the expense of later-born retinal neurons 154. Three miRNAs—

let-7, miR-9, and miR-125b—are responsible for causing the early-to-late competence shift in 

RPCs since the inhibition of these miRNAs led to increased production of early cell types; these 

three miRNAs are hereafter referred to as Late Progenitor miRNAs or LP-miRNAs 155.  

Here, to study if LP-miRNAs can be manipulated in retinal organoids to lengthen the 

window in which RPCs are competent to produce RGCs, we sought to produce a stem cell line 

in which RGCs can be fluorescently tracked and LP-miRNAs can be inhibited in a temporally 

controllable manner. To that goal, we have characterized a Bacterial Artificial Chromosome 

(BAC) transgenic reporter mouse created as part of the GENSAT (Gene Expression Nervous 

System Atlas) project, Isl2-GFP, and we have generated a novel line of reporter iPSCs from 

these mice. We used a Cluster of Regularly Interspaced Short Palindromic Repeats 

(CRISPR)/Cas9-based strategy to engineer these iPSC lines to express a miRNA sponge in a 

temporally controllable manner from the Hypoxanthine-guanine Phosphoribosyltransferase 

(Hprt) locus. Strikingly, our data indicates that the inserted transgenes were progressively 

silenced in our stem cells both with passage number and retinal organoid differentiation. These 

results may have broad implications for future stem cell strategies. 
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2.3 Results 

 To establish an RGC reporter iPSC line, we chose an existing RGC reporter mouse 

based on two important criteria: 1) the fluorescent reporter labels a large proportion (~50%) of 

RGCs, and 2) is expressed early in development and persists through adulthood 256. 

Considering these criteria, we chose an Isl2-GFP BAC transgenic animal, which we recovered 

from cryogenic storage from the Mutant Mouse Resource and Research Center (MMRRC) at 

UC Davis. The Isl2-GFP animal was originally created by the GENSAT project 257 (MMRRC  

#032008-UCD) and first reported by Triplett et al 256.  

2.3.1 Isl2-GFP expression during development  

Previous reports indicated that GFP was highly expressed in a subpopulation of RGCs in 

Isl2-GFP mice, but the developmental expression pattern was unknown. Isl2 mRNA and protein 

have been reported at embryonic ages 165, but we sought to ensure the BAC reporter accurately 

recapitulated Isl2 expression. For that reason, we began by examining the expression of Isl2-

GFP in the developing embryonic retina throughout the period of RGC genesis. We collected 

Isl2-GFP mice at embryonic day (E) 13.5, 15.5, and Postnatal day (P) 0 to analyze the pattern 

of GFP expression in the developing mouse retina. Isl2-GFP fluorescence in the retina is 

present from E13.5 (fig. 2.1G-J), persists through adulthood (fig. 2.1A-F), and is expressed in 

RGCs as well as trigeminal ganglion neurons (fig. 2.1H, L). Compared to a report from Pak et 

al., which shows Brn3b/Pou4f2, but not Isl2, staining in nascent RGCs still migrating to the GCL, 

and data from our lab with a Brn3b-mCherry reporter mouse 146, Isl2 and the Isl2-GFP 

transgene are expressed slightly after Brn3b is detected 165. Although Isl2-GFP and a pan- 

Brn3/Pou4f antibody strongly colocalize at E13.5 (fig. 2.1K) with colocalization persisting 

through P0, the differences between Isl2-GFP+/Brn3- and Isl2-GFP-/Brn3+ RGCs is more  

evident at P0 than in embryonic ages (fig. 2.1N). We did not observe Isl2-GFP expression at 

E11.5, despite nascent RGCs being present as visualized with pan-Brn3 staining (fig. 2.1G). 

Additionally, we rarely observed Atoh7+/Isl2-GFP+ cells in E16.5 Isl2-GFP histological sections 
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Fig. 2.1: Isl2-GFP expression in the developing and adult retina. A-D) Cross section of adult Isl2-GFP retina showing A) 

GFP, B) Pax6, C) RBPMS, and D) A-C immunolabels merged with DAPI. White arrows: Isl2-GFP+ RGCs. Red arrow: Faint 

Isl2-GFP+ ON-bipolar cells. Yellow asterisks: Pax6+, Isl2-GFP- amacrine cells in GCL. Yellow arrowheads: RBPMS+, Isl2-

GFP- RGCs in GCL. E) Adult Isl2-GFP flat mount showing only GFP expression. F) Adult Isl2-GFP flat mount showing GFP 

and RBPMS expression. G) E11.5 Isl2-GFP eye horizontal section. No Isl2-GFP+ RGCs are present yet, however sparce 

pan-Brn3 labeling is present (white arrows). H-J) Isl2-GFP expression in developing retina at H) E13.5, I) E16.5, and J) P0. 

K) E13.5 retina showing colocalization of Brn3 immunolabeling with GFP expression. L) E15.5 whole embryo showing Isl2-

GFP expression. M) E16.5 retina showing little overlap between Atoh7 and Isl2-GFP expression. N) P0 Isl2-GFP retina. 

Scales: A-F, K: 100µm. G: 2mm. H-J: 250µm. L, M: 50µm. ON: Optic Nerve. TG: Trigeminal Ganglion.  
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(fig. 2.1L), which contrasts with our Brn3b-mCherry reporter mouse in which nascent 

Atoh7+/Brn3b-mCherry+ RGCs were readily observed migrating through the neuroblast layer 

towards the GCL 146 and agrees with Pak et al.’s findings that Isl2 is only expressed in 

postmitotic RGCs. Thus, based on available data, the temporal aspects of Isl2 expression 

appear to be preserved in the regulatory elements within the BAC used to make the Isl2-GFP 

animal. Interestingly, Isl2-GFP is expressed in ON-bipolar cells in adult cryosections, as noted 

by Triplett et al. 256. ON-bipolar Isl2-GFP expression is much weaker than in RGCs, and Isl2-

GFP+ cells in the GCL are always Pax6+ and RBPMS+, indicating the Isl2-GFP transgene is 

not expressed in displaced amacrine cells (fig. 2.1A-D). Isl1 expression has been observed in 

early postnatal mouse bipolar cells, so it is possible Isl2 is normally expressed in mature ON-

bipolar cells 258. Taken together, these data show that the Isl2-GFP transgene accurately 

recapitulates Isl2 expression during development and in the adult animal.  

2.3.2 Generation and analysis of an Isl2-GFP iPSC line 

 To produce iPSC lines from the Isl2-GFP animal, we used two lentiviral plasmids—one 

expressing Oct4 and Sox2, and one expressing Lin28 and Nanog. E13.5 Isl2-GFP mouse 

embryos were used to generate mouse embryonic fibroblast (MEF) cultures, and, after one 

passage, the cultures were transduced with the reprogramming lentiviral particles (fig. 2.2A). 

After 28 days, iPSC colonies were evident in the MEF cultures and 13 colonies were 

subsequently picked and clonally expanded in feeder-free conditions. All data shown with Isl2-

GFP iPSCs are from one selected clone only. 

Isl2-GFP iPSCs express an array of pluripotent markers, including the genes used for 

reprogramming but also other known stem cell markers 249 (fig. 2.2A). Importantly, the 

expression of reprogramming genes not present in retinal development decreased once Isl2-

GFP iPSCs were differentiated into retinal organoids (fig. 2.2B). Our organoid differentiation 

protocol is based on the mouse embryonic stem cell retinal differentiation protocol originally 

published by Yoshiki Sasai’s lab 7, and is summarized in fig. 2.3A. By qPCR, we observed an 
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increase in RPC genes during organoid differentiation, and RGC gene expression increased 

relative to undifferentiated iPSCs, which coincides with the onset of GFP expression in Isl2-GFP 

organoids (fig. 2.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2: Isl2-GFP iPSC production and gene expression. A) E13.5 Isl2-GFP embryos were dissociated into MEF cultures, 

transduced with lentiviruses expressing reprogramming factors, and the resulting iPSCs express characteristic mouse 

embryonic stem cell genes. B) qPCR data showing that reprogramming genes are downregulated as Isl2-GFP iPSCs are 

differentiated into retinal organoids. Error bars: standard deviation. ANOVA significance and T-test P-values for each gene 

on each differentiation day relative to undifferentiated Isl2-GFP iPSCs are listed in supplementary tables 2.1 and 2.2. N = 3 

biological replicates. 
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 We observed GFP+ neurons no earlier than day 7.5 in Isl2-GFP organoid cultures, with 

a rapid accumulation of GFP+ neurons occurring between days 8 and 10 of organoid 

differentiation (fig. 2.3B). Isl2-GFP neurons purified by Fluorescence Activated Cell Sorting 

(FACS) more highly expressed Brn3b compared to the GFP- population, showing an enrichment 

for Brn3b transcripts and suggesting GFP+ neurons are RGCs (fig. 2.3C). Immunohistochemical 

analysis of GFP+ neurons in Isl2-GFP organoids show a strict colocalization of GFP+ neurons 

with RGC markers, visualized by staining with a pan-Isl1/2 antibody, pan-Brn3 antibody, a Tuj1 

antibody, and the pan-RGC marker RBPMS (fig. 2.3E, F). Additionally, we did not observe 

GFP+/Otx2+ cells in Isl2-GFP organoids at the latest time point analyzed, day 15 (fig. 2.3D), 

suggesting that ON-bipolar cells had not yet been generated since all bipolar cells express Otx2 

17, 259, or that ON-bipolars in Isl2-GFP organoid cultures do not express GFP highly enough to be 

easily observed by immunocytochemistry. Together, these results show that Isl2-GFP+ neurons 

are born by day 7.5 in Isl2-GFP organoids, and Isl2-GFP+ neurons express several RGC genes 

and do not express other common retinal markers tested.  

 

 

Fig. 2.3: Isl2-GFP organoid differentiation and gene expression. A) Isl2-GFP organoid differentiation protocol diagram. 

Undifferentiated iPSCs are dissociated, plated at 5000 cells/well in a 96-well ultra-low-attachment plate, and Matrigel is 

added to a final concentration of 2% on day 1. Organoids are moved to low-attachment 6-well plates on day 4 and 

transitioned to neural maturation medium in a stepwise fashion from day 4 to day 6. B) Bright field and GFP fluorescence 

imaging of live Isl2-GFP organoids at indicated differentiation days. C) qPCR of FACS purified iPSC-derived Isl2-GFP+ cells 

showing GFP, Brn3b, and Isl2 expression relative to undifferentiated iPSCs. D-F) Immunofluorescene imaging of 

cryosectioned (D, E) or whole mount (F) day 15 Isl2-GFP organoids. D) Isl2-GFP organoid immunostained against GFP and 

Otx2. E) Isl2-GFP organoids immunostained against GFP (green, all rows), Isl1/2 (red, top row), Tuj1 (red, middle row), or 

Brn3 (red, bottom row). F) Isl2-GFP whole mount organoid immunostained against GFP (green) and RBPMS (red). Scales: 

B=200µm, C-E=100µm. Cartoon tissue culture drawings in panel A were created with Biorender. 
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Fig. 2.4: Isl2-GFP organoids express RPC and RGC genes by qPCR. A) Genes expressed in RPCs during retinal 

development are expressed in Isl2-GFP organoids. B) Genes expressed in RGCs during and after retinal development are 

expressed in Isl2-GFP organoids. Error bars: standard deviation. ANOVA significance and T-test P-values for each gene on 

each differentiation day relative to undifferentiated Isl2-GFP iPSCs are listed in supplementary tables 2.1, 2.3, and 2.4. N = 3 

biological replicates. 
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2.3.3 miRNA expression in Isl2-GFP organoid differentiation 

 Having established an RGC reporter mouse stem cell line, we sought to analyze the 

expression of LP-miRNAs in Isl2-GFP organoids. We collected Isl2-GFP organoids at 

differentiation days 0, 6, 8, 10, and 15 and performed miRNA quantitative real time PCR (qPCR) 

to assess LP-miRNA expression. As happens in vivo, we observed an increase in LP-miRNA 

expression during organoid differentiation—importantly, this increase was dramatic starting from 

day 10, roughly three days after we observe the first RGCs using our organoid differentiation 

protocol, through day 15 (fig. 2.5A). This increase from differentiation day 10 through day 15 

mirrors that seen in vivo 155, and is a similar length of time in which RGCs are produced in vivo 

after the peak of RGC production at E14.5. Additionally, Protogenin (Prtgn) and Lin28, known 

targets of LP-miRNAs, decrease in expression over the same period (fig. 2.5B). 

2.3.4 Strategy to controllably knockdown LP-miRNAs 

 To directly test if LP-miRNAs promote RPCs in retinal organoids to transition from 

producing early- to late-born retinal neurons, we sought to inhibit LP-miRNAs in differentiating 

retinal organoids. We decided to utilize the Tet-on 3G inducible gene expression system to drive 

the expression of mCherry with a nuclear localization sequence attached (nuclear Cherry or 

nuCh) with a triplex miRNA sponge in the 3’ Untranslated Region (UTR) of nuCh; this miRNA 

sponge contains repeats of a single miRNA sponge sequence containing the seed sequences 

for let-7, miR-9, and miR-125b (fig. 2.6A, B). By using an inducible system, we reasoned that we 

would be able to inhibit LP-miRNAs during a discreet window of organoid differentiation without 

causing excessive, unintended cell death resulting from constitutive LP-miRNA knockdown in 

Isl2-GFP organoids. To insert this miRNA sponge system into Isl2-GFP iPSCs, we designed a 

CRISPR/Cas9 promoter trap strategy to drive neo resistance using the Hprt promoter on the X 

chromosome (fig. 2.6C). Therefore, endogenous Hprt transcription was required to confer G418 

resistance, with the reverse tetracycline Transactivator (rtTA) transcription factor being 

constitutively expressed by the CAG promoter.  
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Fig. 2.5: Isl2-GFP organoids express LP-miRNAs by qPCR. A) LP-miRNA expression increases during Isl2-GFP organoid 

differentiation. B) Protogenin (Prtgn) and Lin28 mRNA levels both decrease during Isl2-GFP organoid differentiation. Error 

bars: standard deviation. ANOVA significance and T-test P-values for each gene on each differentiation day relative to 

undifferentiated Isl2-GFP iPSCs are listed in supplementary tables 2.1, 2.5, and 2.6. N = 3 biological replicates. 
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Fig. 2.6: LP-miRNA sponge design and transgenesis method. A) Basic schematic of Tet3G-inducible LP-miRNA sponge 

transgene. In one plasmid, rtTA is expressed and, in the presence of Dox, binds to the Tet Response Element (TRE) to drive 

the expression of the reporter nuclear mCherry (nuCh) as well as a miRNA sponge containing binding sites for let-7, miR-9, 

and miR-125b. We created four LP-miRNA sponge variants: One lacking any MREs, and sponges with 5, 10, or 20 MREs for 

each of the three LP-miRNAs (5x, 10x, 20x). B) Sequence of an LP-miRNA sponge monomer showing each MRE. 

Underlined base pairs in each MRE represent the bulge location. Box-enclosed base pairs on the end were designed for 

cloning purposes and were used to create each of the 5x, 10x, and 20x polysponges. C) Schematic of where we chose to 

insert the Tet-inducible LP-miRNA sponge construct in the mouse genome. Ex1 represents the first exon of the mouse Hprt 

gene and is disrupted upon transgene insertion via CRISPR/Cas9 gene editing. Arrows in the green 5’ homology arm, yellow 

3’ homology arm and arrows labeled “Left arm FOR”, “Hprt ex1 FOR”, “Hprt ex1 REV”, and “Right arm REV” are all 

sequencing primers used to diagnose proper 5’ and 3’ insertion, as well as distinguish between wild type and transgenic loci. 

D) Sex genotyping PCR showing the Isl2-GFP iPSC line used in this study is female (for CD1 background, approximately 

480bp and 660bp products result from X-chromosome amplification).  
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 We created four Isl2-GFP iPSC sponge lines: a 0x control line, which has only nuCh 

under the control of the rtTA Response Element (TRE), and 5x, 10x, and 20x sponge lines, with 

1x representing one copy each of let-7, miR-9, and miR-125b seed sequences. For example, 

the 10x sponge contains 10 let-7 binding sites, 10 miR-9 binding sites, and 10 miR-125b binding 

sites. Isl2-GFP iPSCs are female (fig. 2.6D), so we genotyped for proper Hprt locus insertion as 

well as homozygosity because the Hprt gene is on the X-chromosome. NuCh expression was 

inducible in each undifferentiated Isl2-GFP sponge line established, however we observed 

variegation in all four sponge lines (fig. 2.7A). Variegation in nuCh expression after doxycycline 

(Dox) induction worsened over time with passaging (data not shown). Most concerning, 

however, was the near total lack of nuCh+ cells in Isl2-GFP sponge organoids (fig. 2.7B).  

We hypothesized that the LP-miRNA sponge transgene was being epigenetically 

silenced in Isl2-GFP iPSCs and in Isl2-GFP organoids. To test this hypothesis, we added the 

DNA methyltransferase inhibitor 5-azacytidine (Aza) to undifferentiated Isl2-GFP sponge 

cultures to see if we would observe an increase in nuCh expression in the presence of Aza, 

which would suggest either CAG or TRE promoter methylation. In cultures with Aza and Dox 

present, we observed an increase in nuCh expression (fig. 2.8). Suspecting TRE promoter 

methylation after assessing the results from treating Isl2-GFP sponge lines with Aza alongside 

reports of similar promoter methylation from other labs 260, 261, we decided to alter our 

expression construct to hopefully ameliorate any methylation-induced nuCh variegation.  

 To address potential CAG and TRE silencing, we made two alterations to our LP-miRNA 

sponge expression construct. First, we replaced the CAG promoter driving rtTA with an Internal 

Ribosome Entry Site (IRES), thereby driving neomycin (neo) and rtTA expression with the 

endogenous Hprt promoter. We reasoned that, since all established cell lines exhibited 

prolonged G418 resistance even in cultures with variegated nuCh expression, Hprt expression 

persisted since the cells were still G418 resistant. Therefore, linking rtTA expression to the Hprt 

promoter should prevent rtTA silencing. Second, to prevent TRE methylation, we cloned a  
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Fig. 2.7: LP-miRNA sponge expression is variegated. A) Bright field (top row), GFP (middle row) and nuCh (bottom row) 

images of 0x, 5x, 10x, and 20x stably integrated Isl2-GFP LP-miRNA sponge iPSCs. All cultures shown were treated with 

500ng/ml Dox 24 hours prior to imaging. B) Isl2-GFP iPSCs with stably integrated 0x LP-miRNA sponge organoids. No Dox 

was added to organoids in the top row, and organoids in the bottom row were treated with 500ng/ml Dox from differentiation 

days 9-12. Note the lack of nuCh induction in Dox treated organoids. All scale bars: 100µm. N = 3 biological replicates. 
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670bp Ubiquitous Chromatin Opening Element (UCOE) identified by Cullman et al. 262 upstream 

of the TRE to help prevent TRE promoter methylation (fig. 2.9A). This sponge clone is referred 

to as IRES-UCOE-0x because there is no sponge in the 3’ UTR of nuCh. Prior to generating 5x, 

10x, and 20x IRES-UCOE sponge constructs, we decided to test nuCh induction in IRES-

UCOE-0x sponge clones. While nuCh induction was strong immediately after clone isolation, 

after just three passages IRES-UCOE-0x Isl2-GFP iPSCs were already exhibiting variegated 

nuCh expression (fig. 2.9B). We observed dismal nuCh induction in IRES-UCOE-0x organoids 

as well (fig. 2.9C), suggesting that as Isl2-GFP iPSCs differentiate, sponge constructs are 

silenced more aggressively than in undifferentiated stem cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nothing we attempted to this point had ameliorated the sponge silencing, so we 

hypothesized that the Hprt gene region was being specifically silenced in Isl2-GFP sponge cells. 

Additionally, since the IRES-UCOE strategy did not improve nuCh expression, we suspected 

 

Fig 2.8: Azacytidine treated Isl2-GFP Tet3G-nuCh iPSCs. A) 0x LP-miRNA Isl2-GFP iPSCs were treated with Dox and 

Azacytidine (Aza) in different combinations. B) Enlarged view of inset in Tet3G-nuCh fluorescent image in +Dox +Aza 

condition. Scale bar for all images: 100µm. N = 1 biological replicate. 
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that CAG promoter methylation was not the problem. In a final attempt to establish an inducible 

Isl2-GFP sponge line, we used a version of the 0x sponge construct that contained the 

phosphoglycerate kinase (PGK) promoter driving neo resistance (PGK-CAG-0x) rather than 

using the Hprt promoter trap strategy. Instead of using CRISPR/Cas9 to insert the PGK-CAG-

0x, we transfected the plasmid into parental Isl2-GFP iPSCs and allowed it to integrate into the 

genome randomly by G418 selection. We observed similar results relative to all our other Isl2-

GFP cell lines: iPSC nuCh expression became more variegated through multiple passages, and 

PGK-CAG-0x Isl2-GFP organoids exhibited very little nuCh induction (fig. 2.9E, F).  
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2.4 Discussion 

 Neurodegeneration is limited by the lack of regenerative capacity in the mammalian 

CNS. There is ample interest in developing cell replacement therapies to treat 

neurodegenerative conditions using in vitro generated cells and tissue; however, tissue culture 

is a costly technique and human transplant therapies will benefit from increased efficiency. 

Therefore, we sought to increase the efficiency of generating a specific cell type, RGCs, in 

retinal organoids. RGCs are a minority population in the retina and degenerate in glaucoma, 

which affects millions of people.  

 We chose to use mouse stem cell culture to investigate the feasibility of genetically 

modifying organoids to produce specific neurons at the expense of others for several reasons. 

First, mouse retinal organoids differentiate faster than human retinal organoids, making 

experiments less time consuming and less expensive 7, 230, 233, 234. Second, mouse and human 

retinal development share many traits, including the order of retinal neurogenesis 152, 153 along 

with similarities revealed in recent transcriptomic studies 263, 264. Since our strategy to increase 

RGC production in organoids utilized a miRNA-driven temporal mechanism that shares 

Fig 2.9: Variegated LP-miRNA sponge expression after IRES, UCOE, and PGK promoter alterations to expression construct. 

A) Schematic of IRES and UCOE alterations made to LP-miRNA expression system. The two different LP-miRNA sponge 

expression systems are labeled on the right. B) Variegated LP-miRNA sponge expression in Isl2-GFP LP-miRNA sponge 

iPSCs. Top row is a clone produced with the CAG-rtTA-0x construct; bottom row is a clone made with the IRES-UCOE-0x 

construct. White arrows: nuCh- iPSC colonies. Yellow arrowheads: colonies with at least a portion of cells expressing nuCh. 

C) Isl2-GFP IRES-UCOE-0x organoids without (top row) or with (bottom row) Matrigel added to the organoid culture with Dox 

treatment from differentiation days 4-6. D) Diagram of LP-miRNA sponge construct expressing neomycin resistance under 

control of the PGK promoter. E) nuCh variegation in PGK-CAG-0x Isl2-GFP iPSCs after treatment with Dox for two days. F) 

nuCh variegation in PGK-CAG-0x Isl2-GFP organoids after treatment with Dox for two days. All scale bars are 200µm. N = 1 

biological replicate.  
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similarities between the mouse and human retina 155, it is likely that this method will function 

similarly in human retinal organoids if it works in mouse retinal organoids. Finally, our lab is 

studying techniques to transplant mouse RGCs into mouse retinas as a model for potential 

future human RGC transplant therapies. Material transfer is a process by which photoreceptors 

transplanted into the retina via an artificially created subretinal space transfer fluorescent 

reporters via nanotubes to endogenous photoreceptors 265-271. It is unknown if a similar process 

occurs between transplanted RGCs and endogenous RGCs, and we aim to take advantage of 

the variety of mouse genetic tools available to answer this question. A future goal of this work is 

to use our Isl2-GFP iPSC line to generate GFP+ RGCs and transplant them into Brn3b-

mCherry+ mouse retinas 146 to easily analyze GFP+/mCherry+ RGCs. 

 The Isl2-GFP BAC transgenic mouse generated by the GENSAT project has been 

analyzed in few studies 256, 272, 273. We chose to use this mouse based on its expression in a 

large proportion of RGCs, and it works well as a marker of a large proportion of RGCs in the 

mouse retina. GFP is abundantly expressed in Isl2-GFP RGCs, which makes it easy to view 

GFP+ neurons. Additionally, trigeminal neurons also express high levels of GFP, making 

embryo and even early postnatal pup phenotyping simple. This high level of GFP expression is 

preserved in Isl2-GFP organoids, making it a superb tool for analyzing stem cell-derived RGCs 

because they can be easily identified by histological methods, their axons are labeled making 

axon guidance studies feasible, and they can be analyzed live via cytometry based on GFP 

expression.  

 Our goal of this study was to disrupt the function of LP-miRNAs in mouse retinal 

organoids to overproduce RGCs at the expense of late born retinal cell types. We had little 

success using transfection or electroporation methods to knockdown LP-miRNA function with 

Antagomirs because of poor transfection and electroporation efficiency in retinal organoids; we 

therefore turned to a genetic knockdown method. Dicer is essential for mouse development 274, 

and let-7, miR-9, miR-125b, and many other miRNAs all have critical roles in CNS development 
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275-277; for these reasons we did not design a constitutively active LP-miRNA knockdown method 

to avoid deleterious effects that would muddle the interpretation of experimental results. 

Additionally, mouse retinal cell genesis proceeds for ~10 days after the peak of RGC genesis; 

since we hypothesized that LP-miRNA inhibition would extend the window of RGC genesis in 

organoids, a Cre recombinase strategy to activate an LP-miRNA sponge at a specific time 

would also have likely led to deleterious effects in organoids, possibly killing any extra RGCs 

generated from LP-miRNA inhibition in RPCs. Therefore, temporal control of the miRNA sponge 

was critical, both in its activation and its inactivation.  

 The ability to insert and control the expression of transgenes in vivo and in vitro is an 

intensely researched subject because of the implications in experimental biology and potential 

applications in gene therapy approaches. A tightly controllable gene expression system for 

mammalian cells is the Tet-on gene expression system. The Tet-on gene expression system 

has been continuously altered since its first publication in 1992 202-204, 278. Our attempts to utilize 

it in this study were unfruitful despite our consideration for several drawbacks of the system. 

First, we chose a constitutively expressed gene that has been targeted in prior studies for our 

transgene insertion location 279-283. Second, we developed PCR genotyping primers to ensure 

homozygosity of analyzed LP-miRNA sponge clones analyzed to avoid X-inactivation induced 

silencing of the sponge transgene, since Isl2-GFP iPSCs are female 284. Third, we cloned a 

nuclear localization sequence (nls) onto the rtTA gene in the Tet-on transgene cassette to 

promote rtTA nuclear localization and thereby Dox-inducible transgene expression. Finally, we 

introduced a UCOE to promote demethylation of the TRE, and directly drove rtTA expression by 

the Hprt promoter in case the CAG promoter was being epigenetically silenced 262. 

Unfortunately, we encountered Tet transgene silencing 1) after multiple passages of confirmed 

homozygous Isl2-GFP LP-miRNA sponge lines, and 2) in Isl2-GFP LP-miRNA sponge 

organoids; we were unable to ameliorate this transgene silencing. This has been observed by 

other groups that have inserted Tet transgenes into so-called housekeeping gene loci 260, 261, 
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and is a more general issue faced by cell biologists and researchers studying gene expression 

systems for gene therapeutic approaches to treat human diseases 261, 285-290.  

 

2.5 Materials and Methods 

2.5.1 Animals 

Adult mice (Mus musculus, CD-1 IGS) were obtained from Charles River Laboratories 

(Wilmington, MA). Isl2-GFP (generated by GENSAT project, Tg(Isl2-EGFP)LW124Gsat) mice 

were cryogenically revived by the UC Davis Mutant Mouse Resource and Research Center 

(MMRRC #032008-UCD) on the CD-1 IGS background. All the animals had ad libitum access to 

food and water and were kept at a constant temperature of 21°C on a 12h light/12h dark cycle. 

All mouse husbandry and handling were performed in accordance with protocols approved by 

the University of California Davis Animal Care and Use Committee (IACUC protocol #22032), 

which strictly adheres to all NIH guidelines and satisfies the Association for Research in Vision 

and Ophthalmology guidelines for animal use.   

2.5.2 Generating lentiviral particles for iPSC production 

 Two pLVX lentiviral vectors that drive Oct4 and Sox2 or Lin28 and Nanog were used. 

Both vectors utilize the EF1α promoter to drive expression of the reprogramming factors, and 

each plasmid contains an IRES separating the genes: Oct4 is upstream of Sox2, and Lin28 is 

upstream of Nanog. Lentiviral particles for transducing Isl2-GFP MEFs to produce Isl2-GFP 

iPSCs were produced by the UC Davis Viral Packaging Core. 

2.5.3 Generating Isl2-GFP iPSCs 

E13.5 Isl2-GFP transgenic embryos were collected from pregnant Isl2-GFP females. 

Embryos were confirmed transgenic through phenotypic screening. Isl2-GFP+ embryos were 

then decapitated, organs were removed, and the remaining tissue was passed successively 

through 20-gauge and 30-gauge needles in MEF medium (see “List of tissue culture media and 

components” section). After the embryos were dissociated, they were centrifuged at 1000rpm 
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for 2 minutes, resuspended in 5ml MEF media, and allowed to settle for one minute in a tube 

rack. After one minute, the resuspended MEF culture was plated into six-well plates (one 

embryo per well), taking care to avoid larger pieces of tissue that had settled to the bottom of 

the tube. After one day of culture, MEFs were transduced with two lentiviral particles: one to 

express Nanog and Lin28 in MEFs, and one to express Oct4 and Sox2 (generated by the UC 

Davis Viral Packaging Core Facility at >10^6 TU/ml). Two days after viral transduction, 

individual six-well cultures of MEFs were transferred to 10cm dishes at a dilution ratio of 1:1, 

and media was changed as needed (typically every 2-3 days) for 28 days. After 28 days of 

culture, iPSC colonies were evident based on morphology. Thirteen individual colonies were 

then picked with a P20 pipet, expanded, and analyzed for embryonic stem cell markers and 

their ability to differentiate into retinal organoids.  

2.5.4 LP-miRNA sponge and IRES-UCOE cloning 

99-mer primers were designed and commercially produced (Integrated DNA 

Technologies) to contain one let-7, miR-9, and miR-125b binding site along with BclI and BglII 

(New England Biolabs, NEB) restriction enzyme sites at the ends. Sponge oligos were annealed 

and ligated to generate monosponges; both BclI and BglII sites were destroyed in the ligation 

process but remained intact at the 5’ and 3’ ends of the monosponge ligation products for 

subcloning. Monosponges were subsequently ligated with T4 ligase (NEB), subcloned, and 

sequence verified. One correct 5x polysponge was isolated, used to generate 10x and 20x 

sponge polymers, and the 10x and 20x polysponges were subcloned and sequence verified as 

the 5x sponge was. Then, the 5x, 10x, and 20x polysponges were excised from the subcloning 

plasmid and ligated 3’ of nuCh in a plasmid that drove nuCh under the control of the Tet-On 3G 

system. The IRES was PCR amplified from plasmid DNA containing an IRES and cloned into 

the Tet-On 3G plasmid using a HiFi DNA assembly kit (NEB). The UCOE was cloned from a 

UCOE-containing plasmid generated by Cullmann et al 262.  
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2.5.5 Mouse iPSC culture 

Isl2-GFP iPSCs were derived as described above. Undifferentiated cells were 

maintained in iPSC maintenance medium (see “List of tissue culture media and components” 

section). All undifferentiated cells were maintained in feeder-free conditions using growth factor-

reduced Matrigel-coated plates (Trevigen cat. #3432-001-01). Only low-passage (< passage 30) 

cultures were used for these experiments. 

2.5.6 LP-miRNA sponge iPSC generation 

0x, 5x, 10x, and 20x sponge plasmids were transfected with a plasmid that expresses 

both Cas9 and a small guide RNA (sgRNA) that directs Cas9 to cut the Hprt gene in exon 1 

(pX459-Hprt, derived from 291). Sponge plasmids have homology arms at the 5’ and 3’ ends of 

the Tet-On 3G sponge sequence to be inserted into the Hprt locus. Isl2-GFP iPSCs were 

transfected simultaneously with 1) pX459-Hprt and 2) one of 0x, 5x, 10x, or 20x sponge 

plasmids as covalently closed circles using Lipofectamine 2000 (Invitrogen). Two days after 

transfection, G418 was added to iPSC culture media at 375ug/ml to select against cells that did 

not correctly insert the sponge construct into the Hprt locus; neo resistance was expressed 

under the Hprt promoter as a promoter trap. Isl2-GFP iPSC cultures were then cultured in G418 

for seven days, at which point G418 resistant colonies were present. Dox was added to cultures 

at 500ng/ml, and the following day bright red colonies were clonally picked with a P20 pipet and 

expanded for further experimentation. 

2.5.7 Retinal differentiation of iPSCs 

For media formulations, see “List of tissue culture media and components” section 

below. Retinal differentiation of Isl2-GFP iPSCs was performed following a previously defined 

protocol, with minor variations 292. Semi-confluent undifferentiated colonies were dissociated to 

a single cell suspension using TrypLE (Gibco cat. #12605028) and gentle mechanical 

dissociation. Subsequently, 5,000 undifferentiated cells were plated in 96-well ultra-low 

attachment plates (Sbio cat. #MS-9096 UZ) in retinal differentiation (RD) medium (Day 0). In 
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these conditions, free-floating iPSCs spontaneously formed aggregates (EBs) in 12-14 hours. 

24 hours later (Day 1), 2% Growth Factor Reduced-Matrigel (Trevigen cat. #3432-001-01) was 

added to each well. On day 4, the Embryoid Bodies (EBs) were moved to low-attachment six-

well plates (Thermo Fisher cat. #07-200-601) and the medium was replaced with 3:1 RD media 

and Neural Maturation (NM) medium. On day 5, the medium was replaced with to 1:1 RD 

medium:NM medium, and on day 6, the medium was replaced with 1:3 RD medium:NM 

medium. Finally, on day 7 the medium was replaced with 100% NM medium for the duration of 

organoid differentiation. 

2.5.8 Tissue culture media and components 

 Mouse Embryonic Fibroblast (MEF) media: DMEM (Corning, cat. #10-017-CV) 

supplemented with 10% Fetal Bovine Serum (FBS, Gibco cat. #16141-079) and 1% Penicillin-

Streptomycin (Penn-Strep) solution (Gibco cat. #15140-122).  

 iPSC maintenance media: DMEM (Corning, cat. #10-017-CV) supplemented with 20% 

FBS (Gibco cat. #16141-079), 1% Non-Essential Amino Acids (NEAA, Gibco cat. #11140-050), 

1% Sodium pyruvate (NaPyr, Gibco cat. #11360-070), 100μM β-Mercapto Ethanol (BME, Sigma 

#M3148-250ML), 1x Leukemia Inhibitory Factor (LIF, Millipore cat. #ESG1106), 3μM Chir99021 

(GSK3β inhibitor, Stemgent cat. #04-0004-02), 0.4μM PD0325901 (MAPK/ERK pathway 

inhibitor, Stemgent cat. #04-0006), and 1% Penn-Strep (Gibco cat. #15140-122).  

 Retinal Differentiation (RD) media: GMEM (Gibco, cat. #11710-035), supplemented with 

1.5% Knockout Serum Replacement (KSR, Gibco cat. #10828-010), 1% NEAA (Gibco cat. 

#11140-050), 1% NaPyr (Gibco cat. #11360-070), 100μM BME (Sigma #M3148-250ML), and 

1% Penn-Strep (Gibco cat. #15140-122). 

 Neural Maturation (NM) media: Neurobasal (Gibco cat. #21103-049) supplemented with 

1x N2 (Gemini Biosciences cat. #400-163), 1x B27 (Gibco 17504-044), 1% NEAA (Gibco cat. 

#11140-050), 1% NaPyr (Gibco cat. #11360-070), 1% Bovine Serum Albumin (BSA, Sigma cat. 
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#A1595-50ML), 1M HEPES (Sigma cat. #H0887), 0.075% Sodium Bicarbonate (Gibco cat. 

#25080094) and Penn-Strep (Gibco cat. #15140-122).  

2.5.9 Tissue processing 

Adult eyes were collected, or embryos were dissected out of euthanized pregnant 

females. All eyes were dissected in cold Phosphate Buffered Saline (PBS), then fixed in 4% 

Paraformaldehyde (PFA, Electron Microscopy Sciences cat. #15714) for one hour; embryos 

were decapitated and heads fixed whole in 4% PFA for 24 hours, then embedded in successive 

sucrose solutions of 10%, 20%, and 30% with a final embedding step in 1:1 30% 

sucrose:Optimal Cutting Temperature (OCT) compound (Tissue-Tek® O.C.T. Compound cat. 

#4583). Flat-mounted adult retinas were fixed in 4% PFA for one hour and subsequently 

dissected and flat-mounted. All tissue was finally embedded in OCT for cryosectioning.  For 

organoids, undifferentiated Isl2-GFP iPSCs or day 15 organoids were fixed in 4% PFA for one 

hour and washed with PBS (pH 7.0). Organoids intended for cryosectioning were then 

embedded in successive sucrose solutions of 10%, 20%, and 30% with a final embedding step 

in 1:1 30% sucrose:OCT. Organoids were embedded in OCT for cryosectioning. 

2.5.10 Immunohistochemistry 

Flat-mount adult retinas and whole-mount organoids were permeabilized in PBS 

supplemented with 1% Triton X-100; embryonic head cryosections and organoid cryosections 

were permeabilized in 0.3% Triton X-100 in PBS. After blocking non-specific antigens with 

blocking buffer (10% Normal Donkey Serum and 0.1% Triton X-100 in PBS), the tissue was 

incubated with primary antibodies at a dilution indicated in Table 3 at 4ºC overnight. The next 

day, the tissue was extensively washed with PBS and incubated with Alexa Fluor secondary 

antibodies as indicated in Table 3. Subsequently, the tissue was washed with PBS, the cell 

nuclei were labeled with 4’,6-diamidino-2-phenyindole (DAPI) at a dilution of 1:10,000, and the 

slides, retinas, or organoids were then mounted with Fluoromount-G (Southern Biotech, 

Birmingham, AL).  
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2.5.11 Genotyping 

 Sex genotyping was performed as previously described 293. To genotype for correct Hprt 

Tet transgene insertion, we designed primers to assay the 5’ and 3’ ends of the transgene 

insertion, as well as further away from the integration site in an attempt to capture unintended 

chromosomal rearrangements that may have otherwise made genotyping results ambiguous. 

2.5.12 qPCR 

Total RNA was extracted from the whole organoids using Trizol (Invitrogen) and 

chloroform extraction, according to the manufacturer's instructions. The RNA was digested with 

DNase1 (Qiagen, Hilden, Germany), cleaned using the Qiagen RNA mini clean-up kit and 

reverse transcribed into cDNA using the iScript reverse transcription kit (BioRad) for mRNA 

qPCR, or Superscirpt IV for miRNA qPCR; both kits were used following the manufacturer's 

instructions. qPCR was performed using the primers indicated in Table 1. 

2.5.13 Statistics 

 All qPCR data were first analyzed with a two-way ANOVA to determine if significant 

variation was present in gene expression among different groups of samples (i.e. differentiation 

days). T-tests were then used to determine significance between specific differentiation days 

and undifferentiated stem cells. P values generated from ANOVA and T-test analysis are 

available in supplementary tables 2.1-2.6.  

2.5.14 Primers used in this study 

Table 1: qPCR primers 

Oct4 FW AGAGGATCACCTTGGGGTACA 

Oct4 RV CGAAGCGACAGATGGTGGTC 

Sox2 FW GCGGAGTGGAAACTTTTGTCC 

Sox2 RV CGGGAAGCGTGTACTTATCCTT 

Nanog FW TCTTCCTGGTCCCCACAGTTT 

Nanog RV GCAAGAATAGTTCTCGGGATGAA 
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Lin28 FW AGAATGCAGTCTACCTCCTCAG 

Lin28 RV CCTCCCACTTCTCTTGGTGC 

GFP FW CCACATGAAGCAGCAGGACTT 

GFP RV GGTGCGCTCCTGGACGTA 

Brn3a FW CGCGCAGCGTGAGAAAATG 

Brn3a RV CGGGGTTGTACGGCAAAAT 

Brn3b FW TGGACATCGTCTCCCAGAGTA 

Brn3b RV GTGTTCATGGTGTGGTAAGTGG 

Brn3c FW CGACGCCACCTACCATACC 

Brn3c RV CCCTGATGTACCGCGTGAT 

Isl2 FW TGGGTGCTATGGGGGATCATT 

Isl2 RV GGCGACACGCGAAGGATAA 

RBPMS FW GTACCCAGCGGAGTTAGCG 

RBPMS RV AAGACAGGTGTGTTGGGCTTT 

Chx10 FW CTGAGCAAGCCCAAATCCGA 

Chx10 RV CGCAGCTAACAAATGCCCAG 

Lhx2 FW CTGTTCCAGAGTCTGTCGGG 

Lhx2 RV CAGCAGGTAGTAGCGGTCAG 

Pax6 FW CTGGAGAAAGAGTTTGAGAGG 

Pax6 RV TGATAGGAATGTGACTAGGAG 

Ascl1 FW GCAACCGGGTCAAGTTGGT 

Ascl1 RV GTCGTTGGAGTAGTTGGGGG 

let-7a FW CGGCCTGAGGTAGTAGGTTG 

let-7a RV GCTTGCGTGTTATTTCCTGATGG 

let-7d FW CGCGGGAGAGGTAGTAGGTT 

let-7d RV CAGTTCAGCAGGGTCATAGG 

miR-9 FW GCGCCCCATAAAGCTAGATAAC 

miR-9 RV AGGTGGAGCTTTGGATGGTG 

miR-125b FW CCGCTCCCTGAGACCCTAA 
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miR-125b RV CGAAGGAACTTGGGATATGACG 

let-7a RT CGCTACACGCTTGCGTGTTATTTCCTGATGGCGTGTAGCGAACTATACA 

let-7d RT TCGCGACGCCAGTTCAGCAGGGTCATAGGGCAGTCGCGAAACTATGC 

miR-9 RT AGCTACTCGCAGGTGGAGCTTTGGATGGTGGCGAGTAGCTACTTTCGG 

miR-125b RT CGCTAGACGCTTGCGTGTTATTTCCTGATGGCGTGTAGCGTCACAGGT 

 

Table 2: Genotyping/other primers 

Isl2-GFP FW GCAGGAGTTAGTTAGCAAAGAGCAGAG 

Isl2-GFP RV GGTCGGGGTAGCGGCTGAA 

Hprt FW TTATCTGGGAATCCTCTGGGAGAC 

Hprt RV AAGTCCAACGCCATTGCCACCTTC 

Neo2 RV AAGAACTCGTCAAGAAGGCGATAGAAGGCG 

bAC2 FW CCTTCCCCCTTTTTTGTCCC 

Hprt left arm FW TGTGCAAGATGTCTTTCTCCATCC 

Hprt left arm RV TTGAGCCAATGGGAGAAAAGG 

Sex FW GATGATTTGAGTGGAAATGTGAGGTA 

Sex RV CTTATGTTTATAGGCATGCACCATGTA 

Sponge 99-mer FW GATCCTCGAACTATACAAGGACTACCTCAATCCTACGTCATACAGCTAG 
TGACCAAAGAGCGAAGGTCTCTCGTTCACAAGTTACATTCTCAGGGAGAA 

Sponge 99-mer RV GAGCTTGATATGTTCCTGATGGAGTTAGGATGCAGTATGTCGATCACTGG 
TTTCTCGCTTCCAGAGACGAAGTGTTCAATGTAAGAGTCCCTCTTCTA 

 

2.5.15 Antibodies used in this study 

 Table 3: Antibodies used in this study 

Antibody Specificity Catalogue Dilution Source 

Atoh7 RPCs 88639 1:200 Novus Biologicals 

Pan-Brn3 RGCs sc-6026 1:200 Santa Cruz 

β-III-tubulin RGCs 801201 1:1000 Biolegend 

GFP Isl2-GFP 
RGCs Ab13970 1:500 Abcam 

Lin28 Stem cells Ab46020 1:200 Abcam 
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Otx2 RPCs, 
photoreceptors AF1979 1:250 R&D Systems 

Isl1/2 RGCs 39.4D5 1:200 Developmental Studies 
Hybridoma Bank 

Pax6 RPCs, RGCs, 
amacrines 901301 1:200 Biolegend 

RBPMS RGCs 1832-
RBPMS 1:500 Phosphosolutions 

Sox2 Müller glia sc-17320 1:500 Santa Cruz 

SSEA Stem cells 90230 1:200 Millipore 
Alexa 488 anti-

goat Goat IgG A11055 1:500 Thermo Fisher 

Alexa 568 anti-
mouse Mouse IgG A10037 1:500 Thermo Fisher 

Alexa 488 anti-
rabbit Rabbit IgG A21206 1:500 Thermo Fisher 

Alexa 647 anti-
Guinea Pig 

Guinea Pig 
IgG A21450 1:500 Thermo Fisher 
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2.9 Supplemental information 

Gene target P-value Gene target P-value Gene target P-value Gene target P-value 
Nanog 4.4E-04 let-7a 9.9E-06 Pax6 5.1E-09 Brn3a 1.3E-04 
Oct4 1.2E-04 miR-9 3.1E-05 Chx10 8.4E-06 Brn3b 2.4E-03 
Sox2 1.5E-01 miR-125b 6.1E-08 Lhx2 3.5E-07 Brn3c 2.5E-01 
Lin28 2.7E-02 let-7d 3.2E-05 Ascl1 1.0E-07 Isl2 3.3E-04 

  Prtgn 2.4E-08 Atoh7 4.2E-04 RBPMS 7.0E-07 
 

Supplementary table 2.1: Two-way ANOVA P-values for differentiation days 0, 6, 8, 10, and 15 for genes shown. 

 

Differentiation day Nanog Oct4 Sox2 Lin28 
Day 6 1.2E-01 5.8E-02 8.3E-01 7.4E-03 

Day 8 5.9E-02 3.0E-02 2.1E-01 1.2E-01 

Day 10 6.3E-02 2.0E-02 8.3E-01 6.5E-03 

Day 15 4.2E-02 1.0E-02 5.3E-01 2.6E-02 
 

Supplementary table 2.2: T-test P-values for undifferentiated stem cell markers. All gene targets on specified 

differentiation days were compared to undifferentiated iPSCs. 

 

Differentiation day Pax6 Chx10 Lhx2 Ascl1 Atoh7 
Day 6 5.4E-03 1.2E-01 1.1E-02 2.0E-01 1.2E-02 

Day 8 4.1E-03 1.0E-03 9.4E-03 1.9E-03 8.7E-03 

Day 10 3.4E-03 2.8E-04 8.2E-03 2.9E-03 3.3E-03 

Day 15 2.2E-03 1.2E-03 1.2E-02 3.3E-03 4.1E-02 
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Supplementary table 2.3: T-test P-values for RPC genes. All gene targets on specified differentiation days were 

compared to undifferentiated iPSCs. 

 

Differentiation day Brn3a Brn3b Brn3c Isl2 RBPMS 
Day 6 5.4E-01 1.8E-01 3.2E-01 6.9E-01 4.2E-03 

Day 8 6.8E-02 8.7E-02 9.3E-01 2.1E-02 1.6E-03 

Day 10 6.0E-02 9.0E-01 7.5E-01 3.9E-02 4.5E-04 

Day 15 3.3E-02 3.4E-02 6.6E-01 5.5E-02 4.7E-04 
 

Supplementary table 2.4: T-test P-values for RGC genes. All gene targets on specified differentiation days were 

compared to undifferentiated iPSCs. 

 

Differentiation day let-7a miR-9 miR-125b let-7d 
Day 6 1.8E-01 7.3E-02 2.5E-02 1.1E-01 

Day 8 6.2E-01 1.0E-02 4.0E-02 3.6E-02 

Day 10 1.7E-01 1.1E-02 1.4E-03 1.1E-01 

Day 15 4.4E-03 5.7E-03 2.0E-05 1.9E-03 
 

Supplementary table 2.5: T-test P-values for LP-miRNAs. All gene targets on specified differentiation days were 

compared to undifferentiated iPSCs. 

 

Differentiation day Prtgn Lin28 
Day 6 5.7E-05 7.4E-03 

Day 8 1.3E-03 1.2E-01 

Day 10 7.1E-05 6.5E-03 

Day 15 4.4E-04 2.6E-02 
 

Supplementary table 2.6: T-test P-values for LP-miRNA targets. All gene targets on specified differentiation days 

were compared to undifferentiated iPSCs. 
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3.1 Abstract 

Brn3b (Pou4f2) is a class-4 POU domain transcription factor known to play central roles 

in the development of different neuronal populations of the Central Nervous System, including 

retinal ganglion cells (RGCs), the neurons that connect the retina with the visual centers of the 

brain. Here, we have used CRISPR-based genetic engineering to generate a Brn3b-mCherry 
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reporter mouse without altering the endogenous expression of Brn3b. In our mouse line, 

mCherry faithfully recapitulates normal Brn3b expression in the retina, the optic tract, the 

midbrain tectum, and the trigeminal ganglia. The high sensitivity of mCherry also revealed novel 

expression of Brn3b in the neuroectodermal cells of the optic stalk during early stages of eye 

development. Importantly, the fluorescent intensity of Brn3b-mCherry in our reporter mice allows 

for noninvasive live imaging of RGCs using Scanning Laser Ophthalmoscopy (SLO), providing a 

novel method for longitudinal monitoring of RGCs. 

 

Keywords:  Retinal ganglion cells (RGCs), CRISPR-Cas9, retinal development, optic stalk, 

retinal imaging, scanning laser ophthalmoscopy (SLO) 

 

3.2 Introduction 

Retinal ganglion cells (RGCs) are the sole output neurons of the retina. Located along 

the inner surface of the retina, RGCs receive and integrate signals from the retina circuitry and 

send long axons that converge at the center of the eye to form the optic nerve and convey 

visual information to several areas of the brain 294, 295.  There are approximately 40 RGC 

subtypes classified by single-cell RNA sequencing clustering algorithms 296, and RGCs have 

also been categorized into numerous subtypes based on their morphological and functional 

properties 37. Different RGC populations participate in distinct circuits, but the vast majority of 

optic nerve axons terminate in the lateral geniculate nucleus of the thalamus or the superior 

colliculus in the tectum of the midbrain 297. 

Progressive damage to the optic nerves and RGC degeneration is the final common 

pathway that leads to vision loss in glaucoma, one of the leading causes of visual impairment 

and blindness worldwide 298. Although research in the field of glaucomatous degenerations is 

extensive, the pathophysiological mechanisms underlying these diseases are not completely 
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understood. Rodent models of RGC degeneration have been critical to our continued efforts to 

understand the progression of glaucoma and to devise novel therapeutic interventions. Several 

invasive methods 299-306, naturally occurring models 307, 308, and genetic manipulations 309, 310 

have been utilized as a proxy to glaucomatous disease.  However, all these methods rely on 

optical coherence tomography scans (OCT) or post-mortem histological procedures to assess 

the degree of RGC degeneration. In general, OCT measurements of the ganglion cell complex 

involve measuring the thickness of three layers together: the inner plexiform layer (IPL) that 

contains the dendritic arbors of the RGCs and the axons of the inner nuclear layer of the retina, 

the ganglion cell layer (GCL) that contains the somas of the RGCs and the displaced amacrine 

cells, and the retinal nerve fiber layer (RNFL) containing the RGC axonal processes 311. While 

novel imaging technologies are being developed, the current standard tools are not ideal to 

follow RGCs over time 312.  

Previous reports have identified Brn3b (Pou4f2), a POU-4 transcription factor, as a 

master regulator of RGC development and neural cell type diversity 156-158. The basic helix-loop-

helix (bHLH) transcription factor Atoh7/Math5 is expressed in RGC precursors and controls the 

expression of Brn3b and another transcription factor, Isl1, which in a combinatorial manner are 

required for the initiation of the RGC program 159, 313. Consequently, deletion of Brn3b results in 

the loss of 70% of all RGCs, with remaining RGCs exhibiting axonal guidance defects or delays 

147, 162-164, 314, 315. Conversely, overexpression of Brn3b and Isl1 together is sufficient to promote 

RGC fates 160. Brn3b expression has also been observed in the trigeminal nerve ganglia and 

other cranial nerve nuclei in a very characteristic and dynamic spatiotemporal pattern 316, 317.  

Here, we have developed a murine fluorescent reporter using CRISPR-Cas9 to 

introduce monomeric Cherry fluorescent protein (mCherry) after the coding sequence of Brn3b, 

without modifying its normal expression. In Brn3b-mCherry mice, mCherry closely recapitulates 

endogenous Brn3b expression, and as a result labels a large proportion of RGCs. In the retina, 

mCherry expression begins at embryonic day 11.5 (E11.5), coinciding with the onset of RGC 
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genesis, and persists throughout development and in the adult retina. Interestingly, our 

approach also revealed novel Brn3b expression in the optic stalk during early development. 

Additionally, the high detectability of mCherry allows for live imaging of RGCs using Scanning 

Laser Ophthalmoscopy (SLO), providing a powerful tool to monitor RGCs over time. 

 

3.3 Results and Discussion 

3.3.1 Generation of CRISPR–engineered Brn3b-mCherry reporter mouse line 

We aimed to generate a Brn3b reporter mouse line without interfering with Brn3b 

endogenous expression. To that goal, we designed a CRISPR/Cas9 (Clustered Regularly 

Interspaced Short Palindromic Repeats/CRISPR-associated protein 9) strategy to insert 2A self-

cleaving peptide (P2A) and monomeric Cherry fluorescent protein (mCherry) sequences 

immediately downstream of the coding sequence of the Brn3b gene (Pou4f2, transcript 

NM_138944, Fig.1A). The gene-targeting was completed by Biocytogen (Worcester, MA). 

Briefly, single guide RNAs (sgRNAs) were designed using the CRISPR Finder design tool 

www.sanger.ac.uk 318. One sgRNA (GGAGAAGGGTCCCTAAATGC) was selected, cloned into 

pT7-sgRNA by Gibson assembly, confirmed by DNA sequencing, and transcribed in vitro.  

Similarly, the targeting vector was constructed as shown in Fig. 1A. and validated by DNA 

sequencing. 286 zygotes were microinjected and transferred into pseudopregnant females, from 

which 21 pups were born. With this strategy, a cassette containing a P2A-mCherry sequence 

flanked by homology arms to exon 2 of Brn3b (5’ homology) and to the 3’ UTR of the Brn3b 

coding sequence (3’ homology) were inserted by homologous recombination into the Brn3b 

locus. Thus, the resulting animals express Brn3b and mCherry from the endogenous Brn3b 

promoter and regulatory elements. The founders were bred, the F1 was genotyped, and the 

positive animals were further confirmed by Southern blot using two different probes (Fig. 3.1B) 

as detailed in Supplementary Fig. 3.1. 
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Other Brn3b reporter animals have been previously reported, including a GFP knock-in 

reporter 148 as well as numerous strategies for labeling Brn3b+ cells using Cre or Dre-driven  

recombination combined with alkaline phosphatase or lacZ to visualize the recombined cells 319-

322. Each of these models is useful for studying RGC and retinal biology, however in all these 

lines at least one copy of the Brn3b gene is disrupted. Furthermore, Brn3b is present in the 

germline or ubiquitously expressed in the early stages of development leading to recombination 

in the whole animal in Brn3b-Cre knock-in models 322.  

Similarly, other fluorescent RGC reporters using different drivers have also been 

developed. For example, several Thy1 reporters have been generated and are widely used. 

However, Thy1 is not exclusively expressed in RGCs as many displaced amacrine cells as well 

as INL neurons also express Thy1 323. It is important to note that in our design we chose 

mCherry because it typically displays low autofluorescence background levels and high 

photostability 324, furthermore, our Brn3b-mCherry line could be easily combined with other 

existing RGC reporters such as the Thy1-YFP or Isl2-GFP mice 256, 323. 

 

 

Figure 3.1: Design and validation of CRISPR/Cas9 strategy. A) Schematic of the mouse Brn3b locus. The dark green boxes 

correspond to the two exons of Brn3b (E1/2). LR-probe and 3’ probe-A (orange lines) were used to identify correctly targeted 

animals. B) Southern blot of Brn3b-mCherry mice showing correct insertion of the mCherry targeting vector into the Brn3b 

locus. Further Southern blot strategy design is detailed in Supplementary figure 1.  
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3.3.2 mCherry labels a large fraction of RGCs in the adult retina of Brn3b-mCherry mice 

In order to determine mCherry expression in the adult retina, 8-12-week old Brn3b-

mCherry mice were euthanized, and their retinas were dissected, flat-mounted, fixed, and 

immunolabeled with mCherry and Brn3, as well as with other known RGC markers such as 

RBPMS and Tuj1 (Fig. 3.2). A widely-used pan-Brn3 antibody that detects Brn3a, Brn3b and 

Brn3c (C-20, Santa Cruz Biotechnology) labels most RGCs, but some subpopulations, including 

some intrinsically-photosensitive RGCs (ipRGCs), are Brn3-negative 325, 326. As expected, 

mCherry highly colocalizes with Brn3 (98.92 ± 2.65%) and we only found a very small subset of 

Brn3+ cells that were mCherry- (yellow arrow in Fig. 3.2B’), presumably indicating a small 

fraction of cells that are Brn3b- but Brn3a+ or Brn3c+. As described previously, RBPMS 

specifically labels all RGCs 327. Counting RBPMS+ ganglion cells and Cherry+ cells in our 

Brn3b-mCherry mouse indicated that 70.99 ± 13.44% of all RGCs are mCherry+ (yellow arrows 

in Fig. 3.2C’ shows RBPMS+ mCherry- RGCs). Conversely, 100% of mCherry+ cells are 

RBPMS+ indicating that all fluorescently-labeled cells are RGCs (Fig. 3.2C-C’). Since the 

mCherry sequence does not include a nuclear localization signal, the RGC axonal bundles 

(Tuj1+, white arrows in Fig 3.2D’) and optic nerves also exhibit detectable levels of mCherry.  

Paraffin sections of Brn3b-mCherry adult mice showed specific mCherry expression only in the 

GCL (Fig. 3.2E). To verify that mCherry is only expressed in RGCs and not in displaced 

amacrine cells or in any other retinal cell type, we performed co-localization experiments with 

Pax6 (Fig. 3.2E’) and RBPMS (3.2E”). Pax6 is expressed in RGCs, amacrine cells, horizontal 

cells, and Muller glia 328. Thus, Pax6+ RBPMS- cells located in the GCL are displaced amacrine 

cells (yellow arrowheads in Fig. 3.2E’-E’’) and these cells are not mCherry positive. Conversely, 

a considerable fraction of RBPMS+ cells exhibit mCherry expression (white arrows, Fig. 3.2E-

E’’), similarly to our flat-mount experiments. Together, these findings suggest that our Brn3b-

mCherry reporter mouse specifically labels RGCs in the adult mouse retina.  
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Figure 3.2: Brn3b-mCherry expression in the adult retina. A) Flat-mounted retina labeled with anti-mCherry antibody. B-B’) 

mCherry (red) and Brn3 (teal) colocalization. Yellow arrow indicates a Brn3+ mCherry- cell. C-C’) mCherry (red) and RBPMS 

(teal) colocalization. Yellow arrows indicate RBPMS+ mCherry- cell bodies. D-D’) mCherry (red) and Tuj1 (teal) 

colocalization. White arrows indicate Tuj1+ mCherry+ axons. E-E’’’) Cross-section of an adult retina labeled with mCherry 

(red), RBPMS (gray), DAPI (blue), and Pax6 (green). All mCherry+ cells (white arrows) are RBPMS+. Amacrine cells are 

labeled with yellow starts and are mCherry- (Pax6+ RBPMS- mCherry- cells). Yellow arrowhead corresponds to mCherry- 

RGCs (RBPMS+ Pax6- mCherry- cells). ONH: Optic Nerve Head. ONL: Outer Nuclear Layer. INL: Inner Nuclear Layer. GCL: 

Ganglion Cell Layer. Scale bars: 300 microns in A, 50 microns in B-E’’’. 
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3.3.3 The expression pattern of mCherry recapitulates endogenous Brn3b during retinal 

development 

During normal development, retinal progenitor cells give rise to all the different cells of 

the retina in a stereotyped sequence with the RGCs being the first cell population generated 329-

331. Classic H3-thymidine labeling and cell lineage experiments established that in the mouse 

retina the onset of RGC genesis is around embryonic day 11 (E11). We detected mCherry in 

our Brn3b-mCherry mouse line at the onset of Brn3b expression in the nascent RGCs located in 

the center of the retina at E11.5 and this expression progressively spreads outward during the 

wave of neurogenesis that occurs during retinal development (Fig. 3.3). At all the ages 

analyzed, mCherry expression colocalizes with Brn3 as observed by immunohistochemistry 

using mCherry and Brn3 antibodies (Fig. 3.3A-C’’), and mCherry is also observed in axonal 

fibers and the optic nerve (white arrows in Fig. 3.3B).  

To define the dynamics of Brn3b expression, we performed co-localization experiments 

with well-established markers for different stages in RGC development. PCNA (Proliferating Cell 

Nuclear Antigen) is a known marker of retinal progenitor cells that labels dividing cells during all 

phases of cell cycle throughout retinal histogenesis 332. Co-immunolabeling experiments of 

mCherry and PCNA showed that Brn3b and PCNA are largely expressed in two separate 

populations. This is not surprising, as Brn3b is mostly expressed in post-mitotic RGCs. 

However, we found a small fraction of mCherry+ cells that co-labeled for PCNA (white arrows in 

Fig. 3.3D), indicating that Brn3b can be expressed in dividing progenitors, probably during the 

terminal cell division. Brn3b and Isl1 have been previously detected in EdU or BrdU-labeled 

cells after a short chase 145, 333, suggesting that these transcription factors can be expressed 

during S or G2, consistent with the hypothesis that fate commitment is decided prior to the 

terminal mitosis 145, 172. Atoh7 (Atonal homologue 7/ formerly Math5) is expressed 
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during the terminal cell cycle in a subset of progenitor cells and is known to be required for RGC 

genesis 159, 172, 313. Accordingly, a subset of Atoh7+ cells co-expresses Brn3b 334, 335. As 

expected, in our mouse model, mCherry also overlaps with Atoh7+ cells (white arrows in Fig. 

3.3E). As the retina develops in a central to peripheral gradient, Atoh7 precedes Brn3b 

expression (yellow arrowhead in Fig. 3.3E) consistent with a younger developmental status at 

the periphery. Thus, the expression patterns observed support the current model of 

transcriptional relationships of Atoh7 upstream of Brn3b. Finally, ɣ-Synuclein (sncg) is a 

commonly used marker of RGCs, and its expression has been shown to be RGC-specific in the 

adult retina and in purified postnatal RGC cultures 336-338. All ɣ-Synuclein+ cells are mCherry+ 

(Fig. 3.3F) but, in this case, mCherry expression precedes ɣ-Synuclein (yellow arrow in Fig. 

3.3F), suggesting that ɣ-Synuclein is expressed in a later maturation stage during RGC 

development. Altogether, our data indicates that mCherry expression in our reporter mouse 

faithfully recapitulates spatial and temporal Brn3b patterns in the developing mouse retina. 

 

3.3.4 Brn3b-mCherry reveals the dynamic expression of Brn3b during CNS development 

In addition to the expected expression in RGCs, we also validated mCherry expression 

in the optic nerves and optic tracts (Fig. 3.4A). As described previously, Brn3b is also expressed 

in subsets of neurons of the superior colliculus, with a very dim/sparse expression in the 

Figure 3.3: Brn3b-mCherry expression during early retinal development. A-C’’) Co-localization experiments of mCherry and 

pan-Brn3 antibodies at E11.5 (A-A’’), E13.5 (B-B’’) and P0 (C-C’’). White arrows in B indicate mCherry+ RGC axons. D-F’) 

E13 retina stainings. D-D’) mCherry (red) and PCNA (green) co-localization. White arrows: PCNA+ mCherry+ cells. E-E’) 

mCherry (red) and Atoh7 (green) co-localization. White arrows: mCherry+ Atoh7+ cells. Yellow arrowhead indicates the 

leading edge of neurogenesis. F-F’) mCherry (red) and �-synuclein (green) colocalization. Yellow arrowhead indicates the 

leading edge of neurogenesis. L: Lens. NbL: Neuroblastic Layer. GCL: Ganglion Cell layer. Scale bars: 200 microns A-C’’, 

100 microns D-F’. 
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superior opticum, where RGC axons enter the superior colliculus at a deep level relative to the 

pial surface 339. In agreement with these prior findings, we detected high levels of mCherry 

expression in the deeper areas of the superior colliculi, and this expression greatly colocalizes 

with Brn3 (Fig. 3.4B-B’). Furthermore, Brn3b is expressed in different cranial nerve nuclei in a 

very dynamic fashion. For example, Brn3b is present in subsets of neurons of the trigeminal 

nerve (V) at early stages of development 316. Consistently, at E13, mCherry is present in a salt-

and-pepper manner in the trigeminal nucleus in Brn3b-mCherry mice (Fig. 3.4C-C’). 

Surprisingly, during the course of these experiments we observed mCherry expression in cells 

of the optic stalk (Fig. 3.4D and Supplementary Fig. 3.2) and in neuroepithelial cells of the optic 

recess (Fig. 3.4F) at E13. The optic stalk is the structure that connects the developing eye to the 

forebrain and constitutes the conduit along which the RGC axons grow; later in development, 

the optic stalk becomes the neuroglial sheath that surrounds the optic nerve. Interestingly, at 

this embryonic stage, both the optic stalk and the optic recess, which forms the boundary region 

between the optic vesicle, hypothalamus and telencephalon 340, are made of actively dividing 

neuroepithelial cells that are Pax2+ and PCNA+ (Supplementary Fig. 3.2A). This previously 

unknown expression of Brn3b is intriguing, as generally Brn3b is expressed in post-mitotic layer 

(stratum griseum superficiale) and very prominent expression in the putative stratum  

neurons. However, several reports indicate that Brn3b is expressed in very early stages of 

development, developing gonad tissues and germline cells 322, 341, 342. In future experiments, it 

will be interesting to investigate the role of Brn3b in the optic stalk and discriminate potential 

non-cell autonomous roles for this expression as Brn3b-knockouts display axonal 

disorganization and dysfunction of RGC projections 164. 
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Figure 3.4: Brn3b-mCherry expression in other regions of the CNS. A) Optic tracts at P0 visualized by mCherry staining 

(white arrows). B-B’) Co-localization experiments with mCherry (red) and pan-Brn3 (green) antibodies at P0. C-C’) Co-

localization with mCherry (red) and Tuj1 (green) in the trigeminal ganglia at E13. Arrows indicate mCherry+ Tuj+ neurons. D) 

Low magnification image of a horizontal E13 whole-head section. E-F’) White arrows indicate mCherry+ Tuj1- cells present 

in the optic stalk (E) and optic recess (F). Aq: Aqueduct. soSC: stratum opticum of the Superior Colliculus. SGS: Stratum 

Griseum Superficiale. Tg: Trigeminal ganglion. L: Lens. ONH: Optic Nerve Head. OR: optic recess. III: 3rd ventricle. Scale 

bar: 100 microns in C-C’, E-E’ and F-F’, 200 microns in B-B’, 300 in D, and 500 microns in A.  
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3.3.5 Live imaging of mCherry+ RGCs 

Live imaging of RGCs requires relatively abundant levels of endogenous fluorescence. 

To address whether Brn3b-mCherry could be used as a tool to monitor RGCs in vivo, we 

performed noninvasive SLO using our custom imaging system 343. Reflectance (Fig. 3.5A and 

3.5C) and fluorescence images (Fig. 3.5B and 3.5D) were collected from 8-12-week-old mice. 

Remarkably, we were able to clearly detect mCherry in the living mouse retina, indicating that 

the intensity of mCherry fluorescence is sufficient for live-imaging and longitudinal assessment 

of RGC status.  

In vivo imaging of RGC disease modeling has the potential to transform mouse RGC 

disease model research. The specificity of mCherry expression combined with its long-term 

presence in RGCs makes this reporter mouse an excellent tool for studying RGC disease 

models and treatments interventions.  
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3.4 Conclusion 

Currently, the standard methods to visualize RGCs require sacrificing experimental 

animals for staining/labeling or are not RGC-specific (e.g. conventional OCT imaging or Thy1-

YFP imaging using SLO). Thus, they are not ideal for imaging RGCs in living animals and to 

assess glaucomatous disease progression in real-time. In this report, we have developed a new 

mouse strain in which all Brn3b-expressing cells express the mCherry fluorescent protein 

without interfering with normal Brn3b function. In the retina of both adult and embryonic Brn3b-

mCherry mice, mCherry is specifically expressed in a large proportion of RGCs. Furthermore, 

the level of mCherry expression is sufficient for us to detect RGCs using non-invasive methods 

in live animals (SLO). Thus, this new mouse line can be used for developmental studies and, if 

combined with existing glaucoma models, it will enable longitudinal monitoring of RGCs using 

SLO. We believe this tool will greatly facilitate the validation of new therapies and 

neuroprotection strategies for glaucomatous degenerations. 

 

3.5 Materials and Methods 

3.5.1 Animals 

All mice husbandry and handling were in accordance with protocols approved by the 

University of California Davis Animal Care and Use Committee, which strictly adheres to all NIH 

guidelines and satisfies the Association for Research in Vision and Ophthalmology guidelines 

for animal use. The Brn3b-mCherry CRISPR knock-in mouse line was generated by Biocytogen 

Figure 3.5: SLO imaging of a Brn3b-mCherry adult retina. A) SLO back reflectance of a roughly 2mm width of an adult 

Brn3b-mCherry adult retina. B) Fluorescent signal from the same region shown in A. C) SLO back-reflectance image of the 

region of interest marked by a red square in B. D) Fluorescent signal from the red square marked in B. Scale bars: 200 

microns in A and B, and 50 microns in C and D. 

 



 85 

(Worcester, MA) in the C57BL/6N background. For all the embryonic analyses, the morning of 

the vaginal plug was considered E0.5. 

3.5.2 Immunohistochemistry 

For cryosection, embryonic whole heads and P0 dissected eyes were collected and fixed 

for 30 minutes at 4oC in 4% Paraformaldehyde (PFA, (Cat # 15714, Electron Microscopy 

Sciences for 32% stock). Following fixation, tissues were cryopreserved by a sequential sucrose 

gradients of 10%, 20%, 30% (until tissue sinks), and finally a mixture of half 30% sucrose and 

half O.C.T (Tissue-Tek® O.C.T. Compound, Sakura® Finetek. Catalogue number: 4583). 

Tissues were finally embedded in O.C.T., quickly frozen using dry ice, and stored at -80oC until 

sectioning. For paraffin samples, eyes were collected and frozen in dry-ice chilled propane, as 

freeze-substituted with methanol-acetic acid at -80ºC, as described previously 344, transferred to 

ethanol and embedded in paraffin. Paraffin sections were deparaffinized using Xylene, and 

rehydrated. After de-paraffinizing, tissues were washed with PBS, and we performed antigen 

retrieval with Sodium Citrate Buffer (10mM Sodium Citrate, 0.05% Tween20, pH 6.0). Briefly, 

the slides were placed in a microwave-safe vessel in the Sodium Citrate Buffer and the 

microwave was set to full power until the solution boiled. We let the samples cool down and we 

rinsed the tissue 5 times with PBS. Subsequently, all tissue was blocked in 10% Normal Donkey 

Serum (NDS) in Phosphate Buffered Saline (PBS), and the samples were incubated with 

primary antibodies diluted in fresh blocking solution overnight at 4oC. Primary antibodies used 

include: Goat anti-Brn3 (Santa Cruz #SC-6026, 1:100), Mouse anti-Isl1/2 (Developmental 

Studies Hybridoma Bank #39.4D5, 1:200), Mouse anti-Tuj1 (Biolegend #801201, 1:500), Rabbit 

anti-mCherry (Novus Biologicals #NBP2-25157, 1:500), Goat anti-mCherry (Acris Antibodies 

#AB0040-200, 1:500), Guinea Pig anti-RBPMS (Phosphosolutions #1832-RBPMS, 1:500), 

Rabbit anti-Sncg (generous gift from Dr. Nick Marsh-Arsmtrong, 1:10,000), Rabbit anti-Atoh7 

(Novus Biologicals #88639, 1:200), anti-Pax2 (Biolegend #901001, 1:1000), anti-PCNA 

(Invitrogen #13-3900, 1:100). All tissue was counterstained with 4’,6-diamidino-2-phenyindole 
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(DAPI). The sections were rinsed with PBS-0.1% Triton X-100 and mounted for microscopy with 

Fluoromount-G (Southern Biotech, Birmingham, AL). Most images were obtained with a 20× oil 

objective and captured with an Olympus FV1000 confocal microscope. High-magnification 

images were obtained with a 40× oil objective. Images were assembled in Adobe Photoshop 

and Illustrator. Brightness and contrast were similarly adjusted to all samples.  

3.5.3 Retinal ganglion cell counts 

Adult retinas were flat-mounted and stained for mCherry and RBPMS. RBPMS labels all 

RGCs and thus was used as the denominator to count the total number of RGCs in the retina. 

The percentage of RGCs labeled was measured as the total number of mCherry positive cells 

over RBPMS positive cells. For each retina, 3 pictures from different regions of the eye (ventral, 

dorsal and central) were taken, quantified and averaged. 

3.5.4 In-vivo retina cellular imaging 

For in vivo retinal imaging experiments, mice were anesthetized with the inhalational 

anesthetic isoflurane (2-3% in O2), and their pupils were dilated with medical grade tropicamide 

and phenylephrine; A contact lens and gel (GelTeal Tears, Alcon, U.S.) was used to maintain 

the cornea transparency during in vivo retinal imaging 345; The mouse body temperature was 

kept worm by use of a temperature-controlled blanket under the mice to prevent cooling of 

mouse body and development of cold-cataract. The mouse head was stabilized by a 

customized bite-bar.  

A custom rodent scanning laser ophthalmoscopy (SLO) instrument 346 was used to 

image back reflected and fluorescence signal from the mouse retina, with excitation light from 

an OBIS LX 561 nm laser (Coherent Inc., U.S.), and a long-pass filter (BLP02-561R, Semrock, 

U.S.) to select the emission light for mCherry –expressing cells. The power at the mouse pupil 

was ~300 μW, and the beam diameter at the mouse pupil was ~0.5 mm which offers a lateral 

resolution of 2.9 μm 347.  
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The mouse retina was first imaged with full field-of-view (FOV) of 51 degrees, 

corresponding to ~2 mm on the mouse retina, to allow search for the region of interested (ROI). 

Then a 3x zoom-in region was selected and imaged with higher density sampling. For each 

ROI, a total of 100 serial SLO images, including both reflectance and fluorescence, were 

collected. The serial images were further registered to remove retinal motion artifacts using 

ImageJ TurboReg plugin with ‘Rigidbody’ transformation 348, and then averaged for display.  

 

3.6 Acknowledgements 

We thank all the members of the La Torre lab for helpful comments on the manuscript. 

We also thank Drs. Edward Pugh, Nadean Brown, Nick Marsh-Armstrong, and Tom Glaser for 

their insightful advice and generosity with reagents. This work was supported by National 

Institute Grant R01R01EY026942 and by the Glaucoma Research Foundation Catalyst for a 

Cure grant to A.L.T., and by the National Institutes of Health T32 Vision Science Training grant 

4T32EY015387 to A.M.M. 

 

3.7 Supplemental Information 

 

 

 

 

 

 

Supplementary Figure 3.1: Southern blot strategy design. 
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Supplementary Figure 3.2: mCherry expression in the optic stalk. Co-localization experiments with mCherry (red), 

Pax2 (green), PCNA (gray) and counter-stained with DAPI (blue). White arrows in A-A’’ indicate mCherry+ Pax2+ 

PCNA+ cells present in the optic stalk. GCL: ganglion cell layer, ONH: optic nerve head, RGC: retinal 

ganglion cells, OS: optic stalk. Scale bar: 100 microns. 

Brn3b-mCh retinas Average stdev C57Bl/6J retinas Average stdev 
mCh+/mm2 2297 412 mCh+/mm2 n/a n/a 
Brn3+/mm2 2319 413 Brn3+/mm2 2063 262 
RBPMS+/mm2 3244 538 RBPMS+/mm2 2941 824 
mCh/RBPMS (%) 71 4 mCh/RBPMS (%) n/a n/a 
Brn3/RBPMS (%) 72 3 Brn3/RBPMS (%) 72 12 

mCh/Brn3 (%) 99 3 mCh/Brn3 (%) n/a n/a 
 

Supplementary Table 3.1: Cell counts of mCherry-Brn3b (n=4) and wild type C57/BL6J (n=3) retinas. na: not 

applicable. 
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4.1 Abstract  

Retinal neurons -and particularly retinal ganglion cells (RGCs)- are susceptible to the 

degenerative damage caused by different inherited conditions and environmental insults, 

leading to irreversible vision loss and, ultimately, blindness. Numerous strategies are being 

tested in different models of degeneration to restore vision and, in recent years, stem cell 

technologies have offered novel avenues to obtain donor cells for replacement therapies. To 

date, stem cell–based transplantation in the retina has been attempted as treatment for 

photoreceptor degeneration but the same tools could potentially be applied to other retinal cell 

types, including RGCs. However, RGC-like cells are not an abundant cell type in stem cell–

derived cultures and, often, these cells degenerate over time in vitro. To overcome this 

limitation, we have taken advantage of the neuroprotective properties of Müller glia (one of the 

main glial cell types in the retina) and we have examined whether Müller glia and the factors 

they secrete could promote RGC-like cell survival in organoid cultures. Accordingly, stem cell-
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derived RGC-like cells were co-cultured with adult Müller cells or Müller cell conditioned media 

was added to the cultures. Remarkably, RGC-like cell survival was substantially enhanced in 

both culture conditions and we also observed a significant increase in their neurite length. 

Interestingly, Atoh7, a transcription factor required for RGC development, was up-regulated in 

stem cell-derived organoids exposed to conditioned media, suggesting that Müller cells may 

also enhance the survival of retinal progenitors and/or postmitotic precursor cells. In conclusion, 

Müller cells and the factors they release promote organoid-derived RGC-like cell survival, 

neuritogenesis, and possibly neuronal maturation. 

 

Key words: Retinal Ganglion Cells, Müller glia, Stem cells, Retinal organoids, Neuroprotection, 

Neuritogenesis 

 

4.2 Introduction  

Degenerative diseases of the retina are one of the main causes of irreversible vision 

loss. Notably, retinal ganglion cell (RGC) death is the common hallmark of several ocular 

conditions, including glaucoma, Leber’s hereditary optic neuropathy (LHON), and other optic 

neuropathies 349-351. RGCs are the only output neurons of the retina as their axons form the optic 

nerve and connect the retina with the brain. As a result, RGC degeneration can lead to vision 

loss and, in fact, glaucoma is one of the leading causes of blindness worldwide 3. Although RGC 

loss is the cornerstone in the management of glaucomatous degenerations, the only FDA-

approved treatments are designed to lower intraocular pressure to slow disease progression. 

Unfortunately, these treatments do not reverse RGC damage and thus, fail to reverse vision 

loss. Therefore, the drive to develop strategies to functionally replace damaged RGCs has 

intensified in recent years 52, 53, 352. 
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Pluripotent stem cells are able to self-renew but these cells can also differentiate into 

any cell lineage of an adult organism, including all retinal cell populations 222, 248, 292. Due to this 

potential, pluripotent cells offer an unlimited source of donor cells to replace damaged cells in 

retinal degenerations. In the last decade, the ability to generate retinal neurons from pluripotent 

stem cells using three-dimensional (3D) organoid cultures has become well established 7, 220, 230, 

231, 233, 248, 353, 354. This method is based on plating dissociated pluripotent cells onto low-adhesion 

plates. Since the stem cells cannot attach to the bottom of the plate, they attach to each other 

forming 3D aggregates called embryoid bodies (EBs) that subsequently develop into organoids 

with organized layers that contain all the normal retinal neurons. As this in vitro stem cell culture 

method mirrors normal retinal development, rod photoreceptors greatly outnumber the RGC-like 

cells produced, as naturally occurs in the mouse and human retina 8, 68. Indeed, the average 

yield of stem cell-derived RGC-like cells has been estimated to be between 0.1% and 30% of 

the total number of cells 225, 226, 231, 237, 355, 356, similar to the normal percentage of RGCs in the 

retina at different developmental stages 335, 357, 358. Additionally, the number of RGC-like cells 

decreases over time in 3D cultures 235, 334. This decline is not unexpected given that newly born 

RGCs undergo two waves of programmed cell death during normal development as they 

become critically dependent on trophic support from their synaptic targets 359. Since the brain 

targets of these cells (e.g. the lateral geniculate nucleus -LGN) is not present in organoid 

cultures, Bax-mediated apoptosis is likely to be responsible for the temporal decline in RGC-like 

cell number 360. 

Müller cells are one of the principal glial cell populations in the retina, and they can 

enhance survival and neuritogenesis of RGCs in culture 361-363. This support is preferentially due 

to direct physical interactions, although it has been demonstrated that Müller cell conditioned 

medium (CM) can also significantly enhance the survival of cultured adult porcine RGCs 361. 

Interestingly, some data indicates that the neuroprotection afforded by Müller cell CM exceeds 
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whole retina CM 364. Similarly, Müller cell-derived trophic factors appear to not only improve 

RGC survival but also promote RGC neuritogenesis 365-367. 

Given the vast number of people who could benefit from RGC transplantation 3, it is 

essential to establish reliable and cost-effective methods to produce high numbers of healthy 

RGCs before their transplantation can be feasibly assessed in clinical trials. In an attempt to 

overcome the decline of stem cell-derived RGC-like cells obtained from pluripotent cells and in 

light of the neuroprotection afforded to RGCs by Müller cells, in this study we evaluate the 

effects of co-culturing stem cell-derived RGCs-like cells and adult Müller glia, and how glial cell 

CM influences survival and neuritogenesis. 

 

4.3 Results 

4.3.1 Mouse Embryonic Stem cells can be differentiated into RGC-like cell fates 

R1 undifferentiated mouse embryonic stem cells (mESCs) were directed towards retinal 

cell fates following a protocol originally described by Yoshiki Sasai’s laboratory 7, with some 

modifications from our previously described method 368. Upon differentiation, free-floating 

mESCs formed EBs that developed a neural epithelium that was apparent by day 3 as a well-

defined clear layer in the outer part of each EB (Fig. 4.1A). By day 5, the neuroepithelial layer 

evaginated and formed optic vesicle–like structures. These optic regions increased in size and 

thickness in the subsequent culturing days (Fig. 4.1A). To further confirm that the mESCs were 

directed towards retinal cell fates, we performed RT-qPCR analyses. At day 6, several retinal 

progenitor genes (Pax6, Lhx2 and Atoh7) were highly upregulated compared to the 

undifferentiated samples (Fig. 4.1B, upper panels). Atoh7/Math5 is normally expressed in a 

subpopulation of retinal progenitor cells in the developing retina and is required for RGC and 

optic nerve development in mouse and humans 159, 369, 370. Thus, the observed expression in the 
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organoid cultures suggests that the retinal progenitors in the EBs acquired the competence to 

generate RGC-like cells at these early differentiation stages. 

By day 8, a significant increase in the expression of the RGC-specific genes Brn3a 

(Pou4f1), Brn3b (Pou4f2) and Brn3c (Pou4f3) was detected (Fig. 4.1B, lower panels). Stem cell-

derived RGC-like cells were dissociated from EBs cultured for 10-15 days and, as shown in Fig. 

4.1C, a pan-Brn3 antibody abundantly co-labeled β-III-tubulin+ neurons resembling RGCs 

(white arrows in Fig. 4.1C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Typical morphologies of embryoid bodies (EBs) at the different stages of differentiation. (A) Bright field images of the 

different differentiation stages of EBs from day 0 to day 10, Scale bar: 100µm, (B) RT-qPCR analyses. Y-axis represents fold 

difference compared to undifferentiated control samples and error bars represent standard errors. All data was normalized to 

beta-Actin (ddCT) C) Day 13 EBs were dissociated and plated onto coated coverslips, and labeled with β-III-tubulin (red) and 

Pan-Brn3 (green) antibodies. Scale bar: 100µm (left panel) and 50µm (right panel). 
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4.3.2 Adult mouse Müller glia cells cultured for 7 days express normal Müller glia 

markers 

We have recently established a method to purify and culture adult Müller glia cells from mouse, 

rat and pig retinas, and we have previously shown that cultured murine Müller glia cells express 

GFAP, Glutamine Synthetase (GS), p75NTR, and Cralbp. Flow cytometry indicated that >94% of 

all the cells in these cultures express p75NTR 371. In order to further characterize our Müller glia 

culture system, we used a combination of markers normally expressed in Müller glia cells, 

including the cytoskeletal protein Vimentin (Fig. 4.2A-A’, green) and the transcription factors 

Lhx2, Pax6, and Sox2 (Fig. 4.2B-D’’, red). Negative controls for each secondary antibody 

employed were also performed in order to verify the specificity of the primary antibodies. As 

expected, cultured Müller glia cells expressed high levels of Vimentin and, variable but 

detectable levels of Lhx2, Pax6 and Sox2 were observed in Müller glia nuclei. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Cultured Müller glia cells express normal Müller glia markers. Vimentin (A-A’, green), Lhx2 (B,B’’, red), Pax6 (C,C’’, 

red), Sox2 (D,D’’, red), and DAPI (A’, B’-B’’, C’-C’’, D’-D’’, blue) expression in Müller glia cell cultures. Scale bar: 50µm 

 



 95 

4.3.3 Co-culturing stem cell-derived cells with adult Müller glia highly increased RGC-like 

cell survival 

In order to assess the possible neuroprotective effects of Müller glia on stem cell-derived 

RGC-like cells, dissociated EBs were co-cultured on a monolayer of adult mouse Müller cells for 

3 days in 3 different media: Neurobasal medium supplemented with B27 and N2 with or without 

10% FBS (more favorable to neurons), and DMEM + 10% FBS (more favorable to glia, Fig. 4.3). 

Neurobasal is a medium optimized for neuronal cell culture 372, and the use of Neurobasal 

instead of DMEM has been shown to be essential for good survival of purified RGCs 373. 

Similarly, our previous data indicated that Müller glia cells grow better when cultured in DMEM 

supplemented with 10% FBS. Given that the ideal culturing conditions for RGCs and Müller glia 

are different, we tested different media compositions to address what is the best culturing 

condition to support RGC survival when neurons are glia are combined in a co-culture system. 

Interestingly, when stem cell-derived cells were grown on Müller cells, RGC-like cell survival 

was enhanced in all the different media tested in comparison to the control conditions (the 

absence of Müller cells). On average, RGC-like cell survival increased 8.11 fold ± 0.25 (mean ± 

std. deviation) when the cells were cultured in DMEM + 10% FBS (p=0.00086), 7.5 fold ± 0.26 

(mean ± std. deviation) when cultured in Neurobasal + B27 + N2 + 10% FBS (p=0.000109), and 

10.97 fold ± 0.68 (mean ± std. deviation) when cultured in Neurobasal with B27 and N2 

(p=0.00001, Fig. 4.3E). While we detected clear differences between the control cells and the 

co-cultures, there were no statistical differences between the different culture conditions 

assayed (DMEM vs Neurobasal + 10% FBS p= 0.3482, DMEM vs Neurobasal p=0.2392, 

Neurobasal vs Neurobasal + 10% FBS p=0.86). 

4.3.4 Müller glia conditioned media (CM) enhances RGC-like cell survival 

To analyze if the factors secreted by adult Müller cells have the same effect on the 

survival of stem cell-derived RGC-like cells similar to the co-cultures, dissociated EBs were 

cultured with adult mouse Müller cell CM. RGC-like cells cultured in DMEM + 10% FBS (control) 
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were compared to those maintained in Neurobasal medium supplemented with B27 and N2 

(Neurobasal control) or to cells maintained in 1:1 Neurobasal medium B27:Müller cell CM.  

Notably, we observed significantly more RGC-like cells when the cells were maintained in the 

presence of Müller cell CM. Exposing the cultured stem cell-derived cells to the Müller cell CM 

enhanced the survival of RGC-like cells 1.85 ± 0.33 folds (mean ± std. deviation, p-value:  

0.00174) while there were no significant differences between DMEM and Neurobasal culturing 

conditions (p-value: 0.715, Fig. 4.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Effects of co-culturing stem cell-derived cells with Müller glia on RGC-like cell survival. Images of stem cell-derived 

RGC-like cells in (A) control conditions or (B-D’) co-cultured with adult Müller cells. The cells were labeled with antibodies against 

β-III-tubulin (red) for RGCs, Vimentin (green) for Müller cells and nuclei were co-stained with DAPI (blue). (E) Quantification of 
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RGC survival (fold change relative to controls) in the presence of Müller cells. The cells were cultured either in DMEM 

supplemented with 10% FBS, Neurobasal medium (NB) supplemented with N2, B27 and 10% FBS, or Neurobasal medium (NB) 

supplemented with N2 and B27 only. Statistical significance was established by one-way ANOVA with Tukey post-hoc  test. p-

values: *** < 0.001. Scale bar: 100 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Effects of Müller cell conditioned medium (CM) on stem cell-derived RGC-like cells survival in vitro. Images of stem 

cell-derived RGC-like cells maintained in (A) control conditions or (B) cultured with adult Müller cell CM. The cells were labeled 

with antibodies against β-III-tubulin (red). (C) Quantification of RGC survival (fold change relative to controls) in the presence of 

CM. Statistical significance was established by one-way ANOVA with Tukey post-hoc test. p-value: * < 0.05. Scale bar: 50µm.  

 

 

 

 



 98 

4.3.5 Müller glia conditioned media (CM) increases Atoh7 and Brn3b expression  

The effect of the Müller cell CM on the survival of stem cell-derived RGC-like cells was 

also assessed in non-dissociated EBs by analyzing the expression of Brn3b and Atoh7 by RT-

qPCR. Brn3b (Pou4f2) is a protein expressed in most RGCs 146, 156-158, 164, while Atoh7 is a 

transcription factor that is transiently expressed during early retinal histogenesis and that is 

necessary for RGC development 159, 172, 313. Both Brn3b and Atoh7 expression was enhanced 

when EBs were cultured with adult Müller cell CM, Atoh7 was upregulated 6.14 fold (p= 0.0309), 

and Brn3b 4.12 fold (p= 0.021, Fig. 4.5). 

 

 

 

 

 

 

 

 

Figure 4.5: Brn3b and Atoh7 expression in EBs cultured in adult Müller cell conditioned media (CM). Relative Brn3b (A) and 

Atoh7 (B) expression in EBs maintained in Müller cell CM. Data shown as fold change compared to control cells and normalized 

to Beta-Actin (ddCT). Student’s t-test was used to compare control and experimental condition for statistical significance. p-

value: * < 0.05. 

 

4.3.6 Co-culturing RGC-like cells with Müller glia cells as well as Müller glia conditioned 

media (CM) increases neuritogenesis 

Previous data have shown that Müller glia can enhance neuritogenesis of cultured adult 

RGCs 361, 366. To assess whether a similar effect was also elicited on stem cell-derived RGC-like 

cells, we quantified the neurite length of the longest neurite of cells cultured in control conditions 
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(DMEM + 10% FBS), cells exposed to CM (1:1, DMEM + 10% FBS: CM), and RGC-like cells 

co-cultured with Müller glia. To avoid including dying cells in the quantifications, all experiments 

were co-stained with DAPI and we excluded from the counts any cells exhibiting pyknotic nuclei 

or axonal fragmentation. Remarkably, both CM and co-culturing conditions significantly 

increased neurite length (Fig. 4.6). At least 70 individual neurites were measured from 3 

different biological replicates for each condition. In control conditions, the longest neurite grew 

129.7 ± 112μm (mean ± std. deviation), the cells exposed to Müller glia-conditioned media 

extended neurites that measured 270.6 ± 155 μm (mean ± std. deviation) while the RGCs co-

cultured with Müller glia exhibited significantly longer neurites that grew 434.3 ± 262 μm (mean 

± std. deviation), with the longest neurites measuring over 1mm. 
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Figure 4.6: Effects of Müller cell co-cultures and conditioned medium (CM) on stem cell-derived RGC-like cell neuritogenesis. 

Images of stem cell-derived RGC-like cells maintained in (A) control conditions or (C) cultured in Müller cell CM or (D) co-

cultured with adult Müller. The cells were labeled with antibodies against β-III-tubulin (red). (B) Quantification of RGC-like cell 

neurite length. Statistical significance was established by one-way ANOVA with Tukey post-hoc multiple comparison test. p-

value: ** < 0.005, *** < 0.001. Scale bar: 100µm.  

 

4.4 Discussion 

In recent years, stem cell therapies have become a promising strategy to develop novel 

treatments for retinal degenerations. As stem cell protocols have advanced, derivation methods 

and utilization of specific culturing conditions have been established to set the proper conditions 

for controlled and directed differentiation towards retinal cell fates, including RGC-like cells 230-

232, 237, 368, 374. Our data indicates that, in culture, organoids acquire the competence to generate 

RGC-like cells at early stages of differentiation as retinal progenitor genes are upregulated from 

day 6 (Fig.1 B) and RGC-associated genes (Brn3a, b and c) are increased from day 8, 

mimicking the normal developmental progression of the embryonic retina 152, 254, 375. Surprisingly, 

Brn3b initially exhibits a decline in expression (day 6 in vitro, Fig1 B). While most of the 

commonly used retinal markers are not expressed in undifferentiated stem cells, it has been 

previously shown that Brn3b is expressed in germ cells and stem cells at the earliest stages of 

embryonic development 322 and thus, the initial decline probably reflects the ongoing 

differentiation from Brn3b+ undifferentiated cells. 

Stem cell-derived RGC-like cells have been previously characterized by their molecular 

signatures and physiological properties 355, 356, 376, 377. These experiments validate that the cells 

made from organoids in vitro are remarkably similar to endogenous RGCs even though 

differences in their maturation status have been reported 241. Correspondingly, retinal organoids 

yield different RGCs subtypes, can fire action potentials, and respond to normal 

chemoattractant and chemorepellent cues 224, 355, 378. However, within 3D retinal organoid 



 101 

cultures, RGC-like cells die over time 235 and, in fact, these cells are not observed in mouse 

retinal organoids beyond differentiation day 25 379. This currently unavoidable cell loss is likely 

the result of two main factors: RGC-like cell number in culture is probably governed by the same 

programmed cell death processes that occur during normal development 380, 381 and a failure to 

locate brain targets and establish normal synaptic connections in vitro. Another factor driving 

RGC-like cell degeneration in culture may be a technical limitation: organoids grown in free-

floating 3D cultures have limited access to oxygen and nutrients. This is in stark contrast to a 

living animal with constant blood flow to replenish all tissues and cells with nutrients and 

oxygen. Regardless of the molecular causes of the degeneration, novel strategies must be 

devised to increase organoid-derived RGC survival before we can translate these technologies 

to clinical applications.  

Glia are typically considered the support cells of the nervous system due to their critical 

functions in providing structural and metabolic support, regulating the blood-brain barrier, and 

controlling synaptic modulation and tissue homeostasis 382. One of the most abundant glial 

types in the retina, the Müller glia, expands across all the layers of the retina and it has been 

well-characterized that these cells can enhance the survival of different retinal neurons 42. 

Importantly, Müller glia functions have been shown to increase survival of RGCs 361, 366, 383. For 

instance, Müller glia secrete neurotrophic factors like BDNF 384, CTNF 385, basic fibroblast 

growth factor (bFGF) 386, pigment epithelium-derived growth factor (PEDGF) 387, and glial-

derived neurotrophic factor (GDNF) 388. Classic experiments have shown that these trophic 

factors can promote RGC survival in vitro 365, 389 and in experimental models of RGC damage 390-

393. In addition to these roles, Müller glia are also known to phagocytose cell debris in 

physiological and pathological conditions 394-396. Given the strong neuroprotective effect of 

Müller glia on neurons, we have developed a strategy to use adult Müller cells to enhance the 

survival of stem cell-derived RGC-like cells during retinal differentiation.  
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Notably, we have shown that co-culturing RGC-like cells derived from stem cells 

together with Müller glia greatly enhances survival and neuritogenesis. Similarly, dissociated EB 

cultures were maintained with medium conditioned by Müller cells to assess whether the 

increase of organoid-derived RGC-like cell survival was due to factors released by the Müller 

cells. The conditioned medium also significantly increased the survival and neuritogenesis (Fig. 

4 and 6), indicating that the effect of Müller cells is not mediated by substrate alone. However, 

as the effects of co-culturing cells on the survival of stem cell-derived RGC-like cells were 

greater than that observed with CM alone, there appears to be a synergistic effect of membrane 

bound and diffusible factors. It is also possible that the half-life of factors necessary to 

significantly improve the health of stem cell-derived RGCs is short, and the presence of Müller 

glia that constantly replenish these factors increases the beneficial effect these factors have on 

RGCs in vitro.  Additionally, Müller glia cells can elicit phagocytic functions in coordination with 

the microglia, often considered the “professional” phagocytic cells of the retina 12, 397, 398. During 

development, the microglia originates in the primitive yolk sac 399 and infiltrate in the retina 

during early development. Since they have a different embryonic origin, microglia cells are not 

present in stem cell-derived retinal organoids as the stem cells are first directed towards 

ectodermal fates. Importantly, it has been suggested that the phagocytic activity of Müller cells 

becomes more relevant in degenerative situations where the microglia are absent 400. By 

clearing debris and removing cellular corpses, Müller glia may prevent subsequent damage to 

other neurons in stem cell-derived cultures. 

In a series of elegant experiments, the Meyer lab has recently shown that co-culturing 

hiPSCs-derived RGC-like cells with astrocytes, another important glial type of the retina, 

increased RGC neurite length and complexity, and improved RGC maturation, including a 

significant enhancement of the RGC electrophysiological properties 241. Overall, the neurite 

length in control conditions measured in this study as well as the effect elicited by co-culturing 

with astrocytes are comparable to our results even though we are using mouse cells. In 
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contrast, astrocyte conditioned media showed no effects in RGC neuritogenesis. In our 

experiments, Müller glia CM not only increased neuritogenesis but also enhanced the 

expression of Brn3b in non-dissociated EBs, suggesting an enhanced survival of stem cell-

derived RGCs in non-dissociated EBs (Fig. 5), similar to the survival detected in isolated cells. 

We also assessed the expression of Atoh7, a transcription factor that is transiently expressed 

during early retinal histogenesis and that is necessary for RGC differentiation 159, 172, or survival 

401. Our results show that Atoh7 expression is enhanced in EBs grown in CM, suggesting that 

the factors released by Müller cells not only enhance the survival of RGCs but also, they 

increase the survival of the progenitor cells that can differentiate into RGCs. 

In conclusion, Müller cells release factors that enhance the survival of stem cell-derived 

RGC-like cells and that also contribute to neuritogenesis and maturation. These findings could 

improve stem cell-based transplant strategies currently under development. In future studies, 

the role of Müller glia should be considered when developing in vitro models using RGCs. 

Moreover, given the important role of Müller glia in RGC survival, future studies should also 

shed light on the molecular relationships between the Müller glia and the RGCs in pathological 

conditions, perhaps opening novel targets for therapeutic strategies for the treatment of 

glaucoma and other RGC degenerations.  

 

4.5 Materials and Methods 

4.5.1 Animals 

Adult mice (Mus musculus, CD-1 IGS) were obtained from Charles River Laboratories 

(Wilmington, MA). All the animals had ad libitum access to food and water and were kept at a 

constant temperature of 21°C on a 12h light/ 12h dark cycle. All mouse husbandry and handling 

was in accordance with protocols approved by the University of California Davis Animal Care 
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and Use Committee (IACUC protocol #19413), which strictly adheres to all NIH guidelines and 

satisfies the Association for Research in Vision and Ophthalmology guidelines for animal use.  

4.5.2 Mouse ESC Culture 

Mouse embryonic stem cells (mESCs; R1 line) were obtained from ATCC (SCRC-1011, 

Manassas, VA). The undifferentiated cells were maintained in medium containing leukemia 

inhibitory factor (LIF) and MAPK and GSK3β inhibitors (LIF+2i): ES qualified Dulbecco's 

modified Eagle's medium (DMEM) supplemented with 20% heat-inactivated fetal bovine serum 

(FBS, Thermo Fisher, Carlsbad, CA), non-essential amino acids (NEAAs) (Thermo Fisher, 

Waltham, USA), sodium pyruvate (Thermo Fisher), 0.1mM β-mercaptoethanol (Sigma Aldrich, 

Saint Louis, MO), 100 µl of LIF (10 million units/ml: ESGRO, Millipore, Billerica, MA), 3 µM of a 

GSK3β inhibitor (Stemgent, Cambridge, MA) and 0.4 µM of a MEK inhibitor (Stemgent). All 

undifferentiated cells were maintained in feeder-free conditions using growth factor-reduced 

Matrigel-coated plates (GFR-Matrigel was from Corning, New York, NY). Only low-passage (< 

passage 30) cultures were used for these experiments. 

4.5.3 Retinal Differentiation of mESCs 

Retinal differentiation of mESCs was performed following a previously defined protocol, 

with minor variations 292. Semi-confluent undifferentiated colonies were dissociated to a single 

cell suspension using TrypLE (Gibco, Rockville, MD) and gentle mechanical dissociation. 

Subsequently, 5,000 undifferentiated cells were plated in 96-well ultra-low attachment plates 

(Sbio, Hudson, NH) in retinal differentiation (RD) medium (Day 0): Glasgow minimum essential 

medium (GMEM; Thermo Fisher) supplemented with 1% NEAAs, 1% sodium pyruvate, 1.5% 

Knock-Out Serum Replacement (KSR; Thermo Fisher,) and 0.01mM β-mercaptoethanol 

(Sigma-Aldrich). In these conditions, free-floating mESCs spontaneously formed aggregates 

(EBs) in less than 12-14 hours. 24 hours later (Day 1), 2% Growth Factor Reduced-Matrigel 

(Corning) was added to each well. On day 4, the EBs were moved to low-attachment six-well 

plates (Thermo Fisher) and the medium was replaced with 3:1 RD media and Tom´s medium. 
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The formulation of Tom’s medium is as follows: Neurobasal A medium (Thermo Fisher), 1% 

Bovine serum albumin (BSA; Invitrogen, Eugene, Oregon, USA), 1% B27, 1% N2, 1% NEAAs, 

0.4% HEPES, 1% sodium pyruvate, and 0.075% sodium bicarbonate (all from Thermo Fisher). 

On day 5, the medium was replaced with to 1:1 RD medium: Tom’s medium, and on day 6, the 

medium was replaced with 1:3 RD medium:Tom´s medium. Finally, on day 7 the medium was 

replaced with 100% Tom´s medium and the EBs were maintained until day 10-15, as indicated 

in each experiment. 

4.5.4 Adult Müller cell cultures 

Mice were sacrificed by cervical dislocation and their eyes were enucleated. The 

corneas, crystalline, lens and the vitreous bodies were removed, and the retinas were carefully 

extracted in fresh DMEM/-CO2 medium. The retinas were then cut into small fragments and they 

were incubated at 37°C for 30 minutes in a Sterile Earle´s Balanced Salt Solution (EBSS) 

containing Papain (20 U/mL) and DNase (2000 U/mL: Worthington, Lakewood, NJ, USA). 

Enzyme digestion was stopped by adding Ovomucoid, according to manufacturer’s instructions, 

and the tissue was then mechanically dissociated. Isolated cells were recovered by 

centrifugation at 1200 rpm for 5 minutes. The pelleted cells were resuspended in DMEM + 10% 

FBS, seeded onto sterile 13mm glass coverslips in 24 well plates, coated with poly-L-lysine (100 

µg/ml: Sigma-Aldrich) and laminin (10 µg/ml: Sigma-Aldrich), and further cultured in DMEM + 

10% FBS. All the cells recovered from 1 mouse retina were seeded in one well. The cultures 

were maintained in a humidified incubator at 37°C in an atmosphere of 5% CO2. The media was 

replaced with fresh media on day 1 of culture and subsequently, every 3 days. These cultures 

reached confluence after 7 days in vitro (DIV). 

4.5.5 Co-cultures of stem cell-derived RGC-like cells and Müller cells 

Day 10-15, EBs were collected and mechanically dissociated with Accutase (Stem Cell 

Technologies), centrifuged at 1200 rpm for 2 min and resuspended in DMEM + 10% FBS. 

Dissociated EBs were seeded on a monolayer of Müller cells and maintained for 3 days in one 
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of 3 different media: (1) Neurobasal supplemented with B27 and N2, (2) Neurobasal 

supplemented with B27, N2, and 10% FBS, or (3) DMEM supplemented with 10% FBS. 

Dissociated EBs seeded onto sterile poly-L-lysine and Laminin coated 13 mm glass coverslips 

in 24 well plates were used as controls. 

4.5.6 Müller cell conditioned media collection 

Conditioned media (CM) was collected when Müller cell cultures had reached 

confluence (day 7), first washing the wells three times with DMEM medium supplemented with 

1% L-glutamine and 0.1% gentamicin (Thermo-Fisher). DMEM was then added to each well and 

left for 3 h before the medium was changed to eliminate the rest of the FBS. Fresh DMEM was 

then added for 2 days before it was collected and sterilized by passing through a 0.22 μm filter. 

The CM was frozen in aliquots at −20 °C and the Müller cells that produced it were fixed for 10 

min with methanol at −20 °C.  

4.5.7 Application of conditioned media 

EBs dissociated on day 10 were plated (10 EBS/well) on 13 mm poly-L-lysine and 

Laminin coated glass coverslips in 24-well plates to test the activity of the CM. The cultures 

were maintained in a mixture of 50% Neurobasal medium supplemented with 2% B27 and N2, 

1% L-glutamine (Thermo-Fisher) and 0.1% gentamicin, and 50% CM. The cells were cultured 

for 3 days at 37°C in a humidified atmosphere containing 5% CO2 and the medium was 

changed every 2 days. Cells maintained in Neurobasal medium supplemented with 2% B27 and 

1% L-glutamine were used as controls. The cells were fixed for 10 min with ice-cold methanol at 

−20 °C on day 3. 

Undissociated day 10 EBs were also maintained in a mixture of 50% Tom´s media and 

50% CM for 3 days, using EBs maintained in Tom´s medium alone as controls. The EBs were 

then collected for RNA extraction and at least three replicates of each culture were made, 

performing the procedure in triplicate. 
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4.5.8 Immunocytochemistry 

After 3 days in co-culture or in the presence of CM, the cells were fixed in cold methanol 

(-20 ºC) and washed with PBS (pH 7.0). After blocking non-specific antigens with blocking buffer 

(10% NGS and 0.1% Triton X-100 in PBS), the cells were incubated with primary antibodies at a 

dilution indicated in Table 1 at 4ºC overnight. The next day, the cells were extensively washed 

with PBS and incubated with Alexa Fluor secondary antibodies as indicated in Table1. 

Subsequently, the cells were washed with PBS, the cell nuclei were labeled with DAPI at a 

dilution of 1:10,000, and the coverslips were then mounted with Fluoromount-G (Southern 

Biotech, Birmingham, AL).  

Table 1: List of antibodies used in this study 

Antibody Specificity Catalogue  Dilution Source 

Pan-Brn3 RGCs sc-6026 1:200 Santa Cruz 

β-III-tubulin RGCs 801201 1:1,000 Biolegend 

Vimentin Müller glia N/A 1:1,000 gift from Dr. P. FitzGerald 

Lhx2 Müller glia sc-19344 1:250 Santa Cruz 

Pax6 Müller glia 901301 1:200 Biolegend 

Sox2 Müller glia sc-17320 1:500 Santa Cruz 

Alexa 488 anti-goat Goat IgG A11055 1:500 Thermo Fisher, Carlsbad, CA 

Alexa 568 anti-mouse Mouse IgG A10037 1:500 Thermo Fisher, Carlsbad, CA 

Alexa 488 anti-rabbit Rabbit IgG A21206 1:500 Thermo Fisher, Carlsbad, CA 

 

4.5.9 qPCR 

Total RNA was extracted from the whole EBs maintained in CM using Trizol (Invitrogen) 

and chloroform extraction, according to the manufacturer's instructions. The RNA was digested 

with DNase1 (Qiagen, Hilden, Germany), cleaned using the Qiagen RNA mini clean-up kit and 
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reverse transcribed into cDNA using the Superscript III RT kit (Invitrogen) following the 

manufacturer's instructions. qPCR was performed using the primers indicated in Table 2. 

Table 2: List of qPCR primers (5’ to 3’).  

Pou4f1 Forward 
CGC GCA GCG TGA GAA AAT G 

Pou4f1 Reverse 
CGG GGT TGT ACG GCA AAA T 

Pou4f2 Forward CGT ACC ACA CGA TGA ACA GC  

Pou4f2 Reverse AGG AGA TGT GGT CCA GCA GA  

Pou4f3 Forward 
CGA CGC CAC CTA CCA TAC C 

Pou4f3 Reverse 
CCC TGA TGT ACC GCG TGA T 

Atoh7 Forward CCC TAA ATT TGG GCA AGT GAA GA 

Atoh7 Reverse CAA AGC AAC TCA CGT GCA ATC 

Lhx2 Forward CTG TTC CAG AGT CTG TCG GG 

Lhx2 Reverse CAG CAG GTA GTA GCG GTC AG 

Pax6 Forward CTG GAG AAA GAG TTT GAG AGG 

Pax6 Reverse TGA TAG GAA TGT GAC TAG GAG 

B-Actin Forward CTA AGG CCA ACC GTG AAA AG 

B-Actin Reverse ACC AGA GGC ATA GAG GGA CA 

GAPDH Forward TGA CCA GAG TCC ATG CCA TC 
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GAPDH Reverse GAC GGA CAC ATT GGG GGT AG 

 

4.5.10 Quantification and statistical analysis of RGC-like cells 

Fluorescent images of RGC-like cells and Müller cells were taken on a Leica DM 5000 M 

fluorescence microscope with a Leica DFC 500 camera using the same exposure times to 

compare control and treatment conditions. The total number of RGC-like cells per coverslip was 

quantified using the specific markers indicated for each experiment. The RGC-like cells and 

Müller cells in co-cultures were counted, and statistical analyses were carried out using the IBM 

SPSS Statistics software v.21-0 and the homogeneity of the variances was assayed with the 

Levene´s test. A Mann–Whitney U test or ANOVA were used to assess whether there were 

significant differences between the groups. The minimum value of significance for both tests 

was defined as p<0.05. At least 4 complete coverslips and 3 independent experiments were 

analyzed for each experimental condition. 
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5.1 Abstract  

Rod and cone photoreceptors differ in their shape, photopigment expression, synaptic 

connection patterns, light sensitivity, and distribution across the retina. Although rods greatly 

outnumber cones, human vision is mostly dependent on cone photoreceptors since cones are 

essential for our sharp visual acuity and color discrimination. In humans and other primates, the 

fovea centralis (fovea), a specialized region of the central retina, contains the highest density of 

cones. Despite the vast importance of the fovea for human vision, the molecular mechanisms 

guiding the development of this region are largely unknown. MicroRNAs (miRNAs) are small 

post-transcriptional regulators known to orchestrate developmental transitions and cell fate 

specification in the retina. Here, we have characterized the transcriptional landscape of the 

developing rhesus monkey retina. Our data indicates that the nonhuman primate fovea 

development is significantly accelerated compared to the equivalent retinal region at the other 

side of the optic nerve head, as described previously. Notably, we also identify several miRNAs 
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differentially expressed in the presumptive fovea, including miR-15b, miR-342-5p, miR-30b-5p, 

miR-103-3p, miR-93 as well as the miRNA cluster miR-183/-96/-182. Interestingly, miR-342-5p 

is enriched in the nasal primate retina and in the peripheral developing mouse retina, while miR-

15b is enriched in the temporal primate retina and increases over time in the mouse retina in a 

central-to-periphery gradient. Together our data constitutes the first characterization of the 

developing rhesus monkey retinal miRNome and provides novel datasets to attain a more 

comprehensive understanding of foveal development. 

Keywords:  MicroRNAs, Retinal development, Fovea, miR-342-5p, miR-15b, rhesus monkey 

 

5.2 Introduction 

Sight is often considered our most fundamental sense to perceive and navigate the 

world and, as a result, vision loss has a devastating impact on everyday life. Visual perception 

begins when photons of light enter the eye and are absorbed by the photoreceptors, the light-

sensitive cells of the retina. There are two classes of photoreceptors named rods and cones 

because of their distinctive morphologies. While both populations contribute to the information 

transmitted to the visual centers of the brain by the optic nerve, these two cell types serve 

different purposes: rods are highly sensitive to light and provide relatively coarse, colorless 

images, while cones require considerably brighter light and are responsible for our sharp 

chromatic vision and spatial acuity 402.  

All photoreceptors are localized in the outer nuclear layer of the retina and are organized 

in a mosaic pattern that varies in different organisms to fit their environments and behaviors 403-

407. In most mammals, rods outnumber cones by orders of magnitude: in the mouse retina, rods 

constitute 97.2% and cones are 2.8% of all photoreceptors (38:1 rod to cone ratio, 8, 408), while 

the human retina contains an average of 92 million rods and 4.6 million cones (20:1 rod to cone 

ratio, 409). In humans and other primates, most of the cones are confined to a small region of the 

central temporal retina called macula lutea (macula), where the cone concentration is about 
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200-fold higher than the most eccentric retinal regions 409-412. At the center of the macula, a 

small indentation marks the location of the fovea centralis (fovea) corresponding with the center 

of the visual field. At the foveal pit, all photoreceptors are densely packed cones and there are 

virtually no rods 413-416. Despite the overall predominance of rod photoreceptors, primates have 

evolved to primarily utilize cone pathways, and most of our useful photopic vision depends on 

the cones in the fovea such that a 2-millimeter lesion in this area will result in legal blindness.  

Age-related macular degeneration (AMD), one of the most prevalent types of 

photoreceptor degeneration, affects millions of people worldwide, and causes irreversible vision 

loss from the selective degeneration of the photoreceptors of the fovea 417. It has been 

estimated that AMD affects up to 25% of the U.S. population over the age of 80 418, illustrating 

the urgent need for novel treatments to restore the cones of the fovea. Efforts to develop 

therapies aimed at cone replacement will inevitably require preclinical studies using nonhuman 

primates, but our understanding of primate retinogenesis is still incomplete. Similarly, despite 

the fundamental importance of the fovea for human vision, the molecular mechanisms that 

guide the development of this region as well as the pathways that regulate the higher ratios of 

cone production remain largely unresolved. 

During retinal development, different classes of retinal populations are consecutively 

added in a well-known sequence that is conserved in all vertebrates 329, 375, 419, 420: Retinal 

ganglion cells (RGCs), cone photoreceptors, and horizontal cells are the first cell populations to 

be born, followed by amacrine cells and rod photoreceptors, and finally, bipolar cells and Müller 

glia are born last. Classic lineage-tracing studies showed that retinal progenitor cells are 

multipotent such that one single type of progenitor cell has the ability to differentiate into multiple 

postmitotic cell types. Evidence from heterochronic transplants 421-424, in which neural 

progenitors were transplanted into an environment of a different age and, more recently, single-

cell transcriptomics 263, 425, 426 has revealed that (1) retinal progenitors are intrinsically restricted, 
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and (2) retinal progenitors pass through waves of competence to acquire and lose the ability to 

make specific cell types at different developmental stages.  

MicroRNAs (miRNAs) are small RNA molecules known to regulate several aspects of 

development. To date, over 2,000 miRNAs have been recorded in miRbase (miRbase.org)427 

and both computational and experimental analyses indicate that most protein-coding genes are 

regulated by one or more miRNAs 428, 429. The essential roles of miRNAs in cell fate acquisition 

and central nervous system (CNS) patterning are well established. miRNAs are known to 

regulate neural progenitor competence in vivo 155, 192, 193, 430, 431 and in vitro 432, 433, and some 

miRNAs have been associated with the production of specific cell types 432, 434-436.  

Given the vast importance of miRNAs as developmental regulators, we have sought to 

characterize the miRNome of the early developing nonhuman primate retina, specifically the 

rhesus monkey (Macaca mulatta), an Old World nonhuman primate. We have generated 

transcriptomic profiles of rhesus fetal retinas at three developmental time points, spanning the 

major stages of development, and we have used miRNA-sequencing technologies to identify 

miRNAs differentially expressed in the presumptive fovea (temporal side of the retina) 

compared to its equivalent region at the other side of the optic nerve head (nasal) at early 

stages of retinal development. In addition, we have chosen miRNAs with significant differential 

expression between retinal regions and we have validated their expression using in situ 

hybridization in mouse and human samples. Together, our data provides invaluable resources 

for studies aimed at understanding the role of miRNAs in retinal development as well as 

datasets to broaden our knowledge of foveal development. 

 

5.3 Results 

5.3.1 Transcriptomic characterization of the developing rhesus monkey retina 

Total RNA was obtained from retinal punches (approximately 2.5 mm in diameter) from 

the prospective fovea (temporal side) and the equivalent region at the other side of the optic 
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nerve head (nasal side), from three different time points spanning the three rhesus gestation 

trimesters (50 days gestational age (late first trimester), 90 days (second trimester), and 150 

days (third trimester); term 165 ± 10 days). In the rhesus monkey trimesters are divided by 55-

day increments (0-55, 56-110, 111-165 days) 437. We performed Next Generation Sequencing 

(NGS) analyses (50 days: 6 samples, 3 temporal and 3 nasal, 90 days and 150 days: 2 

samples, 1 temporal and 1 nasal for each ontogenic stage). After the pre-processing pipeline 

and quality controls, more than 89% of the reads were aligned with the rhesus monkey genome 

(reference genome: Mmul_1; annotation reference: Ensembl_75) for each sample. On average, 

74.9 million reads were obtained from each sample, and genome mapping was on average 

90%.  

We used the expression of cell type-enriched genes as a read-out of the timing of retinal 

histogenesis (Fig. 5.1A-E, Suppl. Table 5.1). As expected, by 50 days gestational age, several 

well-known progenitor genes are highly expressed (e.g., PRTG, FOXP1), but not all progenitor 

genes reach the highest expression point at these early stages and several progenitor genes 

such as bHLH transcription factors (e.g., ASCL1, NEUROG2) and some genes associated with 

active proliferation (e.g., CCND1, CDK4, E2F1, E2F2) do not peak until 90 days gestational age 

(Fig. 5.1A and Suppl. Fig. 5.1A). Previous reports have identified clear transcriptional 

differences between early and late retinal progenitor competence states in mouse and human 

retinas 263, 425, 426, including a progressive increase in Notch signaling. The activation of the 

Notch pathway activation maintains cells in a proliferative state ensuring that a subset of 

progenitors remains for the consecutive waves of neurogenesis 438, 439 and Notch also regulates 

fate decisions through the regulation of neurogenic genes 440, 441. Correspondingly, many genes 

involved in the Notch signaling pathway show their highest levels of expression at 90 days in 

our screening (Suppl. Fig. 5.1B), with NOTCH1, NOTCH3, DLL1, DLL3 and HES5 peaking at 

this time. 
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Figure 5.1: RNA-sequencing of Macaca mulatta retinas. A-E) Heatmaps showing expression of cell-specific markers during 

Macaca mulatta retinal development. Comparisons between Temporal (T) and Nasal (N) data is shown at 50, 90, and 150 days 

gestational age. A) Retinal Progenitor Cell markers. B) Retinal Ganglion Cell markers. C) Photoreceptor cell markers. D) Bipolar 

cell markers. E) Muller Glia cell markers. All data is shown as CPM (counts per million). F) Scatter plot of genes show showing 

differences between temporal and nasal expression. TvN: Temporal vs Nasal. Stars indicate miRNAs previously identified as 

macula-enriched. 

 

Similarly, genes known to be expressed in both mouse and human RGCs exhibit specific 

expression at different time points (Fig. 5.1B). For example, several transcription factors such as 

ISL1 and SOX11 are highly expressed at early stages of development corresponding with their 
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expression in other species 176, 442, 443, while genes associated with RGC synaptic maturation 

(e.g. NRN1 or SNCG) increase over developmental time and peak in the third trimester. 

Interestingly, many photoreceptor-specific 444 and bipolar cell-specific markers 445 are detected 

first in the temporal samples before the nasal samples starting from 50 days gestational age 

(Fig. 5.1C-D). Accordingly, at this time, the temporal samples exhibit higher levels of cone 

genes (e.g., PDE6H, 3.5-fold enrichment; Fig. 5.1C) and early bipolar genes (e.g., VSX1 shows 

a 28-fold enrichment, GSG1 shows a 3.1-fold enrichment, and TMEM215 shows an 8.3-fold 

enrichment; Fig. 5.1D). These differences between temporal and nasal regions are more 

prominent in the second trimester (90 days), reflecting a vast developmental acceleration in the 

presumptive fovea. Thus, by 90 days, the expression of GUCA1B is 14.5-fold higher in the 

temporal samples, PDE6H shows an enrichment of 5.8-fold, and the bipolar markers VSX1, 

CABP5, PRDM8, GSG1, TMEM215 are enriched 39.8-, 2.6-, 2.8-, 4.5- and 10.3-fold, 

respectively. Correspondingly, many Müller glia-specific genes are up-regulated over 

developmental time, including NFIX, GLUL, CA2 and RLBP1 (Fig. 5.1E). 

In addition to the cell-specific markers, other genes also exhibit transcriptional 

differences between the temporal and nasal regions of the developing rhesus eye (Fig. 5.1F, 

Suppl. Table 5.1). Notably, many of these genes have been previously shown to be differentially 

expressed in the developing macula or the high-acuity area of other species. For example, 

FOXG1 is a transcription factor exclusively expressed in the nasal portion of the retina in fish, 

mouse, and human 264, 446-448 and Hoshino and collaborators demonstrated that CYP1B1 is 

enriched in the periphery of the human fetal retina 264. Notably, CYP26A1 is higher in the 

temporal retina at all the ages analyzed and ALDH1A1 is enriched in the nasal retina. CYP26A 

and ALDH1A1 are negative and positive regulators of retinoic acid (RA) levels, respectively and 

downregulation in RA signaling correlates with the development of a rod-free area in the avian 

retina 449. CYP26A1 and NPVF have also been previously identified as developing macula 

markers in human samples by different reports 263, 264. Additionally, our analyses also identify 
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novel genes such as CROC4 (C1orf61), CASQ2, SPARCL1, and WIF1 as genes presenting 

strong differential expression signatures between the presumptive fovea and the nasal side at 

different gestational time points (Fig. 5.1F). Collectively, these results show that the macaque 

presumptive fovea is developmentally advanced relative to the opposite nasal region, confirming 

the utility of these data as a tool to analyze differences between temporal and nasal expression. 

5.3.2 miRNA-sequencing and differential expression profiles between temporal and nasal 

fetal rhesus monkey retinas 

miRNA libraries were obtained from retinal punches from the temporal side of the retina 

(presumptive fovea) and the nasal side of the optic nerve head as described above, at 50 days 

gestational age (n=3 samples for each anatomical region, 6 samples total). After NGS profiling, 

an average of 29.9 million reads were obtained per sample, and the data was mapped to 

miRBase (release 20) and normalized. Principal Component Analysis (PCA) was performed by 

including the top 50 microRNAs that varied the most across all samples using normalized reads. 

As shown in Fig. 5.2A, the foveal/temporal samples form a relatively robust cluster indicating 

that the biological differences between these samples are pronounced despite the nasal 

samples exhibiting larger intra-group variability.  

Importantly, our experiments indicate that several miRNAs are differentially expressed in 

the different regions of the developing primate retina (Fig. 5.2B-C). For example, miRNAs miR-

183, miR-96, and miR-182 are significantly enriched in the developing fovea (3.3-fold, 5.21-fold 

and 5.11-fold, respectively). miR-183/-96/-182 are co-expressed together as a single primary 

transcript, are highly expressed in developing photoreceptors in mouse and zebrafish and play 

essential roles in photoreceptor development and maintenance 450-452. Since the temporal region 

of the developing primate eye exhibits both a developmental acceleration and higher 

percentage of photoreceptors, it is not surprising that this family is expressed at greater levels in 

the temporal samples. Additionally, several other miRNAs are significantly enriched in the 

presumptive fovea compared to the nasal samples, including miR-369-3p (4.86-fold enrichment 



 119 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: MiRNA-sequencing of Macaca mulatta retinas. A) Two-dimensional Principal Component Analysis was used to 

visualize sample variance between six retinal tissue samples. B) Heatmap shows different miRNA expression between nasal and 

temporal samples. Only miRNAs with a False Discovery Rate (FDR) value of <0.01 between nasal and temporal samples are 

shown. C) Volcano plot of miRNA plotted on fold change (log2, x-axis) and P value (-log10(p-value), y-axis) shows difference in 

expression between nasal and temporal retina. Stars indicate the photoreceptor enriched miR-183/96/182 cluster.   
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with a p-value of 2.45E-7), miR-15b-5p (3.85-fold enrichment with p-value of 5.6E-7), miR-30b-

5p (3.96-fold enrichment with a p-value of 8.99E-6), miR-103-3p (2.69-fold enrichment with a p-

value of 0.0009), and miR-93-5p (2.57-fold enrichment with a p-value of 0.0019). However, the 

expression levels of miR-369-3p are fairly low (Fig. 5.2B). In contrast, miR-342-5p is 

significantly enriched in the nasal site (2.71-fold with a p-value of 1.96E-10). 

 Interestingly, miRNAs belonging to the same families often show similar expression 

profiles: all members of the miR-17/-20/-93/-106/-519 family are enriched over two-fold in the 

temporal samples, miR-15b and miR-16 are enriched 3.85-fold and 2.65-fold respectively, and 

miR-130a/-130b/-454/-301 are also all expressed at higher levels in the temporal region of the 

eye (Suppl. Table 5.2). This suggests that these miRNA families are frequently regulated as a 

whole, perhaps at the primary transcript stage. 

Notably, our analyses reveal several miRNAs that were not previously annotated in the 

Macaca mulatta database but known in other species (Fig. 5.3A) as well as putative novel 

miRNAs (Fig. 5.3B), based on counts and putative secondary precursor hairpin structures 

identified using the miRPara software 453. 

5.3.3 miRNA expression in the mouse developing retina 

The miRNAs identified in our screening could be differentially expressed in the 

developing fovea for various reasons; for example, since the fovea is developmentally 

accelerated, temporally-regulated miRNAs are expected to increase first in the temporal side of 

the retina. Similarly, miRNAs enriched in cell populations found in higher percentages in the 

fovea (e.g., cones) could also exhibit higher expression levels in the temporal samples. Finally, 

the progenitors of the fovea could possess unique properties and miRNA signatures. 

Since miRNA-seq technologies do not offer cellular resolution, and given the costs of 

primate samples, we first attempted to validate the developmental expression and cellular 

resolution of the top miRNA candidates using mouse tissue at three different time points:  

embryonic day 13.5 (E13.5), E16.5 and postnatal day 3 (P3) by in situ hybridization (ISH, Fig. 
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Figure 5.3: Novel Macaca mulatta miRNAs. A) miRNAs previously discovered in other species but unknown to be expressed in 

Macaca mulatta prior to this study. B) Putative novel miRNAs based on counts and secondary precursor hairpin structure.  

 

5.4). All the miRNAs tested show some level of expression in the murine samples and, in all 

cases, the expression detected was above the labeling threshold in negative controls 

(scrambled probe, Fig. 5.4 S-U). miR-15b, miR-30b and miR-130-3p are up-regulated over the 

time points analyzed and show the highest levels of expression at P3 (Fig. 5.4A-F, J-L). 

Interestingly, miR-15b exhibits a clear center-to-periphery pattern and it is first detected in the 

central retina at E13.5 (black arrows, Fig. 5.4A). By E16.5, most of the retina expresses miR-

15b, but we found lower levels of expression in the peripheral tips (Fig. 5.4B) and the whole 

retina expresses high levels of miR-15b by P3. miR-30b is expressed throughout the thickness 

of the retina at P3 but we observed a moderate enrichment in the ganglion cell layer (GCL) and 

the basal part of the inner nuclear layer, suggesting higher expression in amacrine cells and 

possibly RGCs (Fig. 5.4F). Unexpectedly, miR-93 expression is missing from the apical side of 
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the retina at P3, suggesting that this miRNA may be expressed at lower levels in developing 

murine photoreceptors (Fig. 5.4I). Finally, miR-342-5p shows higher expression levels in the 

peripheral retina from E16.5 onward, and this pattern of expression is maintained by P3 (Fig. 

5.4N-O, black arrows). In contrast, positive control experiments (U6 probe, Fig. 5.4P-R) show 

neither regional differences nor changes in expression coordinated with the stage of 

development. 

5.3.4 Expression in the human developing retina 

The experiments using murine samples indicate that several of the miRNAs identified in 

our miRNA-seq screening are developmentally regulated and that miR-15b and miR-342-5p 

also show compartmentalized expression with central-to-peripheral differences. To further 

assess whether these expression patterns are conserved in primates, we used human fetal 

retina tissue to test miRNA expression of our top candidates (Fig. 5.5 and Suppl. Fig. 5.3). In 

order to obtain additional data on the developmental stage of the samples assessed, we 

performed immunohistochemistry using known markers and Hematoxylin and Eosin staining 

(Suppl. Fig. 5.2). At the stage analyzed, there are PCNA+ retinal progenitors in all the quadrants 

of the retina, but the thickness of the neuroblastic layer where the retinal progenitors reside is 

thinner on the temporal side (NbL, Suppl. Fig. 5.2A-C’). Similarly, we detected fewer PH3+ 

mitotic cells on the temporal site of the retina compared to the nasal side (arrows, Suppl. Fig. 

5.2B-C’), indicating that more progenitors have already exited the cell cycle in this region. 

Correspondingly, we also detected increased levels of OTX2+ photoreceptors on the temporal 

side of the eye (Suppl. Fig. 5.2D-E’).  

Remarkably, miR-15b is expressed at higher levels in the temporal side of the optic 

nerve head (Fig. 5.5A-A’’) and miR-342-5p shows higher labeling signals in the nasal side of the 

eye (Fig. 5.5B-B’’) as predicted by our miRNA-seq analyses (Fig. 5.2B-C). Both miRNAs display 

stronger signal in the neuroblast layer compared to the GCL and the most apical side of the 

retina where the developing photoreceptors reside. In contrast, we did not detect significant 
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Figure 5.4: miRNA in situ hybridization in the mouse retina. A-U) miRNA expression in the murine retina at E13.5, E16.5, and P3. 

Rows are labeled with the miRNA probe used, including U6 positive control and scrambled negative control. Each column shows 

a different developmental time point. Black arrows indicate increased expression in central (A) or peripheral (N, O) retina regions. 

White arrows indicate lower expression (B). Scale bars: 40 microns for A, D, G, J, M, P and S (first column), 100 microns for B, 

E, H, K, N, Q and T (second column), and 500 microns in C, F, I, L, O, R and U (last column). 

 

miR-93 or miR-30 differences between the temporal and nasal retina (Suppl. Fig. 5.3). As 

shown previously, our U6 positive control is ubiquitously expressed (Fig. 5.5C) and our negative 

controls (Fig. 5.5D) show very low levels of unspecific labeling noise. 

 

5.4 Discussion 

Our most advanced visual abilities such as reading and recognizing faces are dependent 

on the highly-specialized structure of the fovea. Unfortunately, the current understanding of 

retinal development is primarily based on mouse studies. Since the mouse retina does not 

contain a fovea and the rod-to-cone ratio in rodents resembles the most eccentric regions of the 

human retina, the molecular events that lead to the formation of the macula and the cone-

dominated fovea remain largely unknown. 

Previous studies have showed that the primate retina develops over many months and, 

in fact, the human fovea is not fully developed until four years of age 411. Histological data using 

human and nonhuman primate samples has revealed that retinal development takes place in a 

dramatically compartmentalized manner such that two regions separated by a few millimeters 

may be at vastly different ontogenic stages 412, 454-456. Moreover, primate retinal development 

does not progress in a central-to-peripheral gradient similar to mice but advances in a fovea-to- 

periphery manner and, for example, the expression of S-Opsin and L/M-Opsin is first detected in 

the fovea 457, 458. Recently, the first transcriptional profiling datasets of the developing human 

retina have been published using both human fetal tissue and stem cell organoids 263, 264, 426. 
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Figure 5.5: miRNA in situ hybridization in the human retina. A-D) miRNA expression in the human fetal retina at 70-82 days 

gestation. miR-15b (A-A’’) and miR-342-5p (B-B’’) expression in the developing human retina. A, B) tiled montage of the whole 

eye. A’, B’) inset of nasal retina. A’’, B’’) inset of temporal retina. C) U6 positive control. D) ISH negative control. Black arrows 

indicate the position of the presumptive fovea. L: Lens; N: Nasal; T: Temporal; ONH: Optic Nerve Head. Asterisks indicate the 

location of the optic nerve head and the arrows indicate the presumptive foveal region. Scale bars: 500 microns in A, B, C and D, 

200 microns in A’. A’’, B’ and B’’. 

 

However, obtaining human developmental tissue at very early or late stages of 

development is challenging and these resources are subject to ethical and political issues 459. In 

contrast, nonhuman primate models offer a unique opportunity to decipher some of the 

molecular mechanisms that dictate foveal development. The genus Macaca, probably the most 

extensively used nonhuman primate model 460, 461, shares with humans susceptibility genes for 

AMD 462-464 and for other photoreceptor pathologies such as achromatopsia 465. Consequently, a 

comprehensive characterization of the specific mechanisms that regulate rhesus retinal 

development could facilitate the study of the pathophysiological events that lead to these 

diseases and enable the development of clinical approaches aimed at vision restoration. 

Here, we provide the first spatio-temporal transcriptional datasets of the developing 

rhesus monkey retina obtained from temporal and nasal regions at three different gestational 

time points spanning all trimesters. By analyzing the expression of cell-specific markers, our 

data offers insights into the timing of retinal histogenesis and indicates that by gestation 50 days 

gestation, the temporal side of the retina is already more developmentally advanced when 

compared to the nasal side (Fig.1).  A model developed by Finlay 466, Clancy 467, and Workman 

468 and available at translatingtime.org explores the idea that timing of many 

neurodevelopmental events - such as the timing of retinal neurogenesis- is highly conserved 

among species and thus, can be predicted with high accuracy taking into account the growth 

rates for the different species. According to this model (Suppl. Fig. 4), by 50 days gestational 
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age (end of the first trimester), the rhesus macaque retina is at the peak of cone genesis and 

approximately at the onset of bipolar cell genesis. Assuming that neurogenesis for all the 

different cell types begins at the foveal region, these predictions appropriately fit our RNA-seq 

data. Indeed, by 50 days, we detect higher temporal expression of several bipolar genes, 

including GSG1 and TMEM215 (Fig. 1D), two genes identified by the Brzezinski group as cone 

bipolar markers 445. Our data also indicates that the maturation of photoreceptor cells follows a 

fovea-to-periphery gradient (Fig. 1C), in agreement with histological evidence 469. Importantly, 

we also distinguish other genes differentially expressed in the presumptive developing fovea 

(Fig. 1F), including genes previously identified in the human macula and in the avian high-acuity 

area as well as novel genes, such as the gene encoding for the calcium-binding binding protein 

Calsequestrin-2 and SPARCL1/Hevin. Future studies will shed light on the role of these genes 

in retinal development. 

It has been proposed that the accelerated developmental timing of the fovea may be 

partially responsible for its unique cellular composition. During the sequence of retinal cell 

specification, cones are generated earlier than rods and thus, precocious cell cycle exit from the 

retinal precursor pool would result in increased representation of early cell types (e.g., cones). 

Comparison between diurnal (foveated) and nocturnal (afoveated) New World primates 

suggested that alterations in cell cycle kinetics could explain some of the differences between 

these models, including the higher production of cones in foveated species 470. However, 

molecules associated with rod photoreceptor differentiation such as NRL and NR2E3 are never 

detected in the foveal region while other late cell types (e.g., bipolar cells and Müller glia) are 

present in the presumptive fovea before the cell movements that lead to pit formation 264, 471. 

Thus, it is feasible that the progenitors of the fovea possess unique characteristics that result in 

the stark difference in cell composition. 

Prior studies have revealed that miRNAs are key regulators of the temporal changes that 

allow progenitors to generate different cell populations as development proceeds 154, 155, 431 and 
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similarly, we have also shown that miRNAs coordinate cell cycle kinetics 472. Given that the 

fovea exhibits both different cell composition and perhaps different cell cycle dynamics, we have 

characterized the miRNome of the early developing primate retina with the goal to pinpoint 

miRNAs differentially expressed in the progenitors of the fovea. We identified several miRNAs 

with different temporal and nasal expression levels. Among these, miRNA-183/96/182, a miRNA 

cluster highly expressed in photoreceptors and vital in maintaining cone photoreceptor outer 

segments 473, 474 is significantly enriched in the temporal samples. Similarly, other miRNAs 

including miR-15b and miR-342-5p also showed significant differences in our datasets and we 

utilized ISH to further validate these differences using mouse and human fetal samples. 

According to our assessment, the human samples used in this study are in a developmental 

stage comparable to the rhesus samples we used for the miRNA-seq (Suppl. Fig. 4). 

Remarkably, miR-15b showed higher labeling in the temporal retina while miR-342-5p exhibited 

lower expression in the temporal side of the retina. Past studies in different models and contexts 

have revealed that miR-15b plays roles in cell cycle regulation and survival 475 while miR-342-5p 

acts downstream of Notch to regulate neural stem cell fate choices 476. This raises the possibility 

that one or both of these miRNAs may contribute to the molecular events that lead to the 

development of the central primate retina. Future studies aimed at the identification of the 

miRNA-mediated networks in conjunction with the existing human and primate expression 

datasets may shed light on the regulatory events that orchestrate the cytoarchitecture of the 

primate fovea. 

 

5.5 Materials and Methods 

5.5.1 Experimental models and subject details 

5.5.1.1 Rhesus monkeys 
 

All animal procedures conformed to the requirements of the Animal Welfare Act and 

protocols were approved prior to the implementation by the Institutional Animal Use and Care 
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Administrative Advisory Committee at the University of California at Davis. Normal, healthy adult 

female rhesus monkeys (Macaca mulatta) were bred and identified as pregnant using 

established methods 437. Pregnancy in rhesus monkey is divided into trimesters by 55-day 

increments, with 0-55 days representing the first trimester, 56-110 days representing the second 

trimester, and 111-165 days gestation the third trimester. Term is approximately 165 days ± 10 

days in this species. Female rhesus macaques (n=5) were time-mated and identified as 

pregnant by ultrasound according to established methods (Tarantal 2005). Normal 

embryonic/fetal growth and development were confirmed by ultrasound across gestation and 

until tissue collection (Tarantal 2005). Dams were scheduled for hysterotomy (e.g., 

approximately 50, 90, or 150 days gestational age) for fetal tissue collection, then returned to 

the breeding colony post-hysterotomy. 

5.5.1.2 Mice 
 

Pregnant CD-1 IGS females were obtained from Charles River and housed until 

embryos or neonates were at the proper developmental stage for dissection and fixation. All 

animals were used with approval from the University of California Davis Institutional Animal 

Care and Use Committees. Dams were sacrificed and embryos were dissected and fixed for in 

situ hybridization as described below. 

5.5.1.3 Human fetal samples  
 

Eyes (n=6) were obtained from discarded de-identified human fetal tissue with 

permission of the University of California Davis Institutional Review Board. The age for the 

human specimens was estimated by clinic intakes. 
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5.5.2 RNA and miRNA sequencing 

5.5.2.1 Library preparation and Next Generation Sequencing  
 

Sequencing experiments were conducted by Exiqon (Denmark). The library preparation 

was performed using Illumina TruSeq® Stranded Total RNA (with Ribo-Zero Gold) preparation 

kit.  

The starting material (1000 ng) of total RNA was depleted of rRNAs using ribo-zero gold 

(to remove both cytoplasmic and mitochondrial rRNA) magnetic bead-based capture-probe 

system (Illumina Inc.). The remaining RNA (including mRNAs, lincRNAs and other RNA 

species) was subsequently purified (RNAcleanXP) and fragmented using enzymatic 

fragmentation. Then, first strand synthesis and second strand synthesis were performed, and 

the double stranded cDNA was purified (AMPure XP). The cDNA was end repaired, 3’ 

adenylated and Illumina sequencing adaptors ligated onto the fragments ends, and the library 

was purified (AMPure XP). The stranded libraries were amplified with PCR and purified 

(AMPure XP). The libraries size distribution was validated and quality inspected on a 

Bioanalyzer (high sensitivity DNA chip). High quality libraries were quantified using qPCR, the 

concentration normalized, and the samples pooled. The library pool(s) were re-quantified with 

qPCR and optimal concentration of the library pool used to generate the clusters on the surface 

of a flowcell before sequencing on a Nextseq500/ High Output sequencing kit (51 cycles 

according to the manufacturer instructions (Illumina Inc.).  

5.5.2.2 Sequence analyses 
 

Our data analysis pipeline is based on the Tuxedo software package, including Bowtie2 

(v. 2.2.2), Tophat (v2.0.11), and Cufflinks (v2.2.1). CummeRbund was used for post-processing 

Cufflinks and Cuffdiff results. The heatmap.2 function contained within the ggplot2 R package 

was used to produce all heat maps. Transcriptomic heat maps were produced by selecting 

genes that represent specific retinal cell types based on established literature using normalized 

CPM values.  
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5.5.2.3 miRNA-sequencing: Library preparation and Next Generation sequencing 
 

A total of 500 ng of total RNA was converted into microRNA NGS libraries using 

NEBNEXT library generation kit (New England Biolabs Inc.) according to the manufacturer’s 

instructions. Each individual RNA sample had adaptors ligated to its 3’ and 5’ ends and 

converted into cDNA. Then the cDNA was pre-amplified with specific primers containing sample 

specific indexes. After 18 PCR cycles the libraries were purified on QiaQuick columns and the 

insert efficiency evaluated by Bioanalyzer 2100 instrument on high sensitivity DNA chip (Agilent 

Inc.). The microRNA cDNA libraries were size fractionated on a LabChip XT (Caliper Inc.) and a 

band representing adaptors and 15-40 bp insert excised using the manufacturer’s instructions. 

Samples were then quantified using qPCR and concentration standards. Based on quality of the 

inserts and the concentration measurements the libraries were pooled in equimolar 

concentrations (libraries to be pooled are of the same concentration). The library pool(s) were 

finally quantified again with qPCR and optimal concentration of the library pool used to generate 

the clusters on the surface of a flowcell before sequencing using v2 sequencing methodology 

according to the manufacturer instructions (Illumina Inc.). Samples were sequenced on the 

Illumina NextSeq 500 system.  

5.5.3 Analyses of RNA-seq and miRNA-seq data 

Principal component analysis was performed on miRNA samples using the base R 

function. To produce the hierarchically clustered heat map, the miRNA-seq data were initially 

filtered by removing any miRNAs that had a False Discovery Rate (FDR) of greater than 0.001 

to improve readability of the heat map. All miRNAs with an FDR of <0.001 were then 

hierarchically clustered using the built-in hierarchical clustering algorithm in the heatmap.2 

function. The color-key for each heat map was created using predetermined break points to bin 

the TMM value into colors for each marker. The volcano plot was also obtained using the base 

R volcano plot function. 
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5.5.4 In situ hybridization 

All samples were collected and quickly fixed in a modified Carnoy’s fixative overnight at 

4°C. After fixation, samples were dehydrated and embedded in paraffin as described elsewhere 

477. Horizontal sections of whole embryo heads (mouse E13.5 and E16.5) and sagittal sections 

of whole eyes (mouse P3 and human 13 weeks) were prepared at 5 µm, collected onto 

SuperFrost slides, and air dried overnight at room temperature. Paraffin wax-embedded 

sections were baked for 45 min at 60°C, deparaffinized using xylene, rehydrated with ethanol 

(stepwise) and PBS, and treated with Proteinase K for 10 min at 37°C. A double digoxigenin 

(DIG)-labeled locked nucleic acid (LNA) ISH probe (miRCURY LNA Detection probe) was 

purchased from Exiqon/Qiagen. ISH was performed using the miRCURY LNA microRNA 

Detection FFPE microRNA ISH Optimization Kit 4 (Exiqon), which includes hybridization buffers 

and control probes (LNA scramble microRNA and LNA U6 snRNA control probe), according to 

manufacturer’s protocol. The following LNA miRNA probes were used for ISH: miR-15b 

(Qiagen, Cat# YD00611174-BEG, 1:500), miR-30a (YD00610927-BCG, miR-30b, 1:500), miR-

93 (Qiagen, Cat# YD00611038, miR-93-5b, 1:300), miR-130 (Qiagen Cat# YD00611038, 

1:500), miR-352-5p (Qiagen, Cat# YD00611489, 1:625), U6 (Qiagen, Cat#YD00699002-BEG, 

1:500), scrambled (Qiagen Cat# YD00699004, 1:300). LNA probes were hybridized for 1 h at 

55°C and rinsed with SSC buffer (stepwise from 5x to 0.2x). Sections were blocked in 2% sheep 

serum/1% bovine serum albumin/PBS-0.01% Tween for 30 min at room temperature. Detection 

was performed using an alkaline phosphatase conjugated anti-DIG secondary antibody (Roche) 

in 1% sheep serum/1% bovine serum albumin/PBS-0.05% Tween for 1 h at room temperature. 

Following rinsing in PBS-0.1% Tween, sections were incubated in developing solution of sodium 

chloride 0.1M/tris pH 9.5 0.1M/magnesium chloride 10mM/0.1% Tween-20 and NBT (nitroblue 

tetrazolium)/BCIP (5-bromo-4-chloro-3-indolyl phosphate) stock solution (Roche). After the 
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reactions were deemed complete (1-4 days), sections were fixed with 4% paraformaldehyde 

and mounted for microscopy using Fluoromount-G (Southern Biotech). 

5.5.5 Immunofluorescence 

Sections were prepared as described previously. Sections were then deparaffinized 

using xylene, rehydrated with ethanol (stepwise), rinsed with PBS-0.3% Triton X-100, and 

antigen retrieval was perform by treating the slides with 0.1 M sodium citrate. All sections were 

then blocked in 10% normal donkey serum/PBS-0.1% Triton X-100 in PBS for 1 h at room 

temperature and incubated in primary antibody in blocking solution overnight at 4°C. The 

following antibodies were used for immunofluorescence: goat anti-OTX2 (R&D Systems 

Cat#BAF1979), 1:500; rabbit anti-RBPMS (Phosphosolutions Cat#1832-RBPMS, 1:400, and 

anti-PCNA (Abcam Cat#ab18197, 1:500), and anti-PH3 (Thermo Fisher Cat#PA5-17869, 

1:300). After primary antibody incubation, sections were rinsed in PBS and incubated with 

appropriate Alexa Fluor-conjugated secondary antibodies (Invitrogen, 1:300) in blocking solution 

for 1h at 4°C. Cell nuclei were counterstained with DAPI. The sections were rinsed with PBS 

and mounted for microscopy using a Fluoromount-G (Southern Biotech). 

5.5.6 Hematoxylin and Eosin staining 

Samples were prepared as described previously. Next, sections were deparaffinized 

using xylene, rehydrated with ethanol (stepwise) and water, and stained with hematoxylin and 

eosin (H&E), and dehydrated with ethanol (stepwise). The sections were then rinsed in xylene 

and mounted for microscopy using a Fluoromount-G (Southern Biotech). 

5.5.7 Microscopy 

ISH were imaged using an Axio Imager M2 with ApoTome2 microscope system (Zeiss) 

using tile scan options (ZEN imaging software), and immunolabeling experiments were 

documented using a Fluoview FV3000 confocal microscope (Olympus). Images were processed 

using Fiji (ImageJ software), and figures were prepared in Adobe Photoshop 2000. 
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Supplementary Figure 5.1 (related to Figure 1): A-B) Heatmaps showing expression of cell-specific markers during Macaca 

mulatta retinal development. Comparisons between Temporal (T) and Nasal (N) data is shown at 50, 90 and 150 days 

gestational age. Expression of genes involved in A) cell cycle and B) Notch signaling pathway. All the data is expressed as 

CPMs. 
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Supplementary Figure 5.2 (related to Figure 2): MiENTURNET network analysis of differentially expressed miRNAs. (A) mRNA-

miRNAs network of miRNAs enriched in the temporal samples (B) mRNA-miRNAs network of miRNAs enriched in the nasal 

samples. miRNAs are indicated as blue dots, while target genes are yellow dots. Relevant targets genes are indicated. 
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Supplementary Figure 5.3 (related to Figure 5.4): Close-ups of miRNA in situ hybridization in the mouse retina. Black arrows 

indicate regions with higher expression level while white arrows indicate areas that display lower levels of expression. Scale bar: 

100 microns for the top panel (miR-15b-5p) and 200 microns for the other panels. 

 

 

 

 

 

 

 

Supplementary Figure 5.4: Comparison between developmental timing in mouse, rhesus monkey, and human. The timing of key 

events during retinal histogenesis has been calculated using a prediction model previously published (translatingtime.org). 
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Supplementary Figure 5.5 (related to Figure 5.5): Hematoxylin and Eosin (H&E) staining and immunohistochemistry of human 

fetal retinas. (A–A00) H&E staining of human fetal retina at 77 days of gestation (H&E) staining. (B–C0 ) Immunohistochemistry 

using PH3 green, white arrows in panels (B,C), PCNA (red), RBPMS (gray) antibodies and counterstained with DAPI. (D–E0 ) 

OTX2 staining (green). The samples were also counterstained with DAPI (blue). (F–G) Quantification of the number of PH3+ (F) 

and OTX2+ cells (G) per 250 µm of retina in the temporal and nasal regions of the retina. L, lens; N, Nasal; T, Temporal; ON, 

optic nerve; NbL, neuroblastic layer; GCL, Ganglion cell layer; ∗ indicates the localization of the optic nerve head. Scale bars: 

500 microns in panel (A), 200 microns in panels (A0–E00). Error bars indicate standard deviation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 5.6 (related to Figure 5.5): miRNA in situ hybridization in the human retina. (A–D) miRNA expression in 

the human fetal retina at 70–82 days gestation. miR-93 (A–A00) and miR-30b (B–B00) expression in the developing human 

retina. (A0 ,B0 ) Inset pictures of the nasal retina. (A00,B00) Inset pictures of the temporal retina at the foveal anlage. Scale bars: 

500 microns in panels (A,B), and 200 microns in panels (A0 , A00, B0 ,B00). 
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Supplementary Figure 5.7 (related to Figure 5.5): Close-ups of miRNA in situ hybridization in the human fetal retina. miR-15b 

expression in the human fetal retina at 95 days gestation. miR-15b is enriched in the temporal progenitors (black arrows). 

Immunolabeling experiments using OTX2 (blue), PAX6 (green) and PCNA (red) using consecutive sections. Scale bar: 50 

microns. 

 

Tables 5.1 through 5.5: These are large tables that are not suitable for print. To view these data, 

please visit the official publication where all figures and supplemental information can be 

downloaded:  

 Fishman EF, Louie M, Miltner AM, Cheema SK, Wong J, Schlaeger NM, Moshiri A, 

Simó, S, Tarantal AF, La Torre A. MicroRNA Signature of the Developing Primate Fovea. Front. 

Cell and Dev. Bio. 2021;807(9). Epub 2021/4/8. Doi: 10.3389/fcell.2021.654385 PubMed PMID: 

33898453; PMCID: PMC8060505. URL: 

https://www.frontiersin.org/articles/10.3389/fcell.2021.654385/full 
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6.1 Abstract  

The neurons of the retina can be affected by a wide variety of inherited or environmental 

degenerations that can lead to vision loss and even blindness. Retinal Ganglion Cell (RGC) 

degeneration is the hallmark of glaucoma and other optic neuropathies that affect millions of 

people worldwide. Numerous strategies are being trialed to replace lost neurons in different 

degeneration models and, in the recent years, stem cell technologies have opened promising 

avenues to obtain donor cells for retinal repair. Stem cell-based transplantation has been most 

frequently used for the replacement of rod photoreceptors but the same tools could potentially 

be used for other retinal cell types including RGCs. However, RGCs are not abundant in stem 

cell-derived cultures and, in contrast to the short-distance wiring of photoreceptors, RGC axons 

take a long and intricate journey to connect with numerous brain nuclei. Hence, a number of 

challenges still remain such as the ability to scale-up the production of RGCs and a reliable and 

functional integration into the adult diseased retina upon transplantation. In this review, we 

discuss the recent advancements in the development of replacement therapies for RGC 

degenerations and the challenges that we need to overcome before these technologies can be 

applied to the clinic. 
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6.2 Introduction 

Vision is a complex task that begins as soon as light enters the eyes through the cornea 

and lens and leads to the vivid images that allow us to understand and navigate the world. The 

brain is ultimately responsible for painting a visual picture of our surrounding environment, but 

the first steps of visual processing take place in the retina. The retina is a thin sheet of neural 

tissue located at the back of the eye that translates the inputs of focused light into patterns of 

action potentials that are then transmitted to the brain for visual recognition. 

The retina contains six main neural populations organized in three well-defined nuclear 

layers: the outer nuclear layer (ONL), the inner nuclear layer (INL) and the retinal ganglion cell 

layer (GCL) 478, 479, (Fig. 6.1A). The ONL contains the light-sensitive neurons: the rod and cone 

photoreceptors, the INL includes three different populations of interneurons: the bipolar cells, 

the horizontal cells and the amacrine cells, and the innermost layer of the retina, the GCL, is 

where the Retinal Ganglion Cells (RGCs) reside. The RGCs are the sole output of the retina; on 

average, RGCs are larger than most of the other retinal neurons, they have intricate dendritic 

arbors that receive inputs from the preceding retinal circuitry and their large-diameter axons are 

capable of transmitting these signals to the recipient areas of the brain, many centimeters away 

from the soma. All RGCs project their axons towards the center of the retina, where they 

converge as the optic nerve collects all the axons at the optic nerve head (Fig. 6.1B-C). Then, 

this bundle of thousands of axonal fibers passes information to the next relay stations in the 

brain, mainly the lateral geniculate nuclei of the thalamus, but also the suprachiasmatic nuclei, 

the superior colliculi and other pretectal nuclei 294, 295. These highly complex connections are 

established during development as RGC axons grow along precise paths to recognize and form 

synapses with the appropriate target cells 480-483.  
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Figure 6.1: Cytoarchitecture of the mammalian retina. A) The retina is organized in three main layers, the outer nuclear layer 

(ONL), the inner nuclear layer (INL) and the ganglion cell layer (GCL), and contains six main neuronal cell types, the cone and 

rod photoreceptors (light and dark green, respectively), the horizontal cells (blue), the bipolar cells (orange), the amacrine cells 

(light blue), and the retinal ganglion cells (red). B) All RGCs (red) send their axons to the center of the eye, a region called the 

optic nerve head (ONH). The image shows the RGCs of an adult flat-mounted retina. C) As axons leave the eye, they bundle to 

form the optic nerve (ON). The image shows a section of a E13.5 mouse retina immunolabeled with Tuj1 (red) and co-stained 

with DAPI (blue). 
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Many diseases can lead to degeneration of the optic nerve and apoptotic RGC death, 

including glaucoma, Leber’s hereditary optic neuropathy, ischemic optic neuropathy, and optic 

neuritis, among others 245, 351, 484-486. Glaucomatous optic neuropathy is one of the leading 

causes of irreversible blindness and it has been estimated that over 64 million people are 

affected by this disease worldwide 245, 298. In our aging society, glaucoma is an especially critical 

issue because unless the disease can be effectively treated or prevented, the number of 

affected patients will increase dramatically; it has been predicted that by 2040, the rates of 

vision loss due to glaucoma will nearly double 3. Considering the personal, social and economic 

burden of glaucoma, there is a pressing need for novel therapeutic approaches.  

While the primary site of injury in glaucoma is not well understood, this disease leads to 

a progressive degeneration of the RGCs and subsequent visual field loss 487-492. Most of the 

available therapeutic strategies for glaucoma are aimed at limiting the progression of vision loss. 

Currently, the only effective treatment is lowering the intraocular pressure (IOP), as elevated 

IOP is the only well-known modifiable risk factor for glaucoma 493. However, glaucoma can 

occur at normal IOP, and increasing evidence indicates that lowering IOP may be insufficient to 

prevent vision loss in some patients 494, 495. While better strategies for early diagnosis, 

identification of other modifiable risk factors and neuroprotection will be crucial to manage 

glaucoma in the near future 496, none of these strategies is effective to regenerate lost RGCs to 

reverse vision loss. Since the mammalian retina has no spontaneous regenerative capabilities, 

the only possibilities to recover vision loss after RGC death are either prosthetics or cell 

replacement by transplantation or endogenous repair. 

In this review, we discuss the past and current methods to generate and transplant 

RGCs, and identify the key outstanding challenges that must be met before RGC 

transplantation can be translated to clinical settings. It is important to note that the retina is an 

excellent model to investigate the ability of donor cells to functionally integrate with central 

nervous system tissue. The retina is easily accessible with minimal surgery, can be imaged in 
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vivo, and has been studied at a cellular level in excruciating detail for over a century. Therefore, 

investigating RGC transplants will hopefully lead to optic neuropathy treatments, but also will 

serve as proof-of-principle studies that will help determine the feasibility of cell replacement 

throughout the central nervous system. 

 

6.3 Stem cell strategies to generate RGCs in vitro 

Given the vast number of people that could benefit from RGC transplant therapies 3, a 

reliable and cost-effective source of RGCs will need to be established before RGC transplants 

can be feasibly used in human clinical trials.  

In the past few decades, stem cell technologies have undergone astonishing 

progression from the isolation and culture methods of mouse and human embryonic stem cells 

(mESCs and hESCs 5, 214, 497, and the techniques to reprogram somatic cells into induced-

pluripotent stem cells (iPSCs) 6, 211, 498, to the significant advancement of the methods to 

differentiate pluripotent cells into retinal lineages in vitro (Table 6.1). Over a decade ago, 

groundbreaking studies from several laboratories developed the basic protocols to differentiate 

mouse and human ESCs into retinal neurons 7, 220, 222, 232, 248, 292, 353, 499, Table 6.1).  Most of these 

protocols were designed to mimic the normal environment that the developing eye encounters in 

an embryo. During the early stages of development, a region of the anterior neural plate 

becomes specified for eye fates, this area that contains the earliest retinal progenitors has been 

termed the “eye field” 500-502.  This unique region is then divided in two separate regions that 

evaginate bilaterally to form two optic vesicles 503, 504.  Subsequently, complex morphogenetic 

movements lead to the formation of two optic cups that contain an external layer that will form 

the retinal pigment epithelium (RPE) and an internal layer (neural retina) of multipotent retinal 

progenitors that will develop into all the layers of the adult retina 10, 505.  

Several extracellular signaling molecules regulate eye field patterning, including Wnt 506, 

507, Insulin-like growth factors (IGFs) 223, 354, fibroblast growth factors (FGFs) 508, 509, Notch 510, 511, 
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Bone morphogenetic proteins (BMPs) 512, Retinoic acid (RA) 513, and Sonic hedgehog (SHH)514-

516. Many of these signaling cues reappear at different stages of development to regulate a wide 

array of different developmental events. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.1: Summary of differentiation protocols 

 

When confronted with similar stimuli, pluripotent stem cells can commit to neural 

lineages in a step-wise manner. At early time points, the pluripotent cells down-regulate many 

pluripotency markers and form a polarized neuroepithelium that expresses many of the normal 

markers of a developing neural plate/tube (e.g. Sox2, Nestin, Otx2); subsequently, these cells 

become early retinal progenitors and express eye field transcription factors (e.g. Rax, Lhx2, 

Six3, Six6, Pax6, Chx10/Vsx2) and finally, these cultures can differentiate into postmitotic retinal 

neurons, including RGCs (Figure 6.2).  
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Figure 6.2: Upon differentiation, undifferentiated pluripotent stem cells (A) can be directed towards retinal cell fates following 

several steps that resemble normal developmental stages. First, they develop into a neural epithelium (B) that evaginates to form 

optic vesicle-like structures (arrows in C), and finally optic cup-like structures (arrows in D). The retinal progenitors can then 

differentiate into RGCs (E). The arrows in E show fluorescently-labeled RGCs (green) in a 10-day retinal organoid.  

Abbreviations: OV: optic vesicles, OC: optic cups, RGC: Retinal Ganglion Cells. Scale: 100 microns   

 

Our knowledge of the signaling pathways involved in eye field specification aided in the 

development of one of the first protocols to successfully differentiate hESCs into retinal 

progenitor cells, which was introduced by Lamba and Reh in 2006 222. By using Noggin, a BMP 

inhibitor, and Dickkopf-1, a Wnt1 inhibitor the authors were able to promote forebrain  

development in human stem cell cultures. Additionally, IGF-1 was added to the differentiation 

media, since IGF-1 mRNA injection into Xenopus embryos promoted eye formation 223. Using 

this method, Lamba et al. observed that 80% of ESCs were directed towards a retinal progenitor 

fate, and a few weeks later some of these cells became responsive to glutamate and NMDA 

stimuli suggesting that these cultures can yield functional RGCs.  

In 2011, Yoshiki Sasai revolutionized the technologies to generate retina cells from 

pluripotent cells using three-dimensional organoid cultures 7, 230, 353. This method is based on 

plating dissociated pluripotent cells onto special non-adherent U or V-shaped plates. Since the 

cells cannot attach to the bottom of the plate, they attach to each other forming three-

dimensional aggregates called embryoid bodies (EBs). While other methods also use EBs, 

Sasai’s protocol enables a very tight control of the number of cells in each EB and it is easily 
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scalable for high-throughput applications. High concentrations of extracellular matrix proteins 

(Matrigel or Laminin) are added to the media to promote differentiation and polarity. Consistent 

with the proposed neural-default model for ESCs 517, these cultures do not rely on other 

inductive signals or serum. Hence, these cultures are also called serum-free floating culture of 

embryoid body-like aggregates with quick reaggregation or SFEBq. Remarkably, inductive 

signals secreted by different cell populations within each EB can lead to the spatially and 

temporally defined events that stimulate complex morphogenesis. Accordingly, retinal organoids 

not only express markers of retinal progenitor cells, but these cultures undergo morphogenetic 

changes to first develop optic vesicle-like structures, optic cups and finally fully laminated 

retinas that can contain the entire repertoire of retinal cell types present in a normal retina.  

Other protocols use a combination of 2D and 3D techniques, initially generating cellular 

aggregates that are then plated on Laminin-coated plates to allow for the development of neural 

tube-like structures. Subsequently, the 2D rosettes are manually isolated and cultured in 

suspension where they develop into 3D retinal tissue. This method was first introduced by 

Meyer and Gamm 248 and while it may be more laborious than other procedures, it generates 

high yields of all the different retinal cell types organized in well-defined layers. Canto-Soler 232 

elegantly refined this method by changing the coating strategy to Matrigel and using sharpened 

Tungsten needles to manually detach the neuroretinas from the 2D cultures. Interestingly, these 

cultures achieved high degrees of maturation with the photoreceptors exhibiting outer-segment 

discs and photosensitivity.  

These different protocols have been the basis for many others that followed, and they 

have been replicated using mESCs, hESCs and iPSCs (mouse and human, Table 6.1 225, 226, 232, 

235, 237, 292, 334, 352-354, 356, 376-378, 518-527). Retinal organoids have also proven useful as platforms to 

study different aspects of development not only using mouse cells, but also human cells 231, 528-

531. The latter is especially crucial, given that human developmental studies are often unfeasible 

given the limited availability of tissue and the difficulties to perform genetic manipulations. While 
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we now benefit from a wide array of methods to generate bona fide retinal neurons, most of 

these methods are still inefficient for generating large numbers of specific retinal neurons other 

than rod photoreceptors. This is not surprising since in vitro stem cell culture methods mimic 

what is occurring during normal retinal development in vivo, and rod photoreceptors greatly 

outnumber RGCs in mouse and human retinas 8, 68. Similarly, the average yield of stem cell-

derived RGCs has been estimated to be 0.1-30% of the cells in the culture, which is similar to 

the normal percentage of RGCs in the retina at different developmental stages. Additionally, it 

has been shown that the number of RGCs decreases over time in 3D cultures 334. This is also 

expected, given that during normal development, newly born RGCs undergo two waves of 

programmed cell death as they become critically dependent on trophic support from their 

synaptic targets 359. Since the brain target cells (e.g. lateral geniculate nucleus) are likely not 

present in the organoid cultures, Bax-mediated apoptosis is probably responsible for the decline 

in the number of RGCs over time. This phenomenon is less severe in monolayer cultures 

because, similar to endogenous RGCs 532, stem-cell derived RGCs form synaptically-coupled 

networks in 2D settings. Several factors, including BDNF, NT4, CNTF and Forskolin have been 

suggested to improve RGC survival and, as shown before in normal RGCs 365, some of these 

factors also promote axogenesis 377, 523. 

In order to minimize the number of cultures required to obtain enough donor cells and 

ease any purification process, the current protocols must be further improved to generate higher 

yields of the neurons of interest before we can scale-up these methods as a source of donor 

cells for transplant purposes. 

 

6.4 Purification of Stem cell-derived RGCs 

Techniques that have existed for decades may prove useful for generating nearly-pure 

cultures of SC-derived RGCs and eliminate any residual proliferative cells. Immunopanning is a 

technique for purifying RGCs which exploits the RGC-specific expression of Thy-1, a surface 
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antigen expressed by RGCs. Using a two-step protocol, >99.5% pure RGC cultures can be 

produced from postnatal rat retinas 194. Immunopanning has since become a standard for 

isolating RGCs from a heterogeneous population of retinal neurons 52, 53, 365, 533. Gill et al. 

successfully adapted this immunopanning protocol to separate RGCs from other retinal neurons 

and cells produced in hESC-derived organoids using magnetically activated cell sorting 224. By 

sorting RGCs from other retinal neurons made in vitro from stem cells, nearly pure suspensions 

of SC-derived RGCs were produced; a likely requirement for single-cell suspension transplant 

methods. However, while Thy-1 is specifically expressed in RGCs within the retina, this marker 

is expressed by myriads of other neuronal types across the nervous system 534, and other Thy-

1+ neurons might also be generated in stem cell-derived cultures. Future improvements to this 

method may include identifying different surface antigens that are unique to RGCs, which may 

improve RGC isolation specificity from organoid cultures. In this direction, Aparicio et al. 334 

identified two surface antigens, CD184 and CD171, as potential markers to obtain enriched 

RGCs or RGC precursors. 

Another potential method for specifically isolating RGCs from stem cell cultures involves 

RGC-specific expression of fluorescent proteins followed by fluorescence-activated cell sorting 

(FACS). Sluch and collaborators used CRISPR to engineer a hESC line to express mCherry 

under an RGC-specific promoter (POU4F2) 520 and were able to monitor RGC production in 

hESC-derived cultures and purify the cells by FACS 520. In these experiments, the authors 

observed mCherry+ cells from day 25 and importantly, these cells expressed many markers of 

normal RGCs, including Brn3, Isl1, Thy1, MAP2, RBPMS and Tuj1. Also, these cells showed 

electrophysiological and ultrastructural properties consistent with RGC properties in vivo. 

Currently, CRISPR technologies can be applied to generate reporter lines in combination with 

platforms that enable automated reporter quantification to facilitate the detection and monitoring 

of RGCs 237. 
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The ability to purify SC-derived RGCs from other cell types is useful to produce highly 

pure RGC cultures but, unfortunately, does not address the low yield of RGCs produced in vitro. 

Furthermore, these methods are expensive, time-consuming and quite challenging to scale-up 

for clinical purposes. 

 

6.5 Scaling-up the production of RGCs from stem cell cultures: clued-in by 

developmental studies  

In all mammals, retinal neurons are born from multipotent retinal progenitor cells (RPCs) 

in a highly conserved, temporal sequence; in which RGCs are the first cells generated. For a 

more in-depth discussion of neurogenesis in the developing retina, see 152, 153, 250.  RPCs 

progress through a series of competence states, in which they have the ability to produce only 

specific populations of retinal neurons at different developmental times. Thus, once a progenitor 

has passed the competence window to generate early cell types (e.g. RGCs), it is no longer 

able to produce these cells, and instead will generate later cell types (e.g. rod photoreceptors). 

Several intrinsic temporal factors are known to contribute to RPC competence states and could 

potentially be exploited to regulate the temporal progression of stem cell-derived cultures and 

increase the yields of specific cell types. 

 One important transcription factor in the regulation of neural progenitor competence is 

Ikaros 252, 535. Ikaros mutant mice exhibited decreased numbers of early-born retinal neurons 

relative to control littermates, suggesting that Ikaros plays a role in conferring RGCs with the 

ability to produce early-born retinal neurons. Viral vectors were used to misexpress Ikaros in 

later stages in development and interestingly, these experiments generated retinal neurons that 

are normally only produced embryonically, suggesting that Ikaros may be able to circumvent 

temporal changes in competence.  
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 MicroRNAs (miRNAs) have also been shown to play a role in RPC competence during 

retinal development. miRNAs are short, non-coding RNAs that bind to the 3’ untranslated region 

(UTR) of mRNAs to inhibit translation and/or stimulate mRNA decay. The first study to link a 

lack of miRNAs in and a shift in RPC temporal competence was conducted in 2010 by Georgi et 

al 154. The authors observed that in the absence of mature functional miRNAs, an excess of 

RGCs were produced and RPCs continued to generate RGCs beyond the normal competence 

window. In a later study, La Torre et al. identified the miRNAs responsible for this effect. In 

concert, miR-125b, miR-9 and Let-7 play a significant role in orchestrating progenitor 

competence 155. Overexpression of these three miRNAs in mouse retinas resulted in temporal 

changes and precocious rod photoreceptor genesis, while specific inhibition of these miRNAs 

using AntagomiRs resulted in increased production of early cell types –including RGCs; but, this 

effect was only achieved during a relatively short developmental window.  

 While both Ikaros overexpression and miRNA inhibition resulted in increased early cell 

types, including RGCs and cone photoreceptors, these approaches have not yet been 

translated to in vitro systems to boost RGC production. The manipulation of temporal 

progression in SC-derived RPCs could potentially provide a very convenient method to increase 

the number of RGCs without scaling-up the number of cultures.  

 

6.6 Transplant methods  

Tissue transplants have been performed in the retina for decades, with early transplant 

studies focusing on engrafting sheets of retina into host animal eyes or onto brain regions to 

analyze the morphology of RGCs and the ability of the donor cells to grow axons towards the 

appropriate brain regions 134, 536, and various methods have been used by different groups to 

assess the ability of RGCs to survive and integrate with host tissue.  

In a series of studies, Hankin and Lund transplanted embryonic day 13 (E13) CD-1 

mouse retinae into the midbrain of postnatal day 1 (P1) Sprague-Dawley rats 134, 536. The 
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purpose of these studies was to determine if transplanted retina tissue could extend axons 

towards the superior colliculus—one of the main RGC targets in the rodent. Hankin and Lund’s 

rationale was that if retina tissue transplanted into an ectopic location can extend axons to the 

superior colliculus, then perhaps RGCs hold intrinsic properties to help guide their axons to 

proper brain targets regardless of the environment the retina tissue is placed in. Indeed, when 

placed in several ectopic locations in the brain, E13 mouse RGCs grew axons towards the 

superior colliculi in P1 rat brains. It is important to note that the transplanted RGCs were newly 

born and in midst of finding their appropriate brain targets when they were removed from the 

mouse embryos. It is possible that, as suggested by Hertz et al 53, RGCs isolated from early 

stages of development are more plastic and amenable to transplant. 

 Similarly, whole-thickness retinal sheets can be rolled up into a cannula and injected into 

the subretinal space of host retinas. The main purpose of these studies was to restore 

photoreceptor function 537-539 but RGCs were also transplanted in the process. Unfortunately, in 

cat and pig transplant recipients, little integration with host retinal tissue was observed, 

suggesting that the retinal sheet may not be an effective avenue for developing RGC transplant 

methods.   

 Several encouraging RGC transplant studies have been performed by Jeffery 

Goldberg’s group 52, 53, 540. Rather than using retinal sheets for their transplants, these studies 

purified postnatal mouse RGCs and transplanted them either onto cultured adult rodent retinas 

or into host eyes in vivo by intravitreal injection. Several common themes arose from these 

studies. First, RGCs isolated from younger (embryonic or early postnatal) ages resulted in better 

survival after transplantation. For example, Hertz et al. found that between 40% and 50% of 

RGCs from E18 to P9 survived 24 hours after ex vivo transplantation, however the survival rate 

for adult-derived RGCs dropped to below 20%. Second, the success rate of RGC transplants is 

very modest but, remarkably, some RGCs transplanted intravitreally engrafted with the host 
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retina, acquired the normal morphology of endogenous RGCs, responded to light and even 

established synaptic contacts with the lateral geniculate nucleus and the superior colliculus. 

Chao and collaborators 352 injected 1,000,000 hESC-derived retinal cells into the 

subretinal space of squirrel monkeys (Saimiri sciureus). The cells were injected in the temporal 

macula and, interestingly, some axonal projections emanating from the transplant extended 

along the host nerve fiber layer towards the ONH. The ability of these RGCs to project into the 

optic nerve suggests that hESC-derived donor cells may also have the ability to integrate into 

host retinal and central nervous system circuitry. 

In combination, these studies suggest that RGC transplantation is possible, albeit not 

very efficient. These results have established the groundwork for a major direction the field has 

taken in recent years: identifying the major barriers to RGC transplantation and identifying 

methods to overcome them. For example, delivering RGCs into a host vitreal space is not 

difficult, but once RGCs have been transplanted, they must overcome physical barriers 

preventing them from surviving and integrating with the host retina. Both the inner limiting 

membrane (ILM) and the neural fiber layer (NFL) are likely to thwart the engraftment potential of 

any transplanted cell. The ILM consists of astrocytes and Müller glia endfeet, and covered by a 

basal membrane of thick extracellular matrix proteins, while the NFL contains the axons of the 

ganglion neurons coursing on the vitreal surface of the retina from the periphery to the optic 

nerve head. 

Many RGC transplant studies have used healthy adult animals as transplant recipients, 

and in any healthy adult animal, the NFL/ILM are fully intact and densely packed. Therefore, in 

rodent RGC transplant models, it may be useful to analyze methods to disrupt the NFL/ILM in 

order to allow transplanted RGCs to physically reach the GCL. Ultimately, it may be more 

appropriate to transplant RGCs into a retina that has a disrupted NFL or has undergone some 

RGC degeneration since humans who may receive RGC transplants in the future surely will not 

have a healthy retinal environment.  
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Johnson et al. 130 investigated the effect of disrupting the ILM and modulating Müller glia 

activity on the ability of mesenchymal stem cells to integrate into the GCL of rat retinas. Two 

methods for disrupting the ILM of rat retinas were tested: mechanically peeling off the ILM, and 

digestion with collagenase. In retinal explants both methods improved mesenchymal stem cell 

engraftment. However, neither would be useful for clinical purposes, since mechanical peeling 

of the ILM is too disruptive to the existing intact retina and in vivo collagenase treatment caused 

extensive retinal hemorrhaging. These experiments suggest that likely the ILM is a physical 

barrier to transplant engraftment, and that ILM disruption may improve RGC transplant 

engraftment. However, gentler, perhaps more transient, methods of ILM disruption must be 

discovered before ILM disruption is a feasible technique for improving RGC engraftment into a 

host retina.  

Alpha-Aminoadipic acid (AAA) is a glutamate analogue that, in the retina, is specifically 

gliotoxic. AAA has also been shown to impair Müller glia cell function. Therefore Johnson et al. 

hypothesized that treating retinas with AAA, and thereby disrupting Müller glia activity, 

mesenchymal stem cell engraftment would improve. Indeed, the authors observed a significant 

increase in the number of transplanted cells being able to enter the retina rather than sit on the 

vitreal side of the ILM. These results suggest that modulation of Müller glia activity can improve 

transplanted cell engraftment in the retina, which may allow for harsher ILM disruption methods 

to be avoided in order to improve cell engraftment in the GCL.  

 

6.7 Material transfer: lessons from photoreceptor transplants 

 Before the widespread use of genetically-encoded fluorescent reporters, cells 

transplanted into host retinas were labeled by several means, including transplantation of 

pigmented cells into albino animals, tracer injections, LacZ, etc. 541. Once genetically-encoded 

reporters for a growing number of cell types became available, they were an obvious choice for 

researchers to use to label donor cells for transplantation approaches because they can be 
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visualized in live tissue, are constantly renewed during the life of the cell, and were thought to 

be specific thanks to promoter-specific transgene expression. Interestingly, recent work in the 

field of photoreceptor transplants has demonstrated that genetically encoded cell markers may 

not be as ideal of a donor cell labeling tool as once believed. Work from several groups has 

revealed that mouse photoreceptors transplanted into mouse retinas transfer cellular material, 

including fluorescent proteins, to photoreceptor cells of the host retina 265-269, 542. Therefore, 

fluorescently-labeled rods in the host ONL that were previously assumed to be engrafted donor 

cells are merely host cells that have up-taken proteins from the donor cell mass. While it 

remains unknown if material transfer can occur in other cells, material transfer in the GCL must 

be considered a possibility, and many of the existing studies should be re-evaluated. 

 Moving forward, several considerations must be made when performing RGC 

transplants to ensure material transfer is not causing false positives in transplant success 

results. First, proteins or RNA produced in donor cells can be transferred from donor cells in the 

subretinal space (a space produced during photoreceptor transplants between the 

photoreceptor layer and RPE) to endogenous photoreceptors in host retinas 265-269, 542. Pearson 

et al. injected recombinant EGFP into the subretinal space of adult mice and analyzed the 

retinas for EGFP positive photoreceptors 266. Unlike when GFP positive photoreceptors are 

transplanted into wild-type host retinas, injection of recombinant EGFP protein resulted in very 

few EGFP positive photoreceptors in the host retina. This result suggests that host 

photoreceptors do not normally uptake large quantities of free protein from the environment, 

rather that transplanted photoreceptors actively exchange molecules with host photoreceptors, 

or at least confer some specificity for the material to be transferred. It is also possible that the 

transfer is not mediated by proteins but by RNA from donor to host cells. Similarly, it is unclear 

whether the exchange of material is driven by exosomes/small vesicles or by direct cell 

contacts; however, it is now obvious that proteins not expressed by wild type photoreceptors—

GFP and CRE for example—can somehow be transferred from donor cells into endogenous 
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photoreceptors. Further experimentation will be required to understand the basic mechanism of 

donor-to-host material transfer in photoreceptor transplants. How a similar mechanism may 

affect transplants in the vitreal side of the eye remains unexplored. 

 Secondly, material transfer is not the result of nuclear fusion between donor and host 

photoreceptors. Several groups transplanted male -derived mouse photoreceptors into female 

hosts, and analyzed host retinas for Y chromosome presence 266-268. These studies did not 

observe cells with a Y chromosome within the ONL. Two conclusions can be drawn from this 

result: nuclear fusion does not occur between donor and host photoreceptors, and that donor 

cell integration in these studies is a rare occurrence. Additionally, Ortin-Martinez et al. used 

EdU, a thymidine analogue, to pre-label donor photoreceptors to assay donor cell integration 

into host retinas. The authors observed no EdU positive nuclei in the photoreceptors of host 

retinas 265.  

 Finally, material transfer studies have shown that the host environment is important in 

determining the success of photoreceptor transplants. Waldron et al. investigated the role of the 

host environment on the success of photoreceptor transplants by transplanting photoreceptors 

into two different mouse models of retinal degeneration 269. In the first model, Nrl-/-; Prph2rd2/rd2 

mice contained no rods and slowly degenerated over time. In this mouse, some transplanted 

photoreceptors were observed in the outer nuclear layer of host retinas, and were conclusively 

not the result of material transfer (despite that some transplanted photoreceptors in this study, 

as expected, underwent material transfer with host photoreceptors). However, in a second 

model of retinal degeneration, Nrl-/-; RPE65R91W/R91W, in which a point mutation in the RPE65 

gene leads to a more robust outer limiting membrane, neither material transfer nor donor cell 

integration were observed. Thus, Waldron et al. concluded that a more robust outer limiting 

membrane can prevent both material transfer and donor cell integration. It appears the host 

environment plays a role in promoting or inhibiting donor photoreceptor integration, and likely 

will be an important factor to consider in RGC transplants as well.  
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The discovery of material transfer in photoreceptor transplant studies is a reminder that 

experimental results must be examined with multiple points of view, considering all possible 

explanations for an experimental result. However, the fact that material transfer occurs is not a 

death nail for retinal transplants—it is possible that material transfer itself may be a useful 

therapeutic strategy to deliver factors to the retina. While it may be easy to view material 

transfer as a setback for the field, at its core knowledge of its existence has the potential to 

allow researchers to learn more about basic mechanisms neurons use to communicate with 

each other, and will further refine future retinal transplant studies in a positive manner. 

 

6.8 Alternative strategies: Müller glia-mediated endogenous repair 

 In teleost fish, Müller glia cells can robustly regenerate different retinal cell types after 

damage 55. However, the mammalian Müller glia lack these regenerative abilities as Müller cells 

do not spontaneously re-enter the cell cycle after damage. Recently, several studies have 

focused on using Müller glia as an endogenous source of cells for regeneration. For instance, 

Karl and colleagues showed that a cocktail of growth factors allowed Müller glia to re-enter the 

cell cycle after NMDA damage 58. However, in this paradigm, most of the newly born cells 

became amacrine cells and not RGCs. Interestingly, the transcription factor Ascl1 has been 

shown to be able to reprogram Muller glia into neuronal fates 543, 544, and when combined with 

epigenetic manipulations, adult Müller glia can regenerate inner retinal neurons that closely 

resemble bipolar cells 59. More recently, Yao et al. 545 showed that Müller glia can regenerate 

rod photoreceptors when stimulated with B-catenin and then reprogrammed with a combination 

of factors (Otx2, Crx, Nrl) known to be essential for rod photoreceptor fate. While regeneration 

of RGCs through endogenous mechanisms has not been achieved yet, the identification of the 

right factors to reprogram Müller glia into RGC fates could open novel avenues for the treatment 

of glaucoma and other optic neuropathies. 



 159 

6.9 Concluding remarks 

Organoid and 2D protocols for generating RGCs from human and mouse SCs have 

been proposed as a promising solution to a lack of donor tissue for RGC replacement. However, 

optimizing these protocols for producing RGCs in large quantities that can be stored for an 

extended period of time has been proven challenging. Moving forward, it will be important to 

establish rigorous quality control standards for SC-derived RGCs for use in a human clinic. For 

example, what parameters can the scientific community and appropriate governmental bodies 

agree define an RGC? Sanes et al. presented a useful discussion in their review of neuronal 

classification which focused on how RGC subtypes are classified 37. How pure is pure enough in 

terms of producing ‘pure’ RGC cultures for transplants? Will SC-derived RGC cultures need to 

be more than just pure RGCs, and perhaps have specific ratios of different subtypes of RGCs? 

Additionally, in the context of glaucoma RGCs will probably need to be transplanted in 

combination with treatments to lower IOP as the increased pressure could also affect the newly 

transplanted cells. Answering these outstanding questions will be critical to advancing the field 

towards a feasible RGC transplant therapy and investigating these problems will certainly 

uncover others.  

Even considering all these challenges, it is becoming apparent that stem cell-based 

therapies hold enormous potential for the treatment of retinal ganglion cell and other neural 

degenerations. With the unceasing progress in the development of new protocols to generate 

bona-fide RGCs, and the recent possibilities of genetic editing offered by CRISPR, we hope that 

in the future, reversing vision loss by RGC transplantation can be a reality.  
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7. Concluding Remarks 

7.1 Stem cell-based retinal therapies to date 

 CNS damage and/or degeneration in humans is irreparable endogenously, and 

therapies are limited in scope; individuals with CNS damage therefore often are left without the 

use of a sense they once enjoyed. Humans rely heavily on their sense of sight, and the retina is 

an easily accessible region of the CNS relative to the brain and spinal cord. Therefore, the 

retina’s ready accessibility and variety of neuron types makes it an excellent model to trial cell 

transplantation therapies in the CNS, both to restore vision in patients with degenerative retinal 

conditions, and to trial if cell transplantation in the CNS is worth the risk of invasive surgery and 

transplant rejection.  

 Cellular transplants to treat retinal diseases have focused primarily on RPE transplants 

generated from iPSCs or sourced from human fetal tissue in the human clinic to treat Age-

related Macular Degeneration 546-550. In neovascular, or “wet” AMD, antibodies raised against 

Vascular Endothelial Growth Factor (VEGF) have proven effective at inhibiting adult 

neovascularization of the retina, and thereby prevents disease progression. However, 

treatments for geographic atrophy are more limited, and the eventual result of both diseases is 

photoreceptor and RPE degeneration, leading to blindness 551. Patient outcomes in clinical trials 

transplanting RPE to treat RPE disorders have been variable, but some patients have 

experienced measurable improvements in Best Corrected Visual Acuity and other metrics 552. 

RPE transplantation should be simpler than RGC transplantation though—RPE cells need only 

to function subretinally, which is where they are transplanted. RGCs must synapse correctly 

with cells in the IPL as well as downstream targets in the brain. 
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7.2 Challenges of RGC transplantation 

 RGC transplant studies have focused primarily on rodent models to date 51-53, with one 

study showing subretinally transplanted human stem cell-derived axonal projections labeled with 

GFP growing to the ONH in a Saimiri sciureus (Squirrel monkey) retina 352. In RGC transplant 

studies published to date, some themes arise that highlight key challenges with RGC transplant 

therapy development. A few critical problems to address are that RGC transplants are 

inefficient, variable numbers of cells survive once transplanted, and the ability of transplanted 

RGCs to correctly grow to specific brain regions is poorly understood 51, 52.  If not addressed, 

variability in the number of transplanted cells that survive and integrate into the host retina will 

likely lead to variable patient outcomes, limiting the effectiveness of RGC transplant therapy. It 

is possible that multiple cell injections can be performed; neovascular AMD patients tolerate 

monthly anti-VEGF injections reasonably well 553, however, it is unknown what invasive 

techniques, such as ILM peeling, may be required to promote exogenous RGC engraftment, in 

which case multiple RGC injections may not be feasible if these surgical techniques cannot be 

regularly repeated. Another possibility would be to engineer a replacement GCL, but this would 

require vascularization of the transplanted GCL sheet once located in the host retina, and 

physically removing the endogenous GCL may cause more damage to the retina than is 

ameliorated with the transplanted GCL sheet. Regardless the technical challenges of engrafting 

exogenous RGCs into the GCL, once the transplanted cells are within the GCL they still must 

connect with existing amacrine and bipolar cells in the retina.  

 RGC dendritogenesis and axogenesis occur embryonically and postnatally. RGC 

dendritogenesis and dendrite refinement occurs primarily postnatally when late born retinal 

neurons are still being generated, and is regulated through a variety of mechanisms, such as 

glutamate activity 554 and adjacent RGC density 555. RGC axogenesis begins at the birth of an 

RGC, as evidenced by nascent RGC axons at E11.5 in the mouse retina 146. However, many 

guidance molecules that regulate RGC axon guidance temporally and spatially change their 
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expression over time, which will possibly prevent transplanted RGCs from forming proper 

intraretinal and brain synapses 483. Axons are known to associate with other axons, however, 

and if a patient’s retina has not completely degenerated such that some RGC axon fascicles 

remain in the NFL, it is possible that transplanted RGCs could utilize existing axon tracts in the 

NFL to find the optic nerve head. Considering the cross-diameter of the macula is 3-4mm 2, and 

peak RGC density in the human fovea has been measured to be as high as 37,800 RGCs/mm2 

68, it is possible that hundreds of thousands of RGCs would need to be successfully 

transplanted to restore visual acuity. One hurdle to achieving this goal is the ability to produce 

large quantities of transplantable cells that are extensively characterized and, if possible, 

immunogenically match a high percentage of the population to avoid the added cost of needing 

to produce cells specific to each patient.  

 

7.3 Challenges for stem cell-derived RGC production 

 The only currently available Food and Drug Administration (FDA)-approved cell-based 

therapies for human diseases are Chimeric Antigen Receptor (CAR) T-cell therapies, and one of 

the biggest obstacles to providing CAR T-cell therapies to patients is the exorbitant price: 

available therapies cost between $373,000 and $475,000, not including accessory costs and 

hospital care required after the therapy. Other costs associated with CAR T-cell therapies range 

in the hundreds of thousands of dollars, frequently because of aggressive immune response 

from the patient that requires further hospitalization 556. The potential risk, and therefore cost, 

associated with immune rejection of transplanted cells should not be underestimated in retinal 

cell transplants 557. Additionally, retinal organoid cultures must be standardized and comply with 

Good Manufacturing Practice (GMP) protocols. A universal stem cell line to generate retinal 

neurons from would be ideal, although using an allogenic Human Leukocyte Antigen (HLA) 

matched cell line may be necessary depending on complications that may arise in clinical trials 
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from using a universal cell line. The most expensive option is to generate autologous cell lines—

these cell lines would be iPSCs from the patient, which would need to be extensively screened 

prior to producing and screening retinal neurons for transplantation 557. The autologous cell line 

approach would be the most expensive as it cannot be mass-produced, however, all options 

would be expensive relative to most small molecule therapeutics. In addition to establishing a 

standardized method for stem cell generation and maintenance for human therapeutics, retinal 

organoid differentiation must also be standardized. The variability in retinal organoid 

differentiations is possibly the most significant problem that has dogged the field since its 

inception 9, 558. To avoid product variability in RGC transplant therapies, it will possibly be 

necessary to utilize a universal stem cell line to produce transplantable RGCs rather than 

autologous stem cell lines derived specifically from each patient.  

 Increasing manufacturing throughput is likely the best avenue for decreasing the cost of 

generating stem cell-derived retinal neurons for therapeutic purposes, however, another angle is 

to increase the efficiency of generating the cell type of interest for transplantation. If a higher 

percentage of an organoid is the desired cell type, higher yields of that specific cell type will 

result after purification steps to remove undesired cells. To this end, we were interested in 

demonstrating that miRNAs could be targeted to increase stem-cell derived retinal neuron 

production. Three miRNAs, let-7, miR-9, and miR-125b, promote RPCs to transition from an 

early competence state to a late competence state 155. Since RGCs are born early in retinal 

development, we hypothesized that inhibiting let-7, miR-9, and miR-125b we would prevent 

RPCs from transitioning to a late competence state, which in theory would allow RPCs to 

produce RGCs at the expense of rods. Since rods are the majority cell population of the mouse 

and human retina, this may drastically increase RGC and other early born retinal neuron 

production 8, 152, 153. Unfortunately, we encountered a common problem among molecular 

biologists—transgene silencing.  
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7.4 The unpredictability of transgene silencing in iPSCs 

Despite the Hprt locus being reported to express Tet-driven transgenes efficiently in vivo 

283, we found that nuclear Cherry (nuCh) expression was variegated in iPSCs homozygous for 

the Tet inducible transgene, and this variegation was partially rescued by 5-azacytidine, 

suggesting some element of our Tet transgene system was being methylated and thereby 

silenced. Further experimentation suggested that specifically the Tet Response Element (TRE) 

was being silenced. While disappointing, these results are not unheard of—several other groups 

have reported Tet and viral transgene silencing in vivo 260, 261, 288 and in vitro 289, 290, 559, 560. There 

was limited time to test different reasons why our Tet transgene was being silenced, so we 

decided to focus on two possible causes: 1) CAG and TRE promoter methylation in the Tet 

construct, and 2) silencing resulting from Tet transgene integration site.  

To address potential CAG and TRE promoter silencing, we replaced the CAG promoter 

with an IRES to directly drive rtTA expression from the Hprt promoter. We reasoned that, since 

sponge transgenic cells had been maintained in G418 and were therefore resistant to the drug, 

the Hprt promoter was active because it directly drove neo resistance. Replacing the CAG 

promoter with an IRES therefore combined neo resistance and rtTA into a single transcript; it 

should be noted that post-transcriptional silencing cannot be ruled out, however 287.  

To address potential TRE methylation, we cloned a UCOE upstream of the TRE. UCOEs 

have been shown to allow transgene expression in stem cells, differentiated stem cells, and 

even when inserted into centromeric chromatin 561, 562, although the exact mechanism through 

which UCOEs exert this euchromatic promoting effect are still being investigated. One of the 

most studied UCOEs is called the HNRPA2B1/CBX3-UCOE because it lies between the 

divergently transcribed human genes Heterogeneous Nuclear Ribonucleoprotein A2/B1 

(HNRPA2B1) and Chromobox 3 (CBX3) genes, and contains a large number of CpG islands 563. 

UCOEs and their surrounding chromatin have been observed to contain overlapping acetylation 

and methylation peaks, suggesting that overlapping chromatin-altering mechanisms that 
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functionally oppose each other may be involved in UCOE function 564. Other groups have cut the 

HNRPA2B1/CBX3-UCOE into smaller elements, and have found that sequences of only a few 

hundred base pairs are sufficient to confer UCOE-mediated transgene expression 262, 565 and 

that CpG islands within the UCOE are critical to its functionality 566. Despite reports of UCOEs 

promoting transgene expression, including Tet transgenes 262, we still observed nuCh 

variegation in stem cells and, in particular, organoids after the UCOE was introduced into our 

system. Since the 679 base pair UCOE we used contains the human CBX3 promoter, we had 

planned on cloning a poly-A sequence between the UCOE and TRE to prevent the CBX3 

promoter from constitutively driving nuCh expression, however this cloning proved challenging 

so we analyzed Tet transgene expression with only the UCOE. Cullmann et al. also noted in 

their 2019 study that the CBX3 promoter may interfere with TRE activity 262; therefore, while we 

did not observe uniform transgene expression after the UCOE was introduced into our Tet 

system, we cannot rule out the possibility that the UCOE interfered with TRE promoter activity.  

We also tried to test if randomly integrating the Tet-on construct plasmid ameliorated 

nuCh silencing by randomly inserting the Tet-on construct in the genome with the PGK promoter 

driving neo resistance instead of integrating the construct specifically in the Hprt locus. This 

strategy exhibited no discernible rescue of transgene expression. Another possibility is the 

repetitive nature of the sponge mRNA is being targeted by cellular mechanisms that specifically 

silence repeat-rich DNA 567, 568, although this would not explain why the negative control sponge 

system, which lacks any repetitive sponge sequence 3’ of nuCh, also exhibits variegated 

expression in iPSCs and organoids.  

 

7.5 Utilizing miRNAs to advance retinal organoid techniques 

Despite transgene silencing standing in the way of progress in this project, targeting 

miRNAs remains a promising method to alter cellular differentiation in stem cell cultures by 
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affecting numerous genes with a relatively small number of miRNAs. To promote safety in 

human therapeutic development, cells used in human therapies should be as minimally 

genetically modified as possible, therefore a Tet-inducible transgene strategy is unrealistic for a 

therapy designed for humans. However, nanoparticles and lipid molecules are being 

investigated as a method to deliver RNA interference (RNAi) to cancer cells, and may prove 

useful as a transient mechanism to delivery miRNAs or Antagomirs to organoids to benefit 

differentiation 569, 570. It is also possible that the field of vaccinology, with its recent advances in 

mRNA vaccines and molecules necessary to deliver mRNA to cells with minimized toxicity, can 

benefit research into miRNA delivery to specific cells in vivo 571.  

A deeper understanding of what roles specific miRNAs play in retinal development will 

also improve their applicability in human therapeutics. Ideally, only miRNAs that promote the 

generation of a specific cell type would be utilized rather than a combination that promotes a 

wide range of cell type production, as is the case with let-7, miR-9, and miR-125b combinatorial 

action in the retina. Recently, individual miRNAs, including let-7 and miR-9, have been 

investigated for their role in promoting the generation of specific cortical neurons 193, and we 

have identified novel miRNAs that are upregulated in non-human primate foveal development 70. 

Further experimental validation of miRNA expression, miRNA regulation of mRNAs, and 

upstream factors that regulate miRNA expression will improve our knowledge of CNS 

development as well as reveal new therapeutic research avenues. For example, we found that 

Müller glia cultures and Müller glia conditioned media exert pro-survival effects on stem cell-

derived RGCs 242; it is possible that cellular pathways that promote RGC survival could be 

targeted and upregulated through miRNA manipulation.  

We are in the early days of utilizing stem cells for human therapeutic purposes, either 

through generating cells and tissues to replace those damaged through injury or disease, or as 

in vitro factories to produce therapeutically useful molecules. Public hype surrounding the 

Human Genome Project led to audacious claims of personalized medicine based on individual 
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genome sequence that have yet to come remotely close to initial promises 572. Since iPSCs are 

autologous cells that may also be utilized for personalized medicinal therapies, excitement 

surrounding their use in human health has been premature since the original reports of 

successful iPSC production from mouse and human fibroblasts 6, 211. Unfortunately, this public 

hype has also led to the proliferation of illegitimate stem cell clinics touting miracle stem cell 

cures—so much so the FDA has issued a warning to consumers regarding non-FDA approved 

stem cell therapies and their concomitant risks, including cell contaminations and potential stem 

cell tumorigenicity 573. Nonetheless, the theoretical uses of stem cells in human medicine are 

promising and open many exciting therapeutic possibilities. As long as these therapies are 

developed with patient health being the utmost concern, followed closely by therapeutic efficacy, 

then studying stem cells and in vitro stem cell differentiation will continue to advance basic 

science as well as potentially human health.  
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